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Abstract 

A load-test creates a demand on a system under study (SUS). The demand serves as the point 

of origin to obtain measurement-data such as the processor or memory utilization during the 

fulfillment of a certain task. Hence, load-tests are an important instrument for evaluating the 

software performance in the development process. In order to evaluate software performance, 

a workload model must be developed. A workload model is a representation that mimics the 

real workload under study. The measurement-data determined by the load-test serves as input, 

as well as for the validation of the workload model. A workload model is considered to be 

representative when the simulation results of both the SUS and the workload model match. 

 

At present, there is no standard for storing measurement-data, simulation results, and the 

definitions they are based on. These data is therefore stored in proprietary storage types and 

formats and must be manually prepared to be usable. For instance, the input data used to build 

a workload model must be represented in a certain format. Thus, the input data must be 

manually transformed to match the desired format of the workload model. To prevent the 

need for continuous converting of different data formats in the software performance analysis 

process, a general representation to cover these different data formats and their descriptions 

will be developed. In order to store this representation, a central repository, which is part of 

the Performance Management Workplace (PMW), will be implemented. 

 

This thesis begins with a general description of workloads and their characteristics, which 

then leads to the introduction of a certain type of workload - a workload intended for web 

environments. The execution of a workload for the web puts a demand on a SUS. In order to 

interpret this demand, metrics and performance laws are introduced. Metrics refer to 

measurements at a certain point in time, whereas performance laws are calculated and based 

upon several single metric values. To put a demand on a SUS, Apache JMeter is the load-test 

tool of choice. The formats Apache JMeter defines to represent its workload definition and 

measurement-data are analyzed according to attributes relevant for further performance 

analyses. Obtaining these attributes and characterizing a workload is subject of the first 

research question. To store measurement-data and the definition this measurement-data is 

based on, as well as metrics and operational laws, a general data model will be developed. 

This general data model is based on the CIM Metrics Model. Developing such a general data 

model is subject of the second research question. The load-test tool and the PMW are running 

on different computer systems. Thus, several technologies for transferring data in a distributed 

environment must be evaluated. Technologies include Web Services, RMI, EJB, CORBA, 

and raw sockets. Evaluating and choosing a certain technology for the data transfer between 

the load-test tool and the PMW is subject of third research question. 
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1 Introduction 

1.1 Motivation 

This bachelor thesis can generally be related to the area of Software Performance Engineering 

(SPE).  SPE is a systematic and quantitative approach of constructing software systems with 

regards to address aspects of performance. In the actual context, the concept of performance 

refers to response time, throughput, and resource utilization (Smith 2007, 395). Woodside et 

al. (2007, 172) describe two different approaches in the field of SPE: model- and 

measurement-based. Model-based approaches create performance models early in the 

development cycle. Quantitative results are used to adjust the architecture and the design with 

the purpose of meeting performance requirements. Whereas quantitative results refer to 

predicted response times and resource utilization derived by the simulation of a performance 

model (Becker et al. 2007, 57). Measurement-based approaches apply load-testing, diagnosis, 

and tuning late in the development cycle, when the system under development can be run and 

measured (Woodside et al. 2007, 172).  

 

A load-test creates a demand on a system and measures its response (Gousios/Spinellis 2002, 

110). An example for measurement-data would be the processor time used to fulfil an 

operation (Woodside et al. 2007, 172). Hence, load-tests are important for evaluating the 

software performance in the development process. The measurement-data determined by the 

load-test defines the basis for conducting software performance analyses such as the 

comparison with simulation results. Further, the term performance-data will be used as a 

synonym for measurement-data and the testplan it was generated from. At present, there is no 

standard for storing this performance-data. Thus, it is stored in different storage types and 

formats and must be manually prepared to be comparable. To store the performance-data in a 

persistent way, represented by a standardized format, is the main challenge of this bachelor 

thesis. 

1.2 Objectives 

The goal of this bachelor thesis is the conception and development of a Java Enterprise 

Edition (JEE) application for the data transfer between load-test tools and a performance 

analysis platform. To achieve this, a prototype, which is part of the Performance Management 

Workplace (PMW), will be implemented. Figure 1 shows the architecture of the PMW. Its 

objective is to integrate existing technologies and methodologies for performance-analyses, -

optimization, and -prediction. The highlighted artefacts in Figure 1 are subject of this 

bachelor thesis.  

 

The performance-data will be determined by a load-test which runs on a load-test tool 

(Apache JMeter). After the load-test has finished, the determined performance-data will be 

send to the Load-Test Data Service via web services. Different web service technologies will 

be evaluated in the environment of the JEE with regard to the expected amounts of data, 

reactivity, and range of functionality. The received performance-data will then be persisted in 

the Performance-Database by the Performance Data Access.  
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To ensure that the determined performance-data is accessible for later processing and 

analyses, it will be stored in a relational database. A database model in a suitable format, 

which covers all the necessary data, will be developed. The chosen format of the load-test 

data must allow comparisons between different load-test tools in the future. 

 
Figure 1: Architecture of the Performance Management Workplace 

1.3 Related Work 

Management of performance-data and analysis results is not only a challenge in SPE, but also 

in the field of parallel computing. Huck et al. (2005) present the design and implementation of 

the Performance Data Management Framework (PerfDMF). PerfDMF aims on the integration 

of different performance tools, their interoperability, and the reuse of obtained performance-

data. To achieve this, tool-specific raw data is converted to a general format and transferred to 

and persisted by the PerfDMF Analysis Toolkit.  

 

PerfTrack is developed by Karavanic et al. (2005) and follows a similar approach as 

PerfDMF. PerfTrack collects datasets from different performance tools and represents them as 

a single performance analysis session. The data model of PerfTrack is hierarchically 

organized around so called resources. A resource can be any element of interest in a parallel 

computing environment such as a process or a compiler. A new data structure and its 

dependencies can be expressed as a set of resources, and therefore be represented by the 

PerfTrack data model without changing its definition.  

1.4 Research Questions 

The following research questions will be tackled in order to approach the research objectives. 

 

Performance Data

Performance Work Tools (PWT)

Performance Services

Basic Services

Performance Management Workplace

Performance Data Access

Performance-DB

Load-Test Data Service Simulation Data Service

Apache JMeter Model Evaluation Tool Palladio Bench
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(1) Which load-test results obtained from a load-test tool are relevant for further performance 

analyses and how can the workload, which was used to generate the load-test results, be 

characterized? 

(2) How can the data, determined in research question 1, be stored in a structured way in 

order to enable performance analyses? 

(3) How can the load-test results obtained from the load-test tool be transferred to the data 

store realized in research question 2, in an automatic way?  
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2 Characterization and Generation of Demand in a Web Environment 

This chapter gives a short introduction about the methodologies required to create a demand 

on a system under study (SUS). A demand (or load) is caused by one or more clients that 

request services from a SUS. These service requests are not issued on a random basis, but are 

defined in a workload definition. After introducing how a workload can be defined, a certain 

type of workload - a workload intended for web environments - is introduced. All further 

discussion in this bachelor thesis is related to this certain type of workload.  

2.1 Workload 

The set of all requests (input) that a SUS receives from one or more clients (environment) 

during an interval of time is called a workload (Menascé/Almeida 2002, 205). This rather 

abstract definition becomes more clearly if applied to a certain environment. For instance, the 

workload of a web server can be seen as all the requests made from web browsers during an 

observation period.  

 

A workload itself can be characterized according to several dimensions. Besides a certain type 

(e.g., workload for web environments), a workload can be characterized according to the 

environment it is executed in as well as the amount of work done, related to the time needed 

to complete it. The environment a workload is executed leads to either a live workload or a 

synthetic executable workload. Live workloads are generated and executed in a live 

environment. Thus, they are not suitable for controlled and reproducible measurement 

experiments. Synthetic executable workloads are generated and executed using a driver. A 

driver is a program used to simulate interactive users. Real interactive workloads for driving 

an interactive system can be obtained by tracing the activities of a user logged on to a system. 

Synthetic executable workloads have the advantage to be made parametric. This increases the 

flexibility in representing a workload by modifying parameters of interest. A disadvantage 

could be the lack of realism which may result in an inadequate representation of a real 

workload (Heidelberger/Lavenberg 1984, 1199). The relationship between the amount of 

work done and the time needed to complete it can be expressed in form of either a static or a 

dynamic workload. A static workload processes a certain amount of work. The workload is 

considered to be done if all the work has been processed. Static workloads allow running a set 

of applications in isolation or combination. This simplifies the execution of the workload at 

the cost of realism. In contrast to a static workload, the work of a dynamic workload is never 

done. Work continues to arrive without a foreseeable end. This requires the identification of 

all possible inputs which may not be feasible (Feitelson 2012, 7-8). 

2.1.1 Levels of a Workload 

As illustrated in Figure 2, a workload can be divided into three different levels: business, 

functional, and resource. Each level is associated with a business and/or a technological view.  

 

The business level describes business and corporate plans and is therefore associated with the 

business view. A business plan includes business goals and all necessary steps for reaching 

those goals (Nagl 2010, 13), whereas a corporate plan provides a detailed implementation 

guidance to help the company to realize its strategic vision (Ehrhardt/Brigham 2008, 475-
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476). In other words, these plans define features that are implemented in software products. 

Hence, they represent the point of origin in the characterization of a workload. This level is 

mainly a user-oriented description and contains attributes such as the number of users.  

 

The functional level describes programs, applications and functions that are used to generate a 

workload. This level is associated with the business and the technological view. The business 

view relates business goals to an executional form, whereas the technological view deals with 

the underlying resources used to execute the workload. For instance, when conducting a load-

test of a website, the workload definition used to create the workload covers a certain business 

functionality (e.g., ordering a product), whereas the load-test tool takes care of the technical 

aspects of creating the load (e.g., establishing a network connection). 

 

The resource level describes the consumption of system resources caused by a workload and 

is therefore associated with the technological view. At this level, only hardware resources that 

may exceed their capacity limit are taken into account. For instance, a webserver with static 

content may never run out of disk space, whereas the network connection may exceed its 

capacity limit due to an increasing popularity of the hosted website (Menascé/Almeida 2002, 

209-212). 

 
Figure 2: Levels of a workload (adapted from Menascé/Almeida 2002, 211). 

2.1.2 Open and Closed Workloads 

A load-test tool is a software product that is capable of creating a demand on a SUS. The 

creation of this demand can be conceptualized by three models: closed, open, and partly-open. 

 

A closed system model is used to create a closed workload. It is denoted by a fixed number of 

clients, who use the system forever. Each client endlessly performs a sequence of the 

following steps: request a certain service, receive a response and then think for some period of 

time. If the previous request has been completed, a new request is sent. Figure 3 illustrates the 

closed system model. 

Workload

Business Level

Resource Level

Business View

Technological View

Functional Level
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Figure 3: Closed system model (adapted from Schroeder et al. 2006, 19) 

An open system model is used to create an open workload. It consists of a stream of arriving 

requests at a system, each made by a single client. The amount of requests made by the clients 

is defined by an arrival rate. Each client requests a certain service, receives a response and 

then leaves the system. In contrast to a closed system model, a completed request does not 

result in the submission of a new request. Instead, a new request is only submitted when a 

new client arrives in the system. Figure 4 illustrates the open system model. 

 
Figure 4: Open system model (adapted from Schroeder et al. 2006, 19) 

The combination of an open and a closed system model leads to a partly-open system model. 

In a partly-open system model, clients arrive at the system as in the open system model. Once 

arrived, the clients act the same as in the closed system model; except that after receiving a 

response from the server, the client either submits a new request with probability   or leaves 

the system with probability      . A partly-open system model is similar to a closed 

system model for large values of   and similar to an open system model for small values of  . 

Figure 5 illustrates the partly-opened system model. 

 
Figure 5: Partly-open system model (adpated from Schroeder et al. 2006, 19) 
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A website can be considered as an example for a partly-open system model. One or more 

users arrive at the website, request several webpages and then leave by closing the browser 

(Schroeder et al. 2006, 19-21). 

2.1.3 Characterization of a Workload 

The description of a system's global workload in terms of its workload and basic components 

is called workload characterization (Menascé/Almeida 2002, 184). The entity that creates a 

demand on a SUS is called a workload component. This entity may or may not be a human 

being. For instance, if the SUS is a webserver, then the workload component may be a load-

test tool that creates a demand in form of webpage requests. Each workload component can be 

decomposed into basic components (Jain 1991, 71-73). A basic component defines a unit of 

work that arrives at the SUS from an external source. The type of the basic component is 

defined by the nature of the service provided by the SUS. If a client requests a webpage from 

a webserver, then the client request itself denotes the basic component (e.g., webpage 

request), whereas the protocol used to request the webpage denotes the type of the basic 

component (e.g., Hypertext Transfer Protocol). A basic component can further be 

characterized by one or more workload intensity and/or service demand parameters 

(Menascé/Almeida 2002, 209). A workload intensity parameter is a measure for the load 

placed on a SUS such as the number of webpage requests per day. A service demand 

parameter specifies the period of time a basic component allocates a certain resource. An 

example would be the period of time a processor needs to fulfil a database transaction 

(Menascé/Almeida 2002, 193). Figure 6 illustrates the workload characterization process. 

 
Figure 6: Workload characterization process (adapted from Menascé/Almeida 2002, 184) 

2.1.4 Workload Modelling and Workload Model 

A real workload can consist of a large number of elements. Hence, dealing with real 

workloads can be difficult. To tackle practical tasks, it is necessary to reduce and summarize 

the information needed to describe a workload (Menascé/Almeida 2002, 206). The process to 

achieve this is called workload modelling. "Workload modelling is the attempt to create a 

simple and general model, which can then be used to generate synthetic workloads" (Feitelson 

2012, 10). This simple and general model is called a workload model. "A workload model is a 
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representation that mimics the real workload under study" (Menascé/Almeida 2002, 218). The 

workload model serves as the basis for further analyses such as performance evaluations, 

predicting upcoming loads, or characterizing the usage patterns of a system (Feitelson 2012, 

11-15).  

 

A workload model can be categorised according to the way it is constructed. Feitelson (2012, 

16) distinguishes between descriptive and generative models, whereas Menascé/Almeida 

(2002, 219) refer to these models as natural and artificial models. A natural model (or 

descriptive model) tries to describe all the aspects observed in a real workload (Feitelson 

2012, 16). It can be constructed out of basic components or execution traces from real 

workloads. A trace is a sequence of data representing events that occurred in a SUS 

(Menascé/Almeida 2002, 219). An example for a trace would be the log file of a web server. 

An artificial model (or generative model) tries to imitate the process that generated the 

workload (Feitelson 2012, 16). It can be further subdivided in an executable and a non-

executable model. An executable model consists of programs to probe the aspects of a SUS. 

These aspects refer to the execution of simple computational operations or placing demands 

on certain resources. A non-executable model is described by one or more parameter values. 

The parameters describe the execution behaviour of the basic components, whereas the 

parameter values are used to reproduce the resource utilization of the real workload  

(Menascé/Almeida 2002, 219-221).  

 

Figure 7  illustrates the workload modelling process. Creating a workload model starts with 

an initial list of attributes. Attributes form the basis on which a given real workload is 

analysed. They also define the building blocks a workload model consists of, and therefore 

form the complements of the characteristics in the real workload. For instance, in a web 

environment, an initial list of attributes and their corresponding values can be derived by 

analysing log files from a webserver. After the first prototype of the workload model has been 

created, the next step is to run a simulation on both the workload model and the system to 

model. The goal of this simulation is to gather measurement-data to be used for comparison. 

If the obtained measurement-data of the workload model and the system to model matches (or 

is close enough), the workload model is considered to be representative. Otherwise, further 

attributes must be added to the workload model and the workload modelling process starts 

from the beginning (Kurmas et al. 2003, 11). For instance, if the SUS is a database server, 

then a potential measure for comparison would be the processed transactions per minute.  
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Figure 7: Workload modelling process (adapted from Kurmas et al. 2003, 8) 

2.2 Web Workload 

A web workload is a workload intended for web environments, whereas web environment 

refers to the World Wide Web or simply the WWW. The WWW is a distributed hypermedia 

system which is an extension to a hypertext system. A hypertext system links different text 

documents together. Beside text documents, a hypermedia system is also able to link together 

any kind of multimedia documents such as image, video, or sound files. These multimedia 

documents are hosted on a webserver and can be accessed with a web-browser.  

(Hansen/Neumann 2005a, 474-475). The Hypertext Transfer Protocol (HTTP)  is a protocol 

for distributed collaborative hypermedia systems and creates the foundation for 

communication in the WWW (Fielding et al. 1999). A Uniform Resource Indicator (URI) 

identifies a certain resource such as the title of a book (Network Working Group 2005). A 

Uniform Resource Locator (URL) is a specialization of URI. It defines a network location for 

a web resource (e.g., a webpage) and specifies how to access it (e.g., by using the HTTP). 

Documents in the WWW can be accessed with a URL, also known as web address (Network 

Working Group 1994).  

2.2.1 Characteristics of a Web Workload 

The interaction between a web-browser and a website follows the client/server paradigm. In 

the client/server paradigm two entities are communicating with each other. The entity on the 

local host is called a client, whereas the entity on the remote host is called a server. The server 

offers a service that can be requested by a client. Usually, a server serves more than one client 

at a time  (Forouzan/Fegan 2007, 704). Two characteristics for web workloads can be directly 
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derived from the client/server paradigm. The first characteristic refers to the complexity that 

arises due to two different endpoints (client and server) and their corresponding workload. 

The second characteristic refers to the falsification of a load-test due to caching of webpage 

requests caused by web-proxies. 

 

A client/server paradigm consists of two connection endpoints. When modelling workloads 

for the web, these connection endpoints lead to different workloads. Several clients interact 

with several servers (many-to-many relationship). Interaction with different servers results in 

different statistics for each server. Imagine a user who chooses his favourite online news 

portal by the time the website needs to appear on the screen (lowest response time). A server 

interacts with many clients at a time (one-to-many relationship). The statistics collected on the 

server side are closer to average statistics than statistics related to a single client. For instance, 

the administrator of an online news portal wants to know if the average response time rises if 

the amount of clients doubles (Feitelson 2012, 7).  

 

Web-proxies store copies of responses from servers to recent requests made by clients. The 

client sends a request to the web-proxy. The web-proxy checks its cache if there is a 

corresponding response to the request. If not, the request is forwarded to the corresponding 

server; otherwise the cached response is sent back to the client. One advantage of using a 

web-proxy is the reduction of requests on the original server (Forouzan/Fegan 2007, 868). If 

there is a web-proxy between the client and the server, the stream of requests en-route are 

modified. Requests made to a server may be responded by the web-proxy instead of the target 

server. This must be taken into account when modeling workloads for the web (Feitelson 

2012, 7).  

2.2.2 Elements of a Web Workload 

A workload for the web must be adapted for a specific website. A website consists of one or 

more webpages that can be accessed and displayed by a web-browser. Accessing a webpage is 

called a page request. Performing a series of page requests at a single website is called a visit. 

The visit becomes a session when these page requests are consecutive, related to each other, 

and made by the same user. A session is defined by its time-out period. If there are no page 

requests during the time-out period, then the session ends automatically. New page requests, 

after the previous session has been closed, result in the creation of a new session. A web 

workload consists of one or more of these sessions (Menascé/Almeida 2002, 128-130). 

 

In SURGE (Scalable URL Reference Generator), a web workload generation tool, the concept 

of a session is described by a user equivalent (UE). A UE is a single process in an infinite 

loop. The UE alternates between making requests for files on the web (e.g., webpages, 

embedded images or scripts) and being idle. To achieve this, SURGE uses an ON/OFF model 

as shown in Figure 8. Periods during which files are being transferred are called ON times, 

whereas idle times are called OFF times. There are two types of OFF times: Active OFF times 

and Inactive OFF times. Active OFF times relate to the time a web-browser needs to parse the 

webpage. After a webpage has been parsed, the browser starts downloading embedded objects 

found in the webpage (e.g., images). Inactive OFF times are also called user think times. The 

user think time denotes the period of time a user needs to decide which webpage to request 



 

11 

 

next. The webpage, including all embedded objects to display the webpage probably, is called 

a web object (Barford/Crovella 1998, 152).  

 
Figure 8: ON/OFF model used in SURGE (adapted from Barford/Crovella 1998, 152) 

The sequence of page requests in a session is defined by a scenario. A scenario defines 

expected user paths that incorporate activities in an application. For instance, browsing the 

catalog of an online shop and adding an item to the cart can both be represented by activities. 

If both these activities happen one after the other, the resulting linkage can be interpreted as a 

user path (Meier et al. 2007, 208). The user path of a session can be represented by a graph. A 

graph is a set of vertices where some pairs of vertices are connected by edges (or transitions) 

(Steger 2001, 58). To characterize a session in the context of a user path, Menasce/Almeida 

(2000, 49-51) introduce the Customer Behavior Model Graph (CBMG). A CBMG represents 

the navigational pattern of a user through a website. The navigational pattern includes two 

aspects. The movement of a user from one activity (or web object) to the next is represented 

by probabilities noted on the transitions. This is called the transitional aspect. The time a user 

needs to move from one activity to the next is measured by the server's point of view and is 

called server perceived think time. This is called the temporal aspect. The server perceived 

think time relates to one specific user and session. It is the average of the difference between 

the time of receiving the actual request and the time of the previous request served. Figure 9 

illustrates a CBMG (Menascé/Almeida 2002, 222-224).  

 
Figure 9: Illustration of a CBMG  
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3 Gathering and Evaluation of Measurement-Data 

In the previous chapter, a short overview of the workload modelling process was given. One 

task in developing a workload model is the choice of attributes used to analyze the real 

workload. These attributes are also called metrics. The result of the workload modelling 

process is a workload model, which is capable of imitating the real workload. In combination 

with operational laws, the workload model can be used to conduct further performance 

analyzes. This chapter starts with an introduction of metrics and continues with operational 

laws, which use metrics as building blocks. 

3.1 Performance Metrics 

Three characteristics of a SUS that typically get measured are count, duration, and size. Count 

relates to the amount of occurrences of a specific event, the difference between the end and 

start time of a measurement is called the duration, and size refers to a parameter that can be 

expressed in some kind of quantity value. For instance, a monitoring tool for a webserver may 

capture the amount of incoming requests (count), during a twenty-four hour period (duration), 

that target webpages of sizes greater than 10 Kilobytes (size). Based on these characteristics, a 

value to describe the performance of the SUS can be derived. This value is called a 

performance metric (Lilja 2005, 9). In the context of SPE, a performance metric is a 

measurement obtained by running a performance test. The measurement is then expressed on 

a commonly understood scale (Meier et al. 2007, 24). Performance metrics can be used to 

identify bottlenecks (e.g., exponentially increasing response times) or to compare an 

application's actual performance with desired performance characteristics (Meier et al. 2007, 

49). 

3.1.1 Response Time 

When a client requests a webpage from a webserver, there is a short period of time between 

receiving the first and last byte of the webpage. At time   , the client received the last byte of 

a previously requested webpage  . The webpage is then displayed in the web-browser. After a 

short period of time, at time   , the user requests another webpage   from the webserver. 

Formula 1 defines the think time as the difference between time    and time   .  

                 
 

  : Time at which the client receives the last byte of a previously requested webpage   

  : Time at which the client requests a new webpage   

Formula 1: Definition of think time (Menascé/Almeida 2002, 116-117) 

Formula 2 defines the reaction time as the period of time between requesting a certain 

webpage   at time    and receiving the first byte of the previously requested webpage   at 

time   . 
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  : Time at which the client requests a certain webpage   

  : Time at which the client receives the first byte of the previously requested webpage   

Formula 2: Definition of reaction time (Menascé/Almeida 2002, 116-117) 

Formula 3 defines the response time as the period of time between requesting a certain 

webpage   at time    and receiving the last byte of the previously requested webpage   at 

time   . 

 

                    
 

  : Time at which the client requests a certain webpage   

  : Time at which the client receives the last byte of the previously requested webpage   

Formula 3: Definition of response time (Menascé/Almeida 2002, 116-117) 

Both the time intervals          and          are called response times. To be able to 

distinguish between these time intervals,    is called reaction time, whereas    is called 

response time. Figure 10 shows the interaction between a client and a server and illustrates 

think time, reaction time, and response time (Menascé/Almeida 2002, 116-117). 

 
Figure 10: Illustration of think time, reaction time, and response time (adapted from Menascé/Almeida 2002, 

117) 

3.1.2 Availability 

A system (or component) can alternate between two states: operational and down. When a 

system is operational, it can be accessed and offer services, otherwise, it is unreachable and 

therefore be down. The operational-state is called availability (A), whereas the down-state is 

called unavailability (UA). Uptime or Mean Time to Failure (MTTF) refers to the period of 

time a system operates normally until it fails operation due to an error. The period of time in 
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which the error gets fixed and the system gets back to normal operation is called the 

downtime or Mean Time to Recover (MTTR). Blocks of up- and downtime are called Mean 

Time between Failures (MTBF). Figure 11 illustrates MTTF, MTTR, and MTBF in relation to 

up- and downtime (Menascé/Almeida 2002, 415-424).  

 
Figure 11: Illustration of (Un-)Availability (adpated from Menascé/Almeida 2002, 420) 

Formula 4 shows the relationship between MTBF, MTTF, and MTTR. 

               

 

    : Mean Time between Failures 

    : Mean Time to Failure 

    : Mean Time to Recover 

Formula 4: Definition of MTBF (Menascé/Almeida 2002, 415-424) 

Formula 5 defines the availability of a system as the fraction of MTTF and the sum of MTTF 

and MTTR.  

  
    

         
 

 

 : Availability 

    : Mean Time to Failures 

    : Mean Time to Recover 

Formula 5: Definition of availability (Menascé/Almeida 2002, 415-424) 
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Formula 6 defines the unavailability of a system as the fraction of MTTR and MTBF. 

   
    

         
 
    

    
  

 

  : Unavailability 

    : Mean Time to Recover 

    : Mean Time between Failures 

Formula 6: Definition of unavailability (Menascé/Almeida 2002, 414-424) 

3.1.3 Throughput 

Throughput is the number of requests during a period of time divided by the period of time in 

which the requests were made. Due to the use of time intervals, the throughput metric is 

normalized to a common time basis (e.g., seconds). This allows the comparison of different 

measurements made over different intervals of time (Lilja 2005, 9). In a web environment, 

throughput is measured in HTTP operations per second  (Menascé/Almeida 2002, 117).  

 

Formula 7 defines the throughput   as the fraction of the number of requests made and the 

observation period   in which these requests were made. 

  
 

 
  

 

 : Throughput  

   Number of requests made during an observation period   

 : Observation period in which the requests were made 

Formula 7: Definition of throughput (1) (Menascé/Almeida 2002, 130)  

Formula 8 defines the throughput   in dependence of the percentage   of a certain file type 

and the average file size   of this file type. For instance, 10% of all requests are image files 

of an average size of 100 Kilobytes (Menascé/Almeida 2002, 130). 

      
 

 
 

 

 : Throughput  

 : Percentage of a certain file type 

 : Average size of a certain file type 

   Number of requests made during an observation period   

 : Observation period in which the requests were made 

Formula 8: Definition of throughput (2) (Menascé/Almeida 2002, 130) 
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3.1.4 Reliability 

When a system responds to a service request from a client, it is considered to be available. 

The ability of a system to remain available over a certain period of time is called reliability 

(Long et al. 1995, 2). A system consists of one or more components. The reliability of the 

system therefore depends on the reliability of its components. Components can be connected 

as either parallel or series. When combining serial and parallel systems, each system can be 

treated as a single component. In a serial system, a request arrives at the system boundary and 

is passed from component to component as illustrated in Figure 12.  

 
Figure 12: Illustration of a serial system (adapted from Menascé/Almeida 2002, 425) 

A serial system consists of   different components. Each component   has its own 

reliability   . It is also assumed, that single components fail independently. Hence, failure of a 

certain component does not affect any other components. Formula 9 defines the reliability    

of a serial system as the product of the reliabilities of its components. 

   ∏  

 

   

 

 

  : Reliability of the serial system 

  : Reliability   of a certain component   
 : Number of different components 

Formula 9: Definition of a serial system's reliability (Menascé/Almeida 2002, 424-434) 

A parallel system consists of a set of redundant components. Due to this introduction of 

redundancy at the component level, the reliability of a system can be improved. When a 

request arrives at the system boundary, it is passed to one of the components as illustrated in 

Figure 13.  

 
Figure 13: Illustration of a parallel system (adapted from Menascé/Almeida 2002, 428) 
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A parallel system consists of   redundant components. Each component   has its own 

reliability   . It is also assumed, that the system fails when all components are down. Formula 

10 defines the reliability    of a parallel system as 100% reliability minus the product of the 

reliabilities of its components in down state (Menascé/Almeida 2002, 424-434). 

     ∏(    )

 

   

 

 

  : Reliability of the parallel system 

  : Reliability   of a certain component   
 : Number of different components 

Formula 10: Definition of a parallel system's reliability (Menascé/Almeida 2002, 424-434) 

3.1.5 More Metrics 

The metrics listed in this section can be extracted by analysing webserver logs. They can be 

used on a potential SUS to create and/or adjust a workload model as well as on a specific SUS 

to verify the behaviour of a load-test tool. 

 

Page views per period of time: A webpage consists of several embedded objects such as 

images or scripts. When a web-browser received a webpage from a webserver, each 

embedded object results in a corresponding request. All these requests together are called a 

page view. A page view is identical to a web object. This metric can be used to display cyclic 

patterns or bursts of peak user activity. 

 

User sessions per period of time: A session is a sequence of webpage requests if they are 

consecutive, related to each other, and made by the same user.  

 

Session duration: The duration refers to the time interval of one session spanned by the first 

and last requested webpage of a user. It also includes think times. 

 

Page request distribution: Represents the distribution of webpage requests according to a 

certain functional type. A functional type refers to a node in a CBMG such as "Login" in 

Figure 9. This metric can be used to obtain a weighting of the relationship between webpage 

requests and the utilization of a website. 

 

Interaction speed: Synonyms for this metric include user think time, page view time, or user 

delay. 

 

User abandonment: The period of time a user is willing to wait for a webpage to load. When 

the time interval expires, the user exits the site dissatisfied. Therefore, the session ends early 

and is considered to be abandoned (Meier et al. 2007, 94). 
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3.2 Operational Laws 

Operational laws provide simple relationships between several directly measurable values for 

the use in the computer system performance analysis (Denning/Buzen 1978, 229). The 

previously introduced performance metrics act as building blocks in the definition of 

operational laws. 

3.2.1 Little's Law 

To gain a better understanding of Little's Law, the idea behind a queuing system must be 

introduced first. A queuing system waits for incoming requests from an unknown amount of 

clients. Incoming requests are accepted by a waiting queue and arranged into a series of 

discrete elements. Outgoing discrete elements leave the waiting queue in a ratio that prevents 

overloading a certain resource. This also means that when the waiting queue is full, new 

incoming requests will be dropped. Figure 14 illustrates a queuing system (Denning/Buzen 

1978, 228-232). 

 
Figure 14: Illustration of a queuing system (adapted from Denning/Buzen 1978, 228) 

Little's Law provides a relationship between elementary parameters in a queuing system. 

Formula 11 defines Little's Law as the mean number of discrete elements   in a queuing 

system that equal the product of the mean number of discrete elements   arriving per unit of 

time and the mean waiting time   a discrete element spends in the queuing system 

(Little/Graves 2008, 81-87). 

      
 

 : Mean number of discrete elements in the queuing system 

 : Mean number of discrete elements arriving per unit of time 

 : Mean waiting time a discrete element spends in the queuing system  

Formula 11: Definition of Little's Law (Little/Graves 2008, 81-87) 

Imagine a webserver that receives 20 webpage requests per second in average. Therefore, the 

arrival rate is 20 requests per second. When a request has been processed, it is removed from 

the waiting queue. A webpage request requires     milliseconds to be processed in average. 

Hence, the mean time a webpage spends in the waiting queue is          seconds. Using 

Little's Law, the mean number of webpage requests in the waiting queue can be calculated as: 
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3.2.2 Utilization Law 

Utilization refers to the period of time a resource is busy due to servicing requests. It is 

expressed as a percentage value. The remaining percentage value is called idle time (Meier et 

al. 2007, 27).  

 

Formula 12 defines the utilization    of a certain resource   as the fraction of the sum of all 

busy times    of the resource   in observation period   and the period of time   the resource 

  was observed. 

   
  
 

 

 

   : Utilization of a certain resource   

  : Sum of all busy times of the resource   in the observation period   

 : Period of time the resource   was observed 

Formula 12: Definition of utilization (1) (Denning/Buzen 1978, 236) 

Formula 13 defines the utilization    of a certain resource   as the product of the mean 

service time per request    at resource   and the throughput    at resource    (Denning/Buzen 

1978, 236). 

         with    
  

  
 and    

  

 
 

 

  : Utilization of a certain resource   

  : Mean service time per request at resource   

  : Throughput at resource   

  : Sum of all busy times of the resource   in the observation period   

    Number of requests made at resource   during the observation period   

 : Period of time the resource   was observed 

Formula 13: Definition of utilization (2) (Denning/Buzen 1978, 236) 

Imagine a webserver that serves 50 webpages per second. Each served webpages needs 10 

milliseconds of processing time. Using the utilization law, the utilization of the webserver can 

be calculated as: 
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3.2.3 Service Demand Law 

The period of time a request receives service from a certain resource is called service time. 

Examples for resources include processors or network segments. Requests may visit  

a resource more than once before they are fully processed. The service demand is defined as 

the sum of all service times for a single request at a certain resource. Figure 15 shows an 

illustration of the service demand (Menascé/Almeida 2002, 68-69).  

 
Figure 15: Illustration of service demand  

Formula 14 defines the service demand    for a certain resource   as the product of the mean 

service time per request    at resource   and the mean number of visits    per request to 

resource  . 

         with    
  

  
 and    

  

  
 

 

  : Service demand at a certain resource   

  : Mean service time per request at resource   

  : Mean number of visits per system request to resource   (visit count)  

  : Sum of all busy times of resource   in the observation period   

    Number of requests made at resource   during the observation period   

  : Number of system requests made during the observation period   

Formula 14: Definition of service demand law (1) (Menascé/Almeida 2002, 68-69) 

Formula 15 defines the service demand law    for a certain resource   as the fraction of the 

utilization    of resource   and the throughput    at the system boundary (Menascé/Almeida 

2002, 110-111). 

   
  
  

 

 

  : Service demand at a certain resource   

  : Utilization of resource   

  : Throughput at the system boundary during the observation period   

Formula 15: Definition of service demand law (2) (Menascé/Almeida 2002, 68-69) 
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Imagine a webserver that was monitored for one hour. During this observation period, the 

webserver processed 36,000 requests and kept the processor busy for 90% of the time. Using 

the service demand law, the service demand for the processor can be calculated as: 

                      

    
               

       
   

        

 
 

           

   
   

  
        

 

     
 

        
 

 

3.2.4 Forced Flow Law 

A system consists of several resources such as processors or hard drives. Each request that 

arrives at the system boundary may require several visits to a resource of that system. For 

instance, a webpage request that arrives at a webserver may require several visits to the hard 

drive. The forced flow law relates the throughput of a system to the throughputs of single 

resources of that system. 

 

Formula 16 defines the forced flow law as the throughput    at resource   that equals the 

product of the mean number of visits per system request    to resource   and the throughput 

   at the system boundary during the observation period   (Denning/Buzen 1978, 236). 

         with    
  

  
 and    

  

 
 

 

  : Throughput at resource   

  : Mean number of visits per system request to resource   (visit count) 

    Number of requests made at resource   during the observation period   

  : Number of system requests made during the observation period   

  : Throughput at the system during the observation period   

 : Period of time the resource   was observed 

Formula 16: Definition of forced flow law (Denning/Buzen 1978, 236) 

Imagine a webserver that was monitored for a one hour period. During this observation 

period, the processor was busy for 15 minutes. It was also observed that each processed 

webpage requires one visit in average to the processor as well as a service time of five 

milliseconds in average. Using the forced flow law, the throughput of the system can be 

calculated as: 
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3.2.5 Interactive Response Time Law 

Figure 16 illustrates the response time law. System A denotes the source of requests. It 

consists of   different clients, whereas   denotes the think time of each client. The think time 

refers to the mean period of time between the response from a submitted request and the 

submission of a new request by a single client. System B denotes the request processing 

system. It is defined by the throughput   and the mean period of time     to process an 

incoming request.  

 
Figure 16: Illustration of the interactive response time law (adapted from Menascé/Almeida 2002, 114) 

Formula 17 defines the response time law as the relationship between    ,  ,  , and   

(Menascé/Almeida 2002, 113-115). 
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   : Mean response time it takes to process an incoming request 

 : Number of different clients 

 : Mean think time of the clients 

 : Throughput of the request processing system 

Formula 17: Definition of response time law (Menascé/Almeida 2002, 113-115) 

Imagine a webserver that was monitored for a one hour period. During this observation 

period, 210 unique clients were identified. Each client submitted a new request every 20 

seconds on average. The throughput of the webserver was 10 requests per second. Using the 

interactive response time law, the mean response time needed to process an incoming request 

can be calculated: 
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4 Data Collection with Apache JMeter 

Apache JMeter can be used to test functional behaviour and measure performance. The 

application is fully open source and written in Java. Hence, every developer can extend and 

customize Apache JMeter to fit its needs. Apache JMeter was originally designed for testing 

web applications but has meanwhile extended to a variety of different services. These services 

include exchange of structured information (e.g., SOAP; see 6.3), database transactions, 

directory information services, messaging services, mail services, native commands, and 

scripts. Apache JMeter can be used to test performance on static resources (e.g., files) as well 

as dynamic resources (e.g., dynamic webpages), simulate heavy loads on different types of 

test subjects, analyse the overall performance under different load types, make graphical 

analysis of performance, or test the behaviour of a subject under heavy concurrent load 

(Apache Software Foundation 1999-2013). Figure 17 shows the main window of Apache 

JMeter. The left panel shows the actual testplan and its elements, whereas the right panel 

shows the configuration for the selected element. 

 
Figure 17: Main window of Apache JMeter 

4.1 The Testplan and its Elements 

A testplan consists of a various number of elements. Each element represents a specific 

functionality. Apache JMeter will execute these functionalities when run. Elements include 

Threads, Controllers, Listeners, Timers, Assertions, Configurations, and Processors (Apache 

Software Foundation 1999-2013). Figure 18 gives a hierarchical overview of the types of 

elements usable in an Apache JMeter testplan. 
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Figure 18: Hierarchical overview of elements usable in an Apache JMeter testplan 

In the context of Apache JMeter, a thread denotes a user which causes a demand on a SUS. 

Threads Groups are the entry point of any testplan. They control the number of threads 

Apache JMeter uses to execute a load-test. Each thread executes the entire testplan, 

independent of other threads. To simulate a concurrent load, multiple threads can be used. A 

Thread Group can be configured with regards to the number of threads, the ramp-up period, 

and the number of times the testplan is executed. The ramp-up period tells Apache JMeter 

how long to take to increase the running threads to the chosen number of full threads. 

 

Controllers drive the processing of a test. They can be distinguished in Sample Generation 

Controllers (or Samplers) and Logical Controllers. Samplers are used to create a demand on a 

SUS by requesting its services. Logical Controllers are used to define the conditions when a 

request shall be made. For instance, the testplan in Figure 17 consists of three Throughput 

Controllers. Each controller has several HTTP Request Samplers underneath. These samplers 

are used to create a demand on a webserver. When a Throughput Controller is reached in the 

testplan, a predefined probability determines whether the related Samplers are executed or 

not.  

 

Listeners act as receivers for the data gathered by Samplers. The gathered data can be 

visualized in a panel inside Apache JMeter and/or written to a file for later use. For instance, 

the Graph Results Listener can be used to plot the response times against the elapsed load-test 

time. 

 

Timers add delays before Samplers whose are within its scope. The scope of a timer includes 

all Samplers on the same level as well as all Samplers in lower levels related to the position of 

the Timer in the hierarchical testplan. For instance, a Constant Timer can be used to define a 
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fixed user think time between several service requests. By default, there is no delay between 

Samplers. Without Timers, a SUS can be overwhelmed by service requests.  

 

Assertions can be used to check facts about responses received from a SUS. A fact can be 

seen as a kind of validation rule. If validating a response fails, then the request will be marked 

as failed. For instance, using a Response Assertion with a HTTP Request Sampler can mark 

the request as failed when the received status differs from the one configured. The scope of an 

Assertion is defined by the type of its parent. The Assertion belongs to a single Sampler when 

there is only one child or to all Samplers if the parent is a Controller.  

 

A Configuration element adds or modifies configuration parameters of all Samplers within its 

scope. For instance, a HTTP Cookie Manager element can add the functionality to handle 

cookies over a series of HTTP Request Samplers. The scope of a Configuration element 

includes all Samplers on the same level as well as all Samplers in lower levels related to the 

position of the Configuration element in the hierarchical testplan.  

 

Processors can be divided into Pre- and Post-Processors. A Pre-Processor executes some 

action before a Sampler issues a request. For instance, the User Parameters element can be 

used to modify parameters sent to a webpage (e.g., different login information). A Post-

Processor executes some action after a Sampler has issued a request. For instance, a Debug 

PostProcessor can display information about a previously executed sampler (Apache Software 

Foundation 1999-2013). 

4.2 Extracted Measurements of a Load-Test 

The results of a load-test can be saved to a file by using an appropriate Listener in the 

testplan. Apache JMeter supports two formats for representing the collected data: eXtensible 

Markup Language or Comma Separated Values. The eXtensible Markup Language (XML) is 

a markup language designed to carry data. Its underlying structure is of hierarchical nature 

and consists of one or more so called tags. Tags are not predefined and must therefore be 

defined by the creator of the XML content (W3Schools 1999-2013). The Comma Separated 

Values (CSV) format represents data as plain text, logically separated by commas (The 

Internet Society 2005). Whereas both formats provide all necessary data to conduct further 

performance analyses, XML can provide several more log values. For instance, when using a 

HTTP Request Sampler, the XML format is able to additionally provide the full response 

from the web server. Considering these kind of log values as not significant for further 

analyses, the preferred format for the gathered data is CSV. Another reason to stay with the 

CSV format is the amount of meta-information XML needs to represent its data. Driving a 

load-test for a couple of hours with multiple users can lead to a huge amount of data. This 

data tend to consist of more meta-information than actual load-test results. Table 1 shows the 

log format for CSV. 
  



 

27 

 

Column Name Description 

Timestamp Point in time at which the measurement was carried out in 

milliseconds since 1970-01-01. 

Elapsed Period of time between sending the request and receiving the 

response from the SUS in milliseconds. 

Label Name of the sampler. 

Response Code For instance, if using a HTTP Request Sampler, the response code 

describes the HTTP status code (e.g., code 404 stands for "Page 

Not Found"). 

Response Message Custom response message (e.g., OK). 

Thread Name Name of the thread which caused the log entry. 

Data Type Data type of the response (e.g., text). 

Success Flag True if successful, or False otherwise. 

Failure Message Failure message, if any. 

Bytes Number of bytes in the sample. 

Threads (Group) Number of active threads in the actual thread group. 

Threads (All) Total number of active threads in all groups. 

URL URL, also known as web address. 

Filename Name of the file the load-test results were written to. 

Latency Period of time until the first response has been received. 

Data Encoding Encoding type of the response. 

Sample Count Number of samples (1, unless multiple samples are aggregated). 

Error Count Number of errors (0 or 1, unless multiple samples are aggregated). 

Hostname Hostname where the sample was generated. 

Idle Time Idle time in milliseconds. 

Variables Variables, if specified. 

Table 1: Apache JMeter CSV format (Apache Software Foundation 1999-2013) 

4.3 Gathering of server-side Measurements: PerfMon Plugin 

Apache JMeter can be extended with several plugins. Some of these plugins can be obtained 

on the website of the JMeter Plugin Project (jmeter-plugins.org). One of these plugins, the 

PerfMon Plugin (or PerfMon Metrics Collector), is intended for the performance monitoring 

of servers. This includes monitoring the health of a certain server as well as controlling single 

nodes of a cluster to make sure a load is correctly dispatched. The PerfMon Plugin can 

monitor memory, swap, disk read/write, and network read/write independent of the 

underlying platform (Hoblingre 2013). 

 

The PerfMon Plugin is treated as a listener element and can therefore be added to the testplan 

of Apache JMeter. There are two sources to gather server-side metric information. First, when 

monitoring a java-based application server that supports Java Management Extensions (JMX), 

the plugin can directly poll JMX-related metric information such as the number of instantiated 

java classes. JMX is a technology of the Java platform for managing and monitoring 

resources such as applications, devices, and services (Oracle 1995-2013a). Second, the 

PerfMon Plugin can poll metric information from a PerfMon Agent. The PerfMon Agent is an 

external program that must be started on the SUS. It gathers metric information such as 
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processor or memory utilization. Figure 19 illustrates the PerfMon Plugin and the PerfMon 

Agent. 

 
Figure 19: Apache JMeter PerfMon Plugin 
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5 Data Model for the Representation and Evaluation of Measurement-Data 

The previous two chapters introduced metrics and operational laws, as well as Apache JMeter 

as load-test tool of choice to gather load-test results. As part of this bachelor thesis, a data 

model that is capable of relating load-test results to metrics will be developed. This chapter 

discusses the theory behind this data model. 

5.1 Structured Metrics Meta-Model (SMM) 

The Object Management Group (OMG) is a non-profit computer industry standards 

consortium and was founded in 1989. Its main objective is to develop and maintain standards 

that focus on enterprise integration across technologies and industries (Object Management 

Group 1997-2013a). One of these standards is the Architecture-Driven Modernization 

(ADM), which aims at the modernization of existing software applications (Object 

Management Group 1997-2013b). Part of ADM is the Structured Metrics Meta-Model 

(SMM).  

 

The SMM specification defines a meta-model for the representation of measurement 

information related to software, its design, and its operation. More specifically, measurement 

information refers to the definition of measures and their corresponding measurement results. 

The main goal of the SMM is to provide a standard, in form of an extendable meta-model, for 

the exchange of measurement information, over entities as represented by other OMG meta-

models. To achieve this, the SMM promotes a common interchange format. This format 

allows interoperability between different types of tools, service providers, and models. The 

SMM also defines a common repository structure. This structure facilitates the exchange of 

data represented by individual models (Object Management Group 1997-2013d). 

 

Even if the goals of the SMM seem to cover the objectives of this bachelor thesis, the SMM 

will not be taken into account when planning and implementing a data model to represent 

measurements and their definitions. As already mentioned, the SMM does not provide a 

detailed representation of the measured entities. In order to represent those entities, other 

OMG meta-models must be used. This would lead to additional implementation and 

maintenance efforts.  

5.2 Common Information Model (CIM) 

In 1992, the Distributed Management Task Force (DMTF) was founded to bring the IT 

industry together by collaborating on systems management, standards development, 

validation, promotion, and adoption. The DMTF has more than 3,500 active participants. 

These participants come from companies and organizations of all sizes from all over the 

world. The DMTF is led by the DMTF board. Members include innovative, industry-leading 

companies like IBM, Microsoft, or Intel. It is responsible for the overall direction, strategy, 

and activity of the DMTF. Standards, developed by the DMTF, provide common management 

infrastructure components for instrumentation, control, and communication in a platform-

independent and technology-neutral way. These standards enable management 

interoperability between systems from different manufacturers (DMTF 2013).  
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The Common Information Model (CIM) is a conceptual information model published by the 

DMTF. The CIM can be used to describe computing and business entities in internet, 

enterprise, and service provider environments. It provides a consistent definition and structure 

for management information (DMTF 2013). The CIM is an object-oriented model and 

therefore makes use of object-oriented concepts. It is designed to present a consistent view of 

logical and physical objects in a management environment. These objects are represented by 

classes. A class can include properties and methods. Properties describe data, whereas 

methods describe the behaviour. Different parts of the enterprise model can be linked with 

Associations. To distinguish between different management environments, the CIM makes 

use of Schemas (Microsoft 2013). 

 

At the highest level, the CIM data model is divided into the Specification and the Schema. 

The Specification defines the syntax and rules of a model and consists of three elements: 

Meta Schema, Managed Object Format (MOF), and Naming. Elements that make up a model 

(e.g., classes) are described in the Meta Schema. The syntax language to describe elements is 

defined by the Management Object Format (MOF) which is not discussed here. Naming refers 

to guidelines used to establish a general naming methodology for elements and their enclosing 

model. The Schema is subdivided into Core Model, Common Models, and Extension Schema. 

Elements that are applicable to all areas of management are included in the Core Model.  

Several models that address specific areas of management are grouped together in the 

Common Models. In order to address specific management needs, the Extension Schema 

allows developers to create their own models. Figure 20 shows an overview of the CIM  

(DMTF 2013).  

 
Figure 20: Overview of the CIM 

5.2.1 Meta Schema 

A meta-model defines the structure, semantics, and constraints for a variety of models. Thus, 

it describes how facts are represented, not the facts themselves (Mellor 2004, 14). The Meta 

Schema is a meta-model for all models within the CIM.  

 

The CIM uses object-oriented techniques to represent its models. To describe these models, 

the CIM orients itself at class diagrams as defined by the Unified Modeling Language (UML). 

Figure 21 shows an excerpt of the Meta Schema.  
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Named Element is the super class of the Meta Schema. Derived classes of Named Element are 

Qualifier, Property, Class, Method, Trigger, and Schema.  

 

The definition of objects that share given structural or behavioral characteristics is called a 

Class. A Class is the definition for a type of a managed object. A Class may contain 

properties and/or methods. A Property describes a characteristic of a class. It consists of a 

name, data type, value, and an optional default value. A Method is an operation that can be 

invoked. It consists of a name, return type, optional input and/or output parameters. 

 

A Schema refers to a group of classes. Each class must have a unique name within its owning 

schema. The naming of a class follows the format SchemaName_ClassName. The schema 

name must be unique, must begin with an alphabetic character, and must not start with CIM 

or PRS. CIM and PRS are reserved names and may be used only by the DMTF. PRS stands 

for Problem Resolution Standard (PRS). This standard allows the exchange of product 

information in a multi-vendor environment in a standardized way. 

 

Each Named Element may have one or more Qualifiers. A Qualifier provides additional 

information about classes, associations, indications, methods, method parameters, properties, 

or references. For instance, the description of a class can be modeled as a Qualifier. 

 
Figure 21: Excerpt of the CIM Meta Schema (adapted from DMTF 2013) 
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An Association is a subtype of Class. It is used to represent relationships between one or more 

Classes. The Class which represents the Association contains a Reference attribute for each 

linked Class. 

 

Each managed element is capable of triggering events. This ability is represented by the 

Indication class. Types of indications include life cycle and process indications. Life cycle 

indications are related to events such as the creation or deletion of a class or instance. Process 

indications are related to events that are not covered by life cycle indications or notifications 

associated with objects that may or may not be completely modeled in the CIM (DMTF 

2013). 

5.2.2 Core Model 

The Core Model includes elements that are applicable to all areas of management. These 

elements are used to define a basic vocabulary for describing managed systems. Figure 22 

shows an excerpt of the Core Model.  

 

ManagedElement is an abstract class at the top of the inheritance tree of the Core Model and 

therefore of the whole class hierarchy of the CIM. Except association classes, each class in the 

CIM is directly or indirectly derived from ManagedElement. Association classes establish a 

relationship between one or more classes without altering the related classes. 

 
Figure 22: Excerpt of the CIM Core Model (adapted from DMTF 2013) 

ManagedSystemElement is derived from ManagedElement. It is the base class for all physical 

and logical components of a system.  
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LogicalElement is derived from ManagedSystemElement and describes abstract system 

components. Examples include databases or applications. 

 

EnabledLogicalElement is derived from LogicalElement. It represents an element that can be 

enabled and disabled. For instance, a job is disabled as long as there is nothing to process. If 

work arrives, then the job will be enabled to process the work (DMTF 2013). 

5.2.3 Common Models 

The Common Models consist of several models that are focused on specific areas of 

management. Each model is independent of any particular technology or implementation. 

Figure 23 shows an overview of the Common Models. Each model is derived from the Core 

Model. 

 
Figure 23: Overview of the CIM Common Model (DMTF 2013) 

Application: The Application Model describes the elements required to deploy and manage 

software products and applications. 

 

Database: The Database Model describes the database system, the common database, and the 

database service. The database system represents the software application (e.g., PostgreSQL). 

Logical entities and their relationships are represented by the common database (e.g., tables). 

Processes that perform tasks for the database are represented by the database service (e.g., 

backup and recovery).  

 

Device: The Device Model describes hardware devices. This includes low-level concepts 

(e.g., processors or printers) as well as high-level abstractions (e.g., storage volumes or load 

balancing). 
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Event: The Event Model describes changes in the state of the environment or the behavior of 

some component. For instance, when a storage device is plugged into the computer, a plug 

and play indication notifies the operating system that a new device is present. 

 

Interop: The Interop Model describes the infrastructure of client- and server-side software 

products that interact with implementations of the CIM. 

 

Metrics: The Metrics Model allows the dynamic definition and retrieval of metric 

information. This model is discussed in detail later. 

 

Network: The Network Model allows the description of networks (e.g., network cards), 

services (e.g., routing), and protocols (e.g., Border Gateway Protocol). 

 

Physical: The Physical Model describes physical objects of the real world that occupy space, 

can be touched and/or seen. Examples for physical components include cables or server racks. 

 

Policy: The Policy Model allows the description of policies that consist of actions, rules, and 

conditions to guide and determine decisions (e.g., a security policy to protect physical assets 

of a company). 

 

Support: The Support Model describes all elements necessary to address the PRS. 

 

System: The System Model describes the logical view of a computer-system and its related 

components. Examples include file systems, operating systems, or processes. 

 

User: The User/Security Model defines elements related to user management, whereas the 

term user refers to people as well as non-human entities. Examples include contact 

information for organizations or security related information for user authentication (DMTF 

2013). 

5.2.4 Extension Schema 

The CIM consists of several models to address common management needs. In order to 

address management needs that are not covered by the Common Models, developers can 

create their own schema. This schema is called an Extension Schema. An Extension Schema 

represents a technology-specific extension of the Common Models. It represents specific 

environments or technologies such as a certain operating system or a hardware component.  

 

The creation of an Extension Schema can be done by either creating a new schema from 

scratch, or modifying an existing schema. A modification of an existing schema can be done 

by adding or removing of classes or attributes. A schema from scratch starts with a rough 

structure of the objects to represent, and evolves to a full Extension Schema step by step. It is 

recommended that every new class added to the extension schema is checked for an 

appropriate superclass in the Core Model to derive from.  
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The object-oriented extension approach of the CIM allows a common management of even 

specific technologies, as long as the classes of the Extension Schema are derived from the 

Core Model or Common Models (DMTF 2013). 

5.3 CIM Metrics Model 

The CIM Metrics Model consists of a set of classes to gather and manage metric information. 

As introduced previously, a metric denotes a value that describes the state of a resource. It can 

be of any data type, whether numeric or non-numeric. In order to represent metric 

information, the CIM Metrics Model makes use of two concepts: Unit of Work and Base 

Metric. A Unit of Work (UoW) refers to a certain resource. In the actual context, a resource 

refers to everything that is related to a web environment such as a webserver or a single 

hardware component a webserver utilizes. Each resource can be assigned an instrumentation 

to monitor incoming requests. Every time a request arrives, the instrumentation determines 

the measurement it was built for. These obtained measurement values form the basis for the 

calculation of a metric for a UoW. The UoW concept refers to the association of gathered 

measurement values to their corresponding resource. The Base Metric concept is a 

generalization of the UoW concept. It is not only focused on raw measurement values, but on 

modeling any type of raw measurement values and aggregated metrics (e.g., operational 

laws).  

 

Figure 24 shows an excerpt of the CIM Metrics Model. This excerpt focuses on elements that 

are of interest in implementing the prototype. 

 

BaseMetricDefinition describes a metric. The attributes of the BaseMetricDefinition class are 

listed in Table 2. 

Attribute Description 

Id Uniquely identifies a single instance of BaseMetricDefinition. 

Name Name of the metric. 

DataType Data type of the metric value (e.g., Number) 

Calculable Indicates if the metric is usable for arithmetic operations or not.  

Units The dimension the metric value is represented in. 

Table 2: Attributes of the BaseMetricDefinition class 

MetricInstance relates zero or more BaseMetricValue instances to their corresponding 

definition. BaseMetricValue represents a metric value that does not belong to a UoW. The 

attributes of the BaseMetricValue class are listed in Table 3. 

Attribute Description 

InstanceId Uniquely identifies a single instance of BaseMetricValue. 

MetricDefinitionId Refers to the metric definition of the metric value. 

TimeStamp Point in time at which the metric value is computed. 

MetricValue Measurement value. 

Table 3: Attributes of the BaseMetricValue class 
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MetricDefinition defines the type and the semantics of a metric. A new metric (or  

type) is defined by deriving a class from MetricDefinition. Associations such as 

UoWMetricDefinition or UoWMetric define the semantics of a single metric.  

 

UoWMetric stores the measurement value (Value) of a metric and acts as an association class 

between MetricDefinition and UnitOfWork. 

 

UnitOfWorkDefinition describes the origin of a UoW (e.g., load-test result from Apache 

JMeter). The attributes of the UnitOfWorkDefinition class are listed in Table 4. The 

association between the definition of a UoW and its instances is realized by the StartedUoW 

association. 

Attribute Description 

Id Uniquely identifies a single instance of UnitOfWorkDefinition. 

Context Refers to the origin of a UoW instance such as an application name. 

Table 4: Attributes of the UnitOfWorkDefinition class 

UnitOfWork represents a conducted measurement at a resource. The attributes of the 

UnitOfWork class are listed in Table 5 (DMTF 2013). 

Attribute Description 

Id Uniquely identifies a single instance of UnitOfWork. 

UoWDefId Refers to the Id-attribute of the UnitOfWorkDefinition and therefore 

relates a UoW definition to its origin. 

StartTime Point in time at which the measurement was started. 

ElapsedTime Defines the period of time made up of the difference between the end 

and the start time of the measurement. 

Table 5: Attributes of the UnitOfWork class 
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Figure 24: Excerpt of the CIM Metrics Model (adapted from DMTF 2003, 12) 
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6 Data Transfer in Distributed Systems 

The PMW acts as a central endpoint for several clients that transfer load-test results and their 

corresponding workload definition. Thus, the PMW will be implemented as a distributed 

system. This chapter starts with an introduction of several technologies for the data transfer in 

a distributed environment and continues with a comparison of these technologies against web 

services. Finally, a short overview of web service technologies is given. 

6.1 Overview of Distributed Systems 

A distributed system consists of several components (e.g., installed software on computer 

systems). Each component is operating independently of any other component. To form a 

distributed system, all the components are linked together on a network. Typical roles for 

components on a network are client and server. A server offers some kind of service, whereas 

a client requests a certain kind of service from the server (Hansen/Neumann 2005a, 267). 

Incoming tasks are divided into subtasks and assigned to components. Each component 

processes its subtask and returns the result back to the sender. The communication effort rises 

the more components are involved in processing an incoming task (Langner 2002, 14). A 

typical example for a distributed system is the relationship between a web-browser and a 

webserver. A user requests a webpage from a webserver with a web-browser. The webserver 

processes the request and returns the webpage. 

 

In the context of this bachelor thesis, distributed systems refer to technologies available in the 

Java environment. These technologies include Sockets, Common Object Request Broker 

Architecture (CORBA), Remote Method Invocation (RMI), Enterprise Java Beans (EJB), and 

Web Services (WS). 

6.1.1 Sockets 

Computer systems cannot send information in some format to each other and expect to be 

understood. To be able to communicate with each other, both computer systems must agree 

on a protocol. A protocol defines what information to send, how the information is formatted, 

and when the information is sent. Sockets make use of several protocols to transfer data 

between two endpoints (Forouzan/Fegan 2007, 19).  

 

To gain a better understanding of sockets, a short overview of the TCP/IP stack is given. 

Figure 1 shows the four layers of the TCP/IP stack including some example protocols. Layer 

1 is called Network Access Layer and is responsible for the access to the physical medium 

(e.g., network interface controllers). Layer 2 is called Internet Layer and includes the Internet 

Protocol (IP). IP is a transport protocol for upper layers and identifies endpoints of a 

connection by logical addressing (called IP addresses). Layer 3 is called Transport Layer and 

includes the Transmission Control Protocol (TCP) and the User Datagram Protocol (UDP). 

Protocols on this layer rely on a so called port to distinguish between different processes (e.g., 

a webserver usually listens on port 80) on each endpoint of the connection.  TCP is reliable 

and stream-oriented. Reliable refers to mechanisms that ensure the sent data reaches its 

destination. Before any data can be transmitted using TCP, a connection between both 

endpoints must be established. This is called connection-orientation which is the basis for 
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stream-oriented data transmission. In contrast to TCP, data sent with UDP is not guaranteed to 

be delivered. Layer 4 is called Application Layer and includes protocols used by end-user 

applications. For instance, a web-browser uses the HTTP to request webpages from a 

webserver (Forouzan/Fegan 2007, 42-50). 

 
Figure 25: Overview of the TCP/IP stack (adapted from Forouzan/Fegan 2007, 43) 

Sockets can be used to transmit data between two processes. The process at each endpoint is 

identified by a tuple consisting of an IP address and a port number. This tuple is called a 

socket address. A socket address uniquely identifies a process on a computer system. To 

transmit data, a socket at each endpoint of the connection must be opened. A socket can either 

be opened as a server socket or as a client socket. A server socket listens on a port for 

incoming connections initiated by client sockets (Forouzan/Fegan 2007, 706).  

 

Figure 26 illustrates a single HTTP request over a socket connection. Both computer systems 

are connected to the same network. In this network, each computer system is uniquely 

identifiable by its IP address. At the server side (Computer System B), a webserver opened a 

server socket to listen on port 80 for incoming connections. At the client side (Computer 

System A), a user opens a web-browser to request a webpage from the webserver. Before 

sending the request, the web-browser process generates a random port number (5000) to 

differentiate its request from other processes on the same computer system. After the 

webserver received the request on port 80, it sends back a response to the client on port 5000. 

The client interface receives the response and assigns it to the corresponding web-browser 

process. 

 

To provide network connectivity in applications, Java provides a Socket class located in the 

java.net package. It can be used to implement one of the two endpoints required to establish a 

connection. The Socket class abstracts from any platform-dependent implementation. By not 

using native code, the Java program can provide network connectivity over multiple 

platforms. In addition, the java.net package also includes a ServerSocket class. It can be used 

to implement the server side of the connection endpoint. Sockets in Java are used to 

implement application layer protocols that are not provided as part of the Java platform. For 

instance, Java provides no functionality to access a file using the File Transfer Protocol 

(FTP). In order to use the FTP, it must be implemented manually using Sockets (Oracle 

2013b). 
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Figure 26: HTTP Request over a socket connection 

6.1.2 Remote Method Invocation (RMI) 

An approach named Remote Procedure Call (RPC) was invented in the late '70s to invoke 

functions on a remote computer system. Meanwhile, RPC is considered to be antiquated and 

replaced by modern object-oriented approaches like RMI (Langner 2002, 100-101). RMI 

(Remote Method Invocation) allows Java developers to invoke methods on objects that exist 

in a different Java Virtual Machine (JVM). This JVM can either be located on the same 

computer system the method invocation comes from, or on a remote computer system 

accessible through the network. To be able to invoke methods over a network, RMI uses 

sockets for transport.  

 

Figure 27 gives a short overview of invoking a method on a remote object with RMI. In this 

example, the local TestMyService object invokes a method on a remote object represented by 

the MyService class. To be accessible by clients, the MyService remote object registers itself 

at the RMI Registry (1). In order to invoke a method on the remote object, the RMI Client 

(TestMyService) looks up the MyService remote object at the RMI Registry (2). The RMI 

Registry returns a Stub of the desired remote object that acts as a proxy for the 

communication with the remote object (3). It establishes a connection to the Skeleton on the 

server side, which invokes the desired method on the MyService remote object and returns the 

result (4) (Oracle 1993-2013). 
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Figure 27: Method invocation with RMI (adapted from Oracle 1993-2013) 

6.1.3 Enterprise Java Beans (EJB) 

A component is a piece of software that provides some kind of functionality which is exposed 

via an interface. In order to use a component, it is installed and executed in a runtime 

environment. The runtime environment offers several services the component can make use 

of as well as defines rules that a component must follow to ensure portability and scalability. 

An Enterprise Java Bean (EJB) denotes a server-side component that implements the business 

logic of a distributed Java-based enterprise application. EJBs are components and therefore 

required to be installed and executed in a runtime environment, called an EJB Container. The 

EJB Container offers several support services that EJBs rely on such as transaction- or 

persistence-related services.  

 

An EJB Client usually runs on a local computer system. It provides access to a certain 

business application running on a remote Application Server. The outermost element of an 

EJB environment is the Java Enterprise Edition Application Server (JEE AS). It provides 

operation resources such as database connection pooling or load balancing. A single JEE AS 

consists of one or more EJB Containers. As previously stated, an EJB Container provides 

support services such as transaction- or persistence-related services. The EJB Client cannot 

access an EJB component directly, but indirectly via proxy objects. These proxy objects are 

provided by the EJB Container and implement the Home and Component Interfaces. The 

Home Interface provides methods for creating, removing, and finding EJBs in the EJB 

Container. The Component Interface defines the business methods offered by a Bean Class. 

An overview of an EJB environment is illustrated in Figure 28 (Ghaly/Kothapalli 2002, 11-

25).  

 
Figure 28: Overview of an EJB environment (adapted from Ghaly/Kothapalli 2002, 20) 
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6.1.4 Common Object Request Broker Architecture (CORBA) 

The Common Object Request Broker Architecture (CORBA) is a standard developed by the 

Object Management Group (OMG). It is an open, vendor-independent architecture and 

infrastructure that allows software components to work together in a distributed environment. 

The communication between CORBA-based software components is defined by the Internet 

Inter-ORB Protocol (IIOP). The IIOP enables CORBA-based software components to 

interoperate regardless of vendor, operating system, programming language, or network.  

 

The combination of functionality and data in individual software units is called an object. 

Objects are the building blocks of a CORBA-based application. Each object is an instance of 

a certain type. These types represent either entities in the real world (e.g., a shopping cart) or 

synthetic entities (e.g., an accounting system). To enable methods to be invoked on a certain 

object, an interface in the Interface Definition Language (IDL) must be defined. The interface 

separates the implementation in a specific programming language from the implementation-

independent definition for a certain object type. 

 

Figure 29 illustrates invoking a method on a remote object using local invocation. In local 

invocation, the client and object implementation reside on the same computer system. On the 

client-side, the IDL stub (interface) specifies the method to invoke and marshals the method's 

arguments. Marshaling refers to the transformation of an object representation in the memory 

to a suitable format for transmission. Requests that represent the invocation of a remote 

method as well as responses that represent the result of such an invocation are routed by the 

Object Request Broker (ORB). When the request arrives at the IDL skeleton (interface), the 

method's arguments are un-marshaled and forwarded to the invocation of the method on the 

remote object. Unmarshaling is the same as marshaling, just in the opposite way. After the 

method has been invoked, the result is marshaled and transferred to the client stub. The IDL 

stub unmarshals the result and delivers it to the caller. 

 
Figure 29: Invocation of a method on a remote object in a local environment (adapted from Object Management 

Group 1997-2013c) 

Figure 30 illustrates invoking a method on a remote object using remote invocation. In remote 

invocation, the client and object implementation reside on different computer systems. To 

invoke a method on a remote object using remote invocation, the client can use the same code 

as used in local invocation. When the remote object appears to be on a remote system, the 
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local ORB uses the IIOP protocol to forward the request to the ORB on the remote system  

(Object Management Group 1997-2013c).  

 
Figure 30: Invocation of a method on a remote object in a distributed environment (adapted from Object 

Management Group 1997-2013c) 

6.2 Web Services (WS) 

Nowadays, software systems are written in different programming languages such as C# or 

Java. These software systems run on several platforms such as Windows or UNIX. Modern 

software systems must therefore be capable to collaborate with other software systems 

regardless of the platform or programming language. These are the challenges addressed by 

web services (Kalin 2009, 2-4). 

 

A web service (WS) is a platform- and framework-independent software application that 

supports collaboration between different computer systems over a network. The messages 

exchanged are usually formatted in XML and make use of web-related standards like the 

HTTP for transport. Each web service can be identified by a unique string of characters, 

called URI. Beside identification, the URI can also be used to download a web service's 

interface description. This interface description is defined by the Web Service Description 

Language (WSDL), an XML-based machine-processable format (W3C 2004). 

6.2.1 Why Web Services? 

As previously stated, sockets in Java are used to implement application layer protocols that 

are not provided as part of the Java platform. When using sockets, the application layer 

protocol for data communication must be implemented manually. Hence, the use of sockets 

would result in unnecessary implementation efforts. Web services frameworks, such as 

Apache CXF, already implement protocols (e.g., the HTTP) that use sockets for data 

communication and therefore abstract from communication details (Apache Software 

Foundation 2013).  

 

Java RMI is intended for the use in a Java environment only. Therefore, both the client and 

server must be written in Java. This becomes a problem when the server application should be 

accessible within other development environments such as the Microsoft.net framework. Also 

there is no native support for transferring huge amounts of data (e.g., load-test results). In 
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order to overcome this limitation, Java RMI must be used in combination with external 

libraries such as kryo (Nathan Sweet 2008) or RMIIO (Health Market Science 2006-2013). 

EJB is built on top of Java RMI. Hence, both technologies share the same disadvantages.  

 

The main function of a web service is to provide a distributed system. Distributed systems run 

on different platforms and consist of software components implemented in a certain 

programming language. The same approach is followed by CORBA - so why use web 

services instead of a technology that has been used for years? Some of the disadvantages of 

using CORBA are listed below. 

 

Lack of interoperability: There are various CORBA implementations for many different 

platforms. The interoperability between these implementations is guaranteed by adhering to 

CORBA standards maintained by the OMG. In reality, the interoperability between ORBs of 

different vendors is limited. Higher-level services such as security and transaction 

management are vendor-specific.  

 

Additional language for describing interfaces: To be able to invoke a method on a remote 

object, the interface must be known to both, the client- and server-side. This is achieved by 

using an additional language called CORBA IDL. Hence, a developer must deal with unique 

message format rules for data alignment and data types (Gisolfi 2001). 

 

Need for a complete object model: Using CORBA, both endpoints of the connection must 

agree on the same object structure. This is achieved by the development of a complete object 

model. If only certain aspects of the object model are needed to fulfill a client's task, then a 

complete object model introduces unnecessary overhead (Klitz 2010, 23-24). 

 

In contrast to the disadvantages of CORBA and the other above-mentioned distributed 

systems, the advantages of using web services are as follow: open infrastructure, language 

transparency, and modular design.  

 

Open infrastructure: The technologies a web service is based on are independent of a certain 

vendor or platform, standardized by the industry, and in use for many years. For instance, by 

making use of the HTTP for transport, a web service can benefit from an existing network- 

and security-infrastructure. The use of open technologies results in a positive impact on entry 

costs as well as improved interoperability. 

 

Language transparency: A web service can interact with clients and vice versa - regardless the 

programming languages they are written in. Vendors and organizations support the 

development of web services by providing libraries, utilities, and frameworks for several 

programming languages such as Java or C#. 

 

Modular design: Being modular in design allows already existent web services to be used as 

building blocks for the creation of a new web service (Kalin 2009, 2-4).  
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6.2.2 Realization of Web Services 

A Service Oriented Architecture (SOA) is a software architecture that provides functionality 

as services. A service is a logical representation of a repeatable activity such as providing 

weather data or retrieving customer account details (The Open Group SOA Working Group 

1995-2013). The main purpose of a SOA is to publish, discover, and invoke such services. 

This allows using services as building blocks to realize distributed software systems. A 

service becomes a web service when realized with open technologies such as XML or HTTP 

(Hansen/Neumann 2005a, 266-268). 

 

Figure 31 illustrates the relationship between elements of a SOA. A SOA consists of three 

elements: Service Provider, Service Broker, and Service Consumer. The Service Provider 

offers a certain service. To make this service available to a potential Service Consumer, the 

Service Provider publishes the corresponding service description to a Service Broker (1). The 

Service Broker acts as a directory for several services. To invoke a certain service, a Service 

Consumer must know the corresponding service description. To retrieve the service 

description of a certain service, the Service Consumer searches for the service of interest at 

the Service Broker (2). When the service of interest is found, the Service Broker returns  

the service description back to the Service Consumer (3). Now, the Service Consumer has  

all the information necessary to invoke a certain service at the Service Provider (4) 

(Hansen/Neumann 2005a, 266-268). 

 
Figure 31: Elements of a SOA (adapted from Hansen/Neumann 2005a, 266-268) 

In a web service environment, the previously mentioned service description is defined by 

using the Web Service Description Language (WSDL). The WSDL uses a XML-based dialect 

to describe the functionality provided by a web service (service). This includes the address 

where (endpoint or port) to find and how (binding) to access the web service, its operations 

(operation and interface), as well as a description of the data types (types) used for return and 

parameter values of certain operations (W3C 2007c). Listing 1 shows the schematic structure 

of a WSDL 2.0 document. 
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<definitions> 

  <!-- Data types used for return and parameter values --> 

  <types/> 

  <!-- Operations the web service has to offer --> 

  <interface> 

    <operation/> 

  </interface> 

  <!-- Access type of the web service (e.g., HTTP) --> 

  <binding/> 

  <!-- Exposed operations and their corresponding binding --> 

  <service> 

    <endpoint/> 

  </service> 

</definitions> 

Listing 1: Schematic structure of a WSDL 2.0 document (W3C 2007c) 

The interaction between elements of a SOA is not limited to a single transport protocol. 

Beside HTTP and its secure version HTTP Secure (HTTPS), protocols such as the Simple 

Mail Transfer Protocol (SMTP), TCP, or Java Messaging Service (JMS) can be used for 

transportation (Klitz 2010, 24).  Not only the transport protocol, but also the format of the 

payload can vary. Based on the payload, web services can be divided into SOAP- and REST-

based web services (Kalin 2009, 1). SOAP- and REST-based web services are introduced in 

the following sections. 

6.3 Simple Object Access Protocol (SOAP) 

The Simple Object Access Protocol (SOAP) is a protocol for exchanging structured 

information between software-components in a distributed internet-based environment. In 

order to structure information, SOAP provides an extensible messaging construct that is 

independent of any programming model or implementation specific details. This messaging 

construct is based on XML technologies and can be exchanged over several underlying 

protocols such as HTTP or SMTP (W3C 2007a). 

6.3.1 Exchange of SOAP Messages 

SOAP messages are exchanged between SOAP nodes. A SOAP node is a software-

component that provides some kind of application logic. There are three types of SOAP 

nodes: SOAP sender, SOAP intermediary, and SOAP receiver. A SOAP sender (initial SOAP 

sender) creates a SOAP message to be delivered to a SOAP receiver (ultimate SOAP 

receiver). The SOAP message may not be delivered directly to the ultimate SOAP receiver. 

Instead, the SOAP message may passes one or more SOAP intermediaries. A SOAP 

intermediary is a SOAP receiver and a SOAP sender at the same time. It receives an incoming 

SOAP messages, may add some additional information, and then forwards the SOAP message 

to its destination. The set of SOAP nodes a SOAP message passes is called a SOAP message 

path (Hansen/Neumann 2005b, 804-806). Figure 1 illustrates the exchange of a SOAP 

message between different SOAP nodes. 
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Figure 32: Exchange of a SOAP message between different SOAP nodes 

6.3.2 Structure of a SOAP Message 

A SOAP message consists of three elements: SOAP Envelope, SOAP Body, and SOAP 

Header. The SOAP Envelope element identifies the XML document to be interpreted as a 

SOAP message. It is the root element and therefore surrounds the whole message. SOAP 

Header and SOAP Body are next in hierarchy. The SOAP Header element is optional and 

contains application-specific information about the SOAP message such as user 

authentication. The SOAP Body element is mandatory and contains the actual payload 

intended for the final SOAP receiver (ultimate SOAP receiver). Each element below the 

SOAP-Header or SOAP-Body element is called a SOAP Building Block. A SOAP Building 

Block refers to a structure of elements that can be defined by using XML-based syntax (W3C 

2007a). Figure 33 illustrates the structure of a SOAP message. 

 
Figure 33: Structure of a SOAP message 

6.3.3 Using SOAP to send Attachments 

Beside XML-formatted content, SOAP can also be used to transfer binary data such as images 

or compressed files. To do so, the binary data can be embedded in the SOAP Body (by value 

approach), attached as an additional block beside the actual SOAP Message (by reference 

approach), or as a combination of both. 

 

By value: XML allows embedding binary data through the use of either base64 or 

hexadecimal text encoding. After the binary data is encoded, it can be placed in the SOAP 

Body by using an ordinary XML element. Using base64 (hexadecimal text) encoding expands 

the binary data by a factor of 1.33 (2.00) of the original size. This results in a processing 
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overhead, and therefore can be seen as a disadvantage (BEA Systems 2003). In contrary, the 

advantage of using an ordinary XML element is a continuous XML format. This becomes 

important when using SOAP processors that cannot access data outside the SOAP message 

(Klitz 2010, 62-63). Figure 34 illustrates the "by value" approach for SOAP attachments. 

 
Figure 34: "by value" approach for SOAP attachments 

By reference: In the previous approach, the binary data had to be encoded first to be part of an 

XML document. XML-binary Optimized Packaging (XOP) allows binary data to be part of a 

so called extensible packaging format (or package). The package contains the XML document 

as well as the binary data. XOP extracts the binary data from the actual XML document, place 

it somewhere in the package, and refers to it in the actual XML document using a URI. The 

binary data does not have to go through the XML serialization process and therefore remains 

unmodified (W3C 2005). In combination with SOAP, this approach is also known as SOAP 

with Attachments (SwA). SwA arranges the binary data as additional blocks behind the actual 

SOAP message. Each block is identified by a unique identifier. This allows elements in the 

SOAP Body to refer to a certain block. The disadvantage of this approach is that the block of 

the binary data is not part of the actual SOAP message. This becomes a problem for SOAP 

processors that cannot access data outside the SOAP message. The advantage of this approach 

is that the binary data stays in the original format, and therefore is not expanded in size (Klitz 

2010, 62-63). Figure 40 illustrates the "by reference" approach for SOAP attachments. 

 
Figure 35: "by reference" approach for SOAP attachments 

Combination of "by value" and "by reference": The combination of both previously 

introduced approaches leads to the Message Transmission Optimization Mechanism 

(MTOM). The main objective of MTOM is to reduce the size of the attachment for 

transmission. To achieve this, MTOM handles the attachment differently for transmission and 

reception. For transmission, MTOM uses SwA. This makes sure that the attachment is sent 

unmodified in size ("by reference" approach). At the reception side, MTOM uses XOP to treat 

the attachment as an embedded element ("by value" approach) (Klitz 2010, 62-63). 
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6.4 REpresentational State Transfer (REST) 

A Message Exchange Pattern (MEP) defines a general concept to describe the exchange of 

messages between different systems (W3C 2002). A common MEP used with SOAP-based 

web services is Request-Response. It defines a pattern for the exchange of SOAP messages 

between two SOAP nodes. An initial sender requests a service followed by a response of the 

ultimate receiver. This MEP consists of two messages as shown in Figure 36 (W3C 2007b).  

 
Figure 36: Request-Response MEP 

REpresentational State Transfer (REST) uses HTTP(S) as transport protocol and supports 

only the Request-Response MEP. Figure 37 illustrates a simple RESTful system. It consists of 

a RESTful client that interacts with a resource. A resource refers to everything that can be 

identified by a URI (adapted from Kalin 2009, 123-124). 

 
Figure 37: Simple RESTful system (adapted from Kalin 2009, 123) 

There are two points of criticism regarding SOAP-based web services that lead to the 

introduction of REST-based web services. First, SOAP-based web services support a broad 

range of different MEPs. Since the Request-Response MEP is the most frequently used MEP 

in the realization of web service communication, supporting other MEPs than Request-

Response complicates the definition and implementation of web services. Second, SOAP-

based web services create a lot of overhead due to the use of a XML-formatted structure. For 

instance, when a client requests a web service, there is often no need for a SOAP Header and 

the surrounding SOAP Envelope (Klitz 2010, 77).  

 

The previous paragraph may lead to the wrong impression, that REST-based web services are 

the successor of SOAP-based web services. In fact, SOAP is a protocol for exchanging 

structured information in a distributed environment, whereas REST is a software-architecture 

for distributed hypermedia systems (Kalin 2009, 121).  

 

The HTTP has several mechanisms REST relies on, such as response codes, type system, and 

HTTP methods. Response codes inform the source of the request about whether a request was 

successful or not. Multipurpose Internet Mail Extensions (MIME) is used as type system to 

identify the payload of a HTTP message (e.g., text/xml for XML content). HTTP methods (or 
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CRUD verbs) define the type of action executed on the resource. CRUD stands for "Create 

Read Update Delete" and refers to the HTTP methods POST, GET, PUT, and DELETE. 

POST creates a new resource, GET reads data from a resource, PUT updates a resource, and 

DELETE removes a resource. Parameters for the HTTP request can either be appended to the 

URI or embedded in the request. Using embedded parameters also allows sending of binary 

data such as images. The HTTP response contains only the payload of the type requested 

(Kalin 2009, 121-125).  

 

Listing 2 shows an example for a REST-based HTTP request. In this example, a client 

requests (GET) a certain load-test result identified by the number "42", from a resource 

named "LoadTestResult", located (HOST) on "127.0.0.1". The REST-based HTTP response 

should be formatted (ACCEPT) as plain text. 

GET /LoadTestResult/42 

HOST 127.0.0.1 

ACCEPT text/plain 

Listing 2: Example of a REST-based request 

Listing 3 shows an example for a REST-based HTTP response. In contrary to a SOAP-

response, the REST-based response does not contain any overhead such as a SOAP Header. 

Elapsed,Label,Response_Code,Bytes 

132,login,200,341 

Listing 3: Example of a REST-based response 

6.5 Web Services in Java 

Transferring the idea behind Java RMI to web service technologies leads to the introduction 

of the Java API for XML-based Remote Procedure Call (JAX-RPC). Whilst Java RMI 

requires the use of the Java programming language at both the client- and server-side, the 

JAX-RPC allows the implementation at the client-side to be in any programming language. 

Hence, the data to be transferred is no longer be represented and sent in a proprietary manner. 

Instead, the data is formatted as XML and transferred with SOAP (Klitz 2010, 106). The 

JAX-RPC enables Java developers to build RPC-style web services with SOAP as underlying 

transport protocol. As previously defined, RPC is a mechanism that enables a client to execute 

operations on a remote system. SOAP defines a convention for the representation of RPC and 

its response. Thus, after the representation of the RPC (or its response) is formatted as XML, 

it can be transported using SOAP (Oracle 2013a).  Meanwhile, the JAX-RPC has been 

replaced by the Java API for XML Web Services (JAX-WS). However, JAX-RPC is still part 

of the Java Enterprise Edition (JEE) platform to maintain backward compatibility (Kumar et 

al. 2009, 158).  

 

The JAX-WS is a high-level API for providing and accessing web services. It hides all the 

underlying technologies a web service relies on such as processing the XML-formatted 

content of a SOAP message. In order to implement a web service, the JAX-WS makes use of 
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Java Annotations. These Annotations are processed by tools included in the Java Standard 

Edition (SE) version 6 (and higher) to create the infrastructure needed to access and/or 

provide a web service (Hewitt 2009, 231-233). The reference implementation of JAX-WS is 

called Metro and is part of core Java since Java SE 6 (Kalin 2009, 4-5). 

 

Both JAX-RPC and JAX-WS rely on SOAP for transport. In order to realize web services that 

do not rely on SOAP, the Java API for RESTful Web Services (JAX-RS) can be used. As the 

name implies, JAX-RS uses REST for transport. Like JAX-WS and JAX-RPC, the JAX-RS 

abstracts from communication details. Hence, the developer can concentrate on implementing 

the logic behind the web service (Kalin 2009, 121-124). 

6.6 Why SOAP-based Web Services with JAX-WS? 

In order to implement the web service endpoints at both the server- and the client-side, a 

single web service technology must be chosen. Thus, the decision is between REST- (JAX-

RS) and SOAP-based (JAX-WS) web services. To choose an adequate web service 

technology, several aspects must be taken into account: architectural principles, conceptual 

decisions, technical realizations, and tool-support (Pautasso et al. 2008, 808). Due to the 

prototype implementation focuses on technical feasibility, these aspects cannot be answered 

properly. Hence, the decision for a particular web service technology will be based on how 

the PMW offers its data services. 

 

The decision between REST- and SOAP-based web services can be related to whether the 

software product is resource-oriented or activity-oriented in nature. Resource-oriented 

services (RESTful web services) focus on distinct data objects (resources). These resources 

can be directly created, retrieved, modified, and deleted using essential operations as defined 

by CRUD-verbs. Figure 38 illustrates the idea behind resource-oriented services.  

 
Figure 38: Resource-oriented service (adapted from Snell 2004) 

Activity-oriented services (SOAP-based web services) focus on activities which are 

performed upon resources. Activities are operations as defined by the WSDL. What resources 

these operations are performed against is not of interest. Figure 39 illustrates the idea behind 

activity-based services (Snell 2004). 
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Figure 39: Activity-oriented service (adapted from Snell 2004) 

For instance, as previously introduced, a web workload consists of several elements such as 

sessions, nodes, and transitions. A resource-oriented web service represents each of these 

elements as a single resource. Uploading a web workload to this web service requires manual 

interaction with each single resource. In contrast, an activity-oriented web service only 

defines a single activity for uploading a web workload. The client never interacts directly with 

the resources that represent single elements of the web workload. 

 

In order to simplify the interaction with the PMW, an activity-oriented approach will be 

chosen for implementing the prototype. Hence, SOAP-based web services with JAX-WS are 

the web service technology of choice. 
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7 Prototype Implementation 

This bachelor thesis includes the implementation of a prototype that consists of a client and a 

server application. The client application converts load-test results, workload definitions, and 

additional metrics from a proprietary format to a general format and transfers it to the server 

application. The server application offers a web service endpoint for client interaction and 

stores the data transferred by its clients. This chapter gives an overview of the prototype and 

its implementation. 

7.1 Workflow of the Prototype Implementation 

The implementation of the prototype is oriented at the execution of steps as illustrated in 

Figure 40. The first thing to do is to create a new experiment. An experiment serves as a 

container for a series of executed load-tests and their corresponding results as well as the 

workload definition the load-test results are created from. Therefore, regardless the number of 

executed load-tests, only one workload definition per experiment can be existent. Otherwise 

the load-test data corresponding to one experiment may become corrupt due to the result of 

different workload definitions. After the setup is done, a series of load-tests can be executed. 

The result of the load-tests can then be uploaded for further analyses such as the execution of 

performance metrics. 

 
Figure 40: Workflow of the prototype implementation 

7.2 Server Application 

7.2.1 Data Model for the Representation of the Workload Definition 

Figure 41 shows the data model for the workload definition. It consists of all elements 

necessary to describe a workload for the web as previously introduced.  
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The workload itself is represented by the Workload class. The attributes of the Workload 

class are listed in Table 6. 

Attribute Description 

WorkloadId Uniquely identifies a workload. 

ExperimentId Refers to the experiment the workload belongs to. 

Name Associates a human-readable non-unique identifier to the workload. 

Table 6: Attributes of the Workload class 

Each workload is related to one Definition class that represents the original source of the 

workload definition. This allows storing load-test tool specific workload details may needed 

for further analyses. It also allows the easy distribution of workload definitions across several 

distributed load-test tools from one single source. The attributes of the Definition class are 

listed in Table 7. 

Attribute Description 

DefinitionId Uniquely identifies a definition. 

Source Stores the representation of the workload definition. In the actual context, 

the Source attribute stores the XML content of an Apache JMeter JMX 

file. 

Table 7: Attributes of the Definition class 

A workload consists of one or more sessions. The Session class represents a sequence of steps 

a load-test tool executes to generate a load on a SUS. The attributes of the Session class are 

listed in Table 8. 

Attribute Description 

SessionId Uniquely identifies a session. 

WorkloadId Refers to the workload the session belongs to. 

NumberOfUsers Maximum number of simultaneously users that request resources from a 

SUS. 

RampUpTime Period of time after the load-test tool "ramped up" the full number of users 

(NumberOfUsers) chosen. 

LoopCount Number of times the session is repeated. 

RootNode Refers to the first node of a set of nodes executed by the load-test tool. 

Table 8: Attributes of the Session class 

Apache JMeter allows the definition of one or more ThreadGroup elements within its 

workload. Parameters such as the number of users are not defined in the workload definition, 

but in the ThreadGroup elements. The idea behind open and closed systems must therefore be 

modeled in the session, not in the workload. OpenSession and ClosedSession are derived 

from the Session class, whereas the OpenSession (ClosedSession) class represents the idea 

behind open (closed) systems. The attributes for the ClosedSession class are already defined 

in its superclass, whereas the OpenSession class has only one attribute as listed in Table 9. 

 



 

55 

 

Attribute Description 

ArrivalRate Average arrival rate of service requests at the SUS.  

Table 9: Attributes of the OpenSession class 

A node is represented by the Node class and refers to a certain execution step in a workload. 

The attributes of the Node class are listed in Table 10. 

Attribute Description 

NodeId Uniquely identifies a node. 

Label Associates a human-readable non-unique identifier to a node. 

NextTransitions Represents a list of zero or more transitions. 

Table 10: Attributes of the Node class 

A transition is represented by the Transition class and acts as a one-way intermediary between 

two nodes. Using an intermediary allows the further description of the relationship between 

two nodes. The attributes of the Transition class are listed in Table 11. 

Attribute Description 

TransitionId Uniquely identifies a transition. 

NextNode Reference to the next node. 

Table 11: Attributes of the Transition class 

Both the classes Node and Transition are derived from the Element class. This class acts as a 

marker to handle instances of derived classes equally (e.g., iteration patterns). The attributes 

of the Element class are listed in Table 12. 

Attribute Description 

Enabled A flag that denotes if the node or transition is usable or not. 

Table 12: Attributes of the Element class 

Apache JMeter defines several types of controllers that perform some kind of action when 

executed. However, these controllers do not have a corresponding element in the workload 

characterization. Thus, a controller is transformed into a special kind of node represented by 

the SwitchNode class.  

 

WebNode is derived from the Node class and includes all attributes to describe a webpage 

request. The attributes of the WebNode class are listed in Table 13. 
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Figure 41: Data Model that represents the Workload Definition 
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Attribute Description 

Domain Identifies the server that hosts the website (e.g., 127.0.0.1). 

Port Endpoint the server listens for incoming connections (e.g., port 80 for 

HTTP). 

Path Destination of the resource to request (e.g., /content/index.html). 

Protocol Rules and regulations for accessing a certain resource (e.g., HTTP). 

Method Defines the HTTP verb (e.g., POST). 

ThinkTime See 3.1.1. 

Table 13: Attributes of the WebNode class 

WebTransition is derived from the Transition class and represents a transition typical for a 

web environment. It only has a single attribute as listed in Table 14. 

Attribute Description 

Probability Likelihood to use the transition. 

Table 14: Attributes for the WebTransition class 

7.2.2 Data Model for Load-Test Results and Metrics 

Figure 42 shows the data model that represents an experiment, its corresponding load-test 

results, and metrics that are related to load-test results. The elements used to describe metrics 

and their corresponding measurement values are based on the CIM Metrics Model. 

 

An experiment is represented by the Experiment class. It serves as a container for a series of 

executed load-tests and their corresponding results as well as the workload definition the 

load-test results are based on. Hence, if either the SUS or the related workload definition 

changes, a new experiment must be created. The attributes of the Experiment class are listed 

in Table 15. 

Attribute Description 

ExperimentId Uniquely identifies an experiment. 

Name Associates a human-readable non-unique identifier to an experiment. 

Table 15: Attributes of the Experiment class 

Each experiment has several elements of UnitOfWork associated. The UnitOfWork class 

represents a single measurement at a certain resource and its related meta-information. The 

attributes of the UnitOfWork class are listed in Table 16.  

Attribute Description 

UowId Uniquely identifies a UoW. 

UowDefId Refers to the UoW definition. 

ExperimentId Refers to the experiment the UoW belongs to. 

Table 16: Attributes of the UnitOfWork class 

As illustrated in Figure 43, the type of meta-information is specified by subclassing 

UnitOfWork. Subclasses include JMeterUoW (NodeLink) and AdditionalUoW. 
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As previously introduced, the workload definition consists of several nodes. Each time a node 

is executed by the load-test tool, a new UnitOfWork element is created. In the actual context, 

the execution of a load-test results in several JMeterUoW elements. The relationship between 

a node and its resulting JMeterUoW element is described by the NodeLink class. The 

attributes of the JMeterUoW class equal the columns of the Apache JMeter log format. 

 

Metrics that are not related to a certain node of the workload definition are represented by the 

AdditionalUoW class. This includes several metrics collected by the Apache JMeter PerfMon 

plugin during the execution of a workload. The attributes of the AdditionalUoW class are 

listed in Table 17. 

Attribute Description 

Timestamp Point in time at which the measurement was obtained. 

Table 17: Attributes of the AdditionalUoW class 

A UnitOfWork element is further described by its origin as represented by class 

UnitOfWorkDefinition class and its derived classes as shown in Figure 44. The attributes of 

the UnitOfWorkDefinition class are listed in Table 18.  

Attribute Description 

UowDefId Uniquely identifies a UoW definition. 

Context Origin of the UoW element in a human-readable manner (e.g., load-test 

conducted by Apache JMeter). 

Table 18: Attributes of UnitOfWorkDefinition class 

Each derived class relates to a certain source. AdditionalUoWDefinition relates to the Apache 

JMeter PerfMon plugin, whereas JMeterUoWDefinition relates to the execution of a load-test 

by Apache JMeter. 

 

Each UnitOfWorkDefinition element is related to one or more elements of type 

MetricDefinition. This relationship allows listing of all metrics that can be obtained for a 

certain UoW definition. The BaseMetricDefinition superclass and its derived 

MetricDefinition class describe a single metric. BaseMetricDefinition groups general 

attributes to describe a metric, whereas MetricDefinition is subclassed to specify the metric 

itself. The attributes of the MetricDefinition class are listed in Table 19, whereas the attributes 

of the BaseMetricDefinition class are listed in Table 20. 

Attribute Description 

Description Describes the metric. 

Table 19: Attributes of the MetricDefinition class 
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Attribute Description 

BmdId Uniquely identifies a metric definition. 

Name Associates a human-readable non-unique identifier to the metric 

definition. 

DataType Format of the metric value. 

Calculable Defines if the metric must be obtained by a measurement or is the result of 

a calculation. 

Units Dimension of the metric value.  

Table 20: Attributes of the BaseMetricDefinition class 

MetricDefinition is the superclass for several types of metrics as shown  

in Figure 45. The derived classes JMeterMetricDefinition and JMXMetricDefinition are 

markers to group metrics by their corresponding origin.  

 

JMeterMetricDefinition is the superclass of Success, ResponseCode, Bytes, and Elapsed. 

Table 21 lists the derived classes of JMeterMetricDefinition. 

Class Description 

Success The request of a webpage was either successful or not. 

ResponseCode HTTP status code of a HTTP response. 

Bytes Size of a HTTP response. 

Elapsed Period of time between requesting a webpage and receiving the response. 

Table 21: Derived classes of JMeterMetricDefinition 

The grouping of JMXMetricDefinition includes ClassCount, MemoryUsage, GCTime, and 

CompileTime. Table 22 lists the derived classes of JMXMetricDefinition. 

Class Description 

ClassCount Amount of instances created from classes. 

MemoryUsage Used memory. 

GCTime Time that Java has spent removing unused elements from the memory. 

CompileTime Time that Java has spent transforming Java classes to system-specific 

runnable entities. 

Table 22: Derived classes of JMXMetricDefinition 

Each UnitOfWork class has one or more UoWMetric elements associated, whereas the 

UoWMetric class is only associated to one MetricDefinition class. The UoWMetric class 

represents a measurement value of a certain metric. The attributes of the UoWMetric class are 

listed in Table 23. As illustrated in Figure 46, a metric value can be represented as Integer, 

Double, Boolean, or Long value. 

Attribute Description 

ValueId Uniquely identifies a metric value that belongs to a certain UoW. 

UowId Refers to the UoW the metric value belongs to. 

BmdId Refers to the metric definition of the metric value. 

Table 23: Attributes of the UoWMetric class 
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Figure 42: Data model for load-test results and corresponding metrics 
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Figure 43: UnitOfWork class and its derived classes 

 
Figure 44: Different types of UnitOfWorkDefinition 

Node 1

Label

JMeterUoW

Hostname: String

ThreadName: String

GroupThreads: Number

AllThreads: Number

Url: String

SampleCount: Number

TimeStamp: Number

IdleTime: Number

Latency: Number

NodeLink

 

UnitOfWork

  

AdditionalUoW

Timestamp: Number

UnitOfWorkDefinition

 

JMeterUoWDefinition

 

AdditionalUoWDefinition

 



 

62 

 

 
Figure 45: Different types of MetricDefinition 

 
Figure 46: Different types of UoWMetric 
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form represents the Apache JMeter-specific representation of the workload definition and is 

called local workload definition. It acts as an intermediary for the transformation into a 

general form that can be transferred to and processed by the PMW. The general form is called 

remote workload definition and specifies a common description for local workload 

definitions. The separation of the workload definition in a local and a remote representation 

simplifies the adaption of new tool-specific workload definition formats. To introduce a new 

workload definition format to the PMW, it only must be transformed into the remote 

workload definition format. In order to transfer the workload definition to the PMW, the WS 

Consumer on the client side establishes a connection to the WS-Provider at the PMW. The 

workload definition is then stored in the database without any further conversion. Figure 47 

illustrates the process and transfer of the workload definition. 

 
Figure 47: Process of transferring the workload definition 

Apache JMeter uses a hierarchical object-oriented structure to represent its testplan. Each 

testplan element has a corresponding class in the local workload definition. These classes 

contain properties related to both the element itself as well as the superclass the element is 

derived from. Element-specific properties are used to configure the functionality offered by 

the element. General properties such as the human-readable identifier for a certain element 

(TestName) are grouped by the AbstractElement class. Every element in the testplan is 

derived from the AbstractElement class. Using a superclass also simplifies the iteration over 

several elements of different types.  

 

The root element of the testplan is represented by the JMeterTestplan class. It has a direct 

association to the HashTree class. The HashTree class represents a container for zero or more 

testplan elements and is therefore meant to create hierarchies in the testplan. Due to the use of 

AbstractElement as superclass, the HashTree class can be associated with different types of 
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Figure 48: Local workload definition of an Apache JMeter testplan 
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temporary object. These objects act as input for the Streaming API for XML (StAX). StAX 

directly writes (reads) the XML data to (from) a certain destination (source), instead of 

buffering it in memory and flushing it at some point in time. This allows creating (reading) 

large XML files without running out of memory (Oracle 1995-2013b). Conducting a load-test 

can result in huge amounts of data. Thus, the use of the StAX is essential. StAX is used to 

write temporary objects, which represent load-test results, to an XML file. This XML file acts 

as a data structure to represent tool-specific load-test results in a general format the PMW can 

understand. Using an XML file as intermediary has several advantages. First, the XML file 

can be compressed on creation, so it does not matter if the web service consumer (or web 

service provider) supports compression or not. Second, the whole result of a load-test is 

transferred at once. Thus, no indicators to keep track of the actual import progress must be 

maintained. The load-test results are either imported or not. Third, StAX is used to read the 

load-test results on the server-side. Like on the client-side, StAX can process large amounts of 

XML content without stressing the memory. After the compressed XML file has been created, 

the web service consumer transfers it to the PMW by establishing a connection to the web 

service consumer. As already mentioned, StAX is used to process the XML file. StAX creates 

a temporary object of each load-test result entry which is then persisted into the database. The 

whole process is illustrated in Figure 49. 

 
Figure 49: Process of transferring load-test results 

The received load-test results are converted to the data model as shown in Figure 42. Each 

result can be divided into meta-information and metric-data. Meta-information is represented 

by an instance of UoW, more specifically, JMeterUoW and its NodeLink superclass. 

Attributes include Timestamp, Web-Node, and Web-Address. Each attribute that is 

considered to be a metric is represented by MetricDefinition and its derived classes. Attributes 

include elapsed time, response code, and transferred bytes.  

 

An example of the general XML format used to transfer load-test results is illustrated in 
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Attribute or Tag Description 

Results (rs)  Denotes the root element. 

Result (r)  Represents a single load-test result.  

Timestamp (ts) Point in time at which the sample was taken. 

Web-Node (wn) Web node of the workload definition that caused the entry.  

Web-Address (wa) URL the HTTP sampler accessed during the load-test. 

Elapsed time (et) Period of time between requesting a webpage and receiving a 

response. 

Response code (rc) HTTP status code of the received HTTP response. 

Transferred bytes (tb) Size of the received HTTP response in bytes. 

Table 24: Attributes and Tags of the general load-test result format 

<?xml version="1.0" encoding="UTF-8"?> 

<rs> 

  <r ts=<Timestamp>  

     wn=<Web-Node>  

     wa=<Web-Address> 

     et=<Elapsed time>  

     rc=<Response code>  

     tb=<Transferred bytes> 

  /> 

  ... 

</rs> 

Listing 4: XML structure of the general load-test result format 

7.3.3 Handling of additional Metrics 

The data model for the PMW is based on the CIM Metrics Model. This allows dynamically 

adding new metric definitions. Due to the dynamic aspect, it is not possible to define a fixed 

format for transferring additional metric data. Thus, the format changes depending on the 

available metric definitions. In order to define the transfer format, the client must retrieve all 

available metric definitions from the PMW. The web service consumer establishes a 

connection to the web service provider, which returns all available metric definitions from the 

database. 

 

The PerfMon plugin of the Apache JMeter load-test tool can be used to gather additional 

metrics. These metrics refer to the environment the SUS runs in (e.g., overall processor 

utilization) and/or the SUS itself (e.g., number of classes instantiated). Gathered metrics are 

stored in a CSV file. Each column refers to a certain metric. Thus, a row contains the 

measurement values that were determined at a particular point in time. A CSV Reader 

converts each row in a temporary object that can be programmatically processed.  

 

Each column in the obtained metric data is associated to its metric definition. When 

transforming the temporary objects into their final XML formatted form, each metric value is 

identified by a key obtained from its metric definition. Due to the amount of metric data (or 

rows) is unknown in advance, StAX is used. StAX uses a stream-oriented approach to write 
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XML content. Thus, the data to be written must not stay in memory until flushed to its final 

destination. In combination with the Java stream-architecture, the output of the StAX results 

in a compressed XML file. After the compressed XML file has been created, the web service 

consumer transfers it to the PMW by establishing a connection to the web service provider. In 

order to understand the structure of the XML file, the web service provider also retrieves all 

available metric definitions. As on the client side, the XML file is processed by StAX. Each 

entry results in one or more metric values that will be persisted in the database. The handling 

of additional metrics is illustrated in Figure 50. 

 
Figure 50: Process of transferring additional metrics 

A schematic illustration of the XML format used to transfer additional metrics is shown in 

Listing 5. "ms" (metrics) denotes the root element. "m" (metric) acts as a container element 

for one or more metric values. Each metric element has a "ts" (Timestamp) attribute that 

represents the point in time when the metric values have been taken. The remaining attributes 

are added dynamically depending on the metrics chosen by the client. Each dynamically 

added attribute consists of an identifier and a value. The identifier is taken from the Name 

attribute of the BaseMetricDefinition class, which is automatically set by instantiating a 

subclass of BaseMetricDefinition such as ClassCount or MemoryUsage. The value is set 

according to the relationship between the obtained metric value and its metric definition.  

 

Each metric element results in the creation of a single AdditionalUoW instance as well as one 

or more UoWMetric instances of type IntegerValue, DoubleValue, BooleanValue, or 

LongValue.  
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<?xml version="1.0" encoding="UTF-8"?> 

<ms> 

  <m ts=<Timestamp>  

     ClassCount=<Value> 

     MemoryUsage=<Value> 

     GCTime=<Value> 

     CompileTime=<Value> 

     ... 

  /> 

  ... 

</ms> 

Listing 5: XML format for the transfer of additional metrics 

7.4 Description of the Web Service Endpoints 

The PMW is planned to be implemented as a Java-based distributed application that will be 

accessible via a web service. Hence, the PMW will be realized on an application server (AS). 

More specifically, the target runtime in this bachelor thesis is predefined as JBoss Application 

Server 7 (JBoss AS). In order to provide support for web services, the JBoss AS comes with 

its own web service framework called JBossWS. The JBossWS provides a general integration 

layer that allows the use of one of two certified JAX-WS implementations: JBossWS Native 

or Apache CXF. Meanwhile, the focus for the integration of a certain web service technology 

into the JBoss AS has moved mainly to Apache CXF. Nevertheless, for backward 

compatibility, JBossWS Native is still supported in JBoss AS (Red Hat 2013). Hence, Apache 

CXF is used to define the web service endpoint on the server-side. As previously stated, the 

Metro framework is part of the Java SE 6 (and higher). Therefore, the client application 

makes use of the Metro framework to avoid dependencies with libraries of external web 

service frameworks. 

 

The web service endpoint provides access to the functionality of the PMW. This includes 

several operations, such as creating experiments or uploading load-test results. Each operation 

is expressed in pseudo code and shortly described below: 

 

<List of Experiments> listExperiments(): Returns a list of all available experiments. 

 

<Experiment> createExperiment( Experiment ): Creates a new experiment from the given 

argument. The return value refers to the experiment as represented in the database. Thus, the 

returned value of type Experiment has a unique identifier set. 

 

<void> uploadWorkload( Workload, Experiment ): Uploads the workload definition and 

relates it to a certain experiment.  

 

<void> uploadResult( XML load-test results, Experiment ): Uploads the load-test results 

represented as XML content and relate them to a certain experiment.  
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<List of Metric Definitions> listAdditionalMetrics(): Returns a list of all additional metric 

definitions available. 

 

<void> uploadAdditionalMetrics( XML content, Experiment ): Uploads the additional metrics 

and relate them to a certain experiment. 
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8 Contribution of this Bachelor Thesis 

By mapping load-test data of a certain load-test tool to a suitable database model, a first step 

is made to establish a basis of comparable load-test data. The relational database model 

allows the generalization of the determined performance-data. It is also the point of origin for 

adapting the results of new load-test tools. This reduces or even eliminates the dependency 

from a specific load-test tool or manufacturer. By collecting performance-data over a specific 

time period, a history for load-tests can be established. The stored data can also be used as 

input for performance models whose results may be reintegrated into the software engineering 

process to tackle software performance issues. 

9 Outlook and Future Work 

This bachelor thesis is the first step toward the implementation of the PMW. It focuses on a 

general data model to store both the load-test results obtained in a web environment and the 

definition these load-test results rely on. In order to support further performance analyses, the 

data model must be extended to be able to represent meta-information about the testing 

environment. For instance, the development of a representative workload model requires 

detailed knowledge about the SUS's hardware, software, and network configuration 

(Menascé/Almeida 2002, 180-184). Hence, the actual data model may be extended with one 

or more common models as provided by the CIM. One part of the actual data model is loosely 

oriented at the CIM Metrics Model and provides support for direct measurements. To be able 

to represent advanced metrics, such as derived or aggregated metrics, the CIM Metrics Model 

must be fully implemented.  

 

Currently, the PMW only supports load-test results and workload definitions from Apache 

JMeter. To establish a general platform for load-test data from several sources, the tool-

support of the PMW must be extended to more than only one particular load-test tool. To do 

so, several load-test tools must be analyzed according to the formats used to represent load-

test results and their corresponding workload definition. Analyzing the load-test results lead 

to a collection of attributes. These attributes create the foundation for a general vocabulary 

across several load-test tools. A general vocabulary prevents confusion about a certain 

attribute and its meaning. For instance, the definition of response time may or may not 

include user think time. Hence, comparing load-test results based on response times, across 

different load-test tools, may lead to wrong conclusions.  

 

Not only must the PMW server application be extended to support additional load-test tools, 

but also the PMW client application. Each additional load-test tool requires the 

implementation of an import and export plugin. The import plugin transfers load-test results 

and their corresponding workload definition to the PMW, whereas the export plugin works in 

the opposite direction. An export plugin may be used to retrieve data for an external 

performance analysis or to distribute a certain load-test definition across several distributed 

load-test clients. 
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