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Abstract 
In software engineering it is important to consider how a potential user experiences the 
system during usage. No software user will have a satisfying experience if they perceive the 
system as slow, unresponsive, unstable or hiding information. Additionally, if the system 
restricts the users to only having a limited set of actions, their experience will further degrade. 
In order to evaluate the effect these issues have on a user‟s perceived experience, a measure 
called Quality of Experience is applied. 
  
In this work the foremost objective was to improve how a user experienced a system suffering 
from the previously mentioned issues, when searching for large amounts of data. To achieve 
this objective the system was evaluated to identify the issues present and which issues were 
affecting the user perceived Quality of Experience the most. The evaluated system was a 
warehouse management system developed and maintained by Aptean AB‟s office in 
Hässleholm, Sweden. The system consisted of multiple clients and a server, sending data over 
a network. Evaluation of the system was in form of a case study analyzing its performance, 
together with a survey performed by Aptean staff to gain knowledge of how the system was 
experienced when searching for large amounts of data. From the results, three issues 
impacting Quality of Experience the most were identified: (1) interaction; limited set of 
actions during a search, (2) transparency; limited representation of search progress and 
received data, (3) execution time; search completion taking long time. 
  
After the system was analyzed, hypothesized technological solutions were implemented to 
resolve the identified issues. The first solution divided the data into multiple partitions, the 
second decreased data size sent over the network by applying compression and the third was a 
combination of the two technologies. Following the implementations, a final set of 
measurements together with the same survey was performed to compare the solutions based 
on their performance and improvement gained in perceived Quality of Experience. 
  
The most significant improvement in perceived Quality of Experience was achieved by the 
data partitioning solution. While the combination of solutions offered a slight further 
improvement, it was primarily thanks to data partitioning, making that technology a more 
suitable solution for the identified issues compared to compression which only slightly 
improved perceived Quality of Experience. When the data was partitioned, updates were sent 
more frequently and allowed the user not only a larger set of actions during a search but also 
improved the information available in the client regarding search progress and received data. 
While data partitioning did not improve the execution time it offered the user a first set of data 
quickly, not forcing the user to idly wait, making the user experience the system as fast. The 
results indicated that to increase the user‟s perceived Quality of Experience for systems with 
server-client communication, data partitioning offered several opportunities for improvement. 
 
KEYWORDS: QoE, Performance Optimization, Data Partitioning, Network 
Communication 
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Sammanfattning 
I programvaruteknik är det viktigt att överväga hur en potentiell användare upplever ett 
system vid användning. Ingen användare kommer att ha en tillfredsställande upplevelse om de 
uppfattar systemet som långsamt, icke responsivt, ostabilt eller döljande av information. 
Dessutom, om systemet binder användarna till ett begränsat antal möjliga handlingar, kommer 
deras upplevelse vidare försämras. För att utvärdera vilken påverkan dessa problem har på en 
användares upplevda kvalitet, används mätenheten Upplevd Tjänstekvalitet. 
 
I detta arbete var det huvudsakliga syftet att förbättra en användares upplevelse av ett system 
som led av de tidigare nämnda problemen vid sökning av större datamängder. För att uppnå 
detta syfte utvärderades systemet för att identifiera befintliga problem samt vilka som mest 
påverkade användares Upplevda Tjänstekvalitet. Systemet som utvärderades var en mjukvara 
för lagerhantering som utvecklades och underhölls av Aptean AB‟s kontor i Hässleholm, 
Sverige. Systemet bestod av flera klienter och en server som skickade data över ett nätverk. 
Systemet utvärderades med en fallstudie där prestandan anayserades tillsammans med en 
enkät utförd i samarbete med Apteans personal för att få insikt i hur systemet upplevdes vid 
sökningar av stora datamängder. Resultaten visade på tre problem som hade störst inverkan på 
den Upplevda Tjänstekvaliteten: (1) interaktion; begränsade antal möjliga handlingar under en 
sökning, (2) transparens; begränsad tillgång till information om sökningens progress samt den 
hämtade datan, (3) körningstid; slutförande av en sökning tog lång tid. 
 
Efter att systemet hade analyserats, implementerades hypotetiska teknologiska lösningar för 
att lösa de identifierade problemen. Den första lösningen delade in datan i ett flertal 
partitioner, den andra minskade datans storlek som skickades över nätverket genom att 
tillämpa komprimering och den tredje var en kombination av de två teknologierna. Efter 
implementationen utfördes en sista uppsättning mätningar tillsammans med enkäten för att 
jämföra lösningarna baserat på deras prestanda och förbättringar av Upplevd Tjänstekvalitet. 
 
Den mest signifikanta förbättringen av Upplevd Tjänstekvalitet kom från datapartitionerings-
lösningen. Trots att kombinationen av lösningar uppnådde en mindre vidare förbättring, var 
det primärt tack vare datapartitioneringen, vilket innebar att den teknologin var den mest 
passande lösningen till de identifierade problemen jämfört med komprimering, vilken visade 
på endast en liten förbättring av Upplevd Tjänstekvalitet. När data partitionerades kunde flera 
uppdateringar skickas och användaren tilläts ett större antal möjliga handlingar under en 
sökning, men också en förbättrad tillgång till information i klienten angående sökningens 
progress samt den hämtade datan. Trots att datapartitionering inte förbättrade körningstiden, 
kunde den erbjuda användaren en första mängd data snabbt utan att tvinga användaren att 
sysslolöst vänta, vilket gjorde att systemet upplevdes som snabbt. För att förbättra den 
Upplevda Tjänstekvaliteten för system med server-klient kommunikation visade resultaten att 
datapartitionering är en lösning som erbjöd flera möjligheter för förbättring. 
 
NYCKELORD: Upplevd Tjänstekvalitet, Prestandaoptimering, Datapartitionering,  
Nätverkskommunikation   
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1 INTRODUCTION 
In this chapter the reader is introduced to the measure Quality of Experience. This is followed 
by a short introduction of the company where the conducted work took place and their 
warehouse management system. Finally the objectives, delimitations and thesis questions are 
presented. 
 
For software that will be utilized by end-users, it is important to consider how those users will 
perceive the system. Crashes, freezes and slowdowns are all factors negatively affecting users 
[1]-[3]. In the fields of computer science and software development, Quality of Experience 
(QoE) is becoming a widespread measure [1], which is used to analyze how the user reacts 
while using a system [1], [2], [4]-[6]. From a more traditional perspective, Quality of Service 
(QoS) parameters have been in focus when improving software [1], which include metrics 
such as bit rates and delay properties. The QoS parameters are very technical and do not 
consider how the user actually perceives the system, but instead focuses on measuring how 
the system executes. A common conception is that improved QoS will also improve the QoE. 
However, the relation between QoS and QoE is complicated and nonlinear, as software which 
is technically good, may not satisfy the end-user. But overall, the QoS parameters are helpful 
when analyzing QoE [4]. 
 
To improve the perceived QoE when using a system, several factors have to be considered. 
Improving the overall system performance can lead to more satisfied users. For example when 
web surfing, if the system responds within 100 ms, the user may feel that the system is 
reacting in real time. But if a system is slow, taking tens of seconds, the user may abandon the 
software altogether [6]. Focusing only on QoS parameters is not enough to guarantee a good 
QoE [5]; instead a focus has to be on other factors of importance. A concept seen in services 
such as Video on Demand (VoD), is data partitioning [7]. Data partitioning, when applied to 
e.g. network traffic, means that a part of the total data is packaged, creating a partition of the 
total amount of data, which then is sent. When one partition is received by the user‟s system, 
it is used directly, instead of waiting for the total amount of data. This lowers the user‟s idle 
wait time as the rest of the data is received in the background. The concept is applicable both 
e.g. for VoD where the user can start watching the video without having received the entire 
video file [7], or in a more technical sense where the partition size is set to fit the cache of a 
system, improving its performance [8]. 
 
During this work, a software system experiencing performance issues, when requesting large 
amounts of data, was analyzed. The architecture of the system and its communication chain 
offered room for improvement in both QoS and QoE aspects. To find the bottlenecks of the 
system‟s performance, several sub-parts were identified as possible candidates. The sub-parts 
were compared in order to find the largest bottleneck involved in data transfers throughout the 
system. As the communication chain included network communication, the technology of 
compression was implemented and tested as a possible solution, with the goal of minimizing 
the execution time for completion of a search, i.e. the time from that a user initiated a search 
to the time where data was displayed on the user interface. In addition, a data partitioning 
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solution with sequential transmission of partitions was prototyped, which had a focus on 
improving the QoE directly by looking at parameters such as improved transparency, 
feedback and control for the user. This partitioning solution applied the same principles as a 
VoD service, in which the data is sent as partitions [7]. This prototype allowed the user to 
receive a first partition quickly to start working with. The remaining data was then received in 
the background, decreasing idle wait time. Finally, the solutions were compared based on how 
much they individually increased the perceived QoE as well as whether the QoE could be 
increased further by combining the technologies. 
 
1.1 Motivation 
This work was conducted in collaboration with a company which had a system where end-
users experienced problems when requesting large amounts of data. The system comprised of 
a database, server and client. When the system was tasked with transferring large amounts of 
data from server to client, it had a degrading effect on the system‟s performance, with long 
execution times and risks for data loss. As the system was not implemented in a way to 
support large data transfers, the perceived QoE in the service delivered to the user was in 
jeopardy.  
 
An issue that made the system performance suffer, was its vulnerability to freezes and 
timeouts during large data transfers. Moreover, the system did not present any information on 
whether the data received was all available data in the database. This lead the end-user into a 
fault when working with the data. In addition, the user did not know how much time or data 
was left before the transaction was completed. After a completed transaction, there was no 
information about how much data was received and how much was lost. There were very 
limited options for the users to control the retrieval of data; they could only search for all data 
and were forced to wait up until a set data limit amount was reached. These issues gave an 
opportunity to find solutions and technologies to increase the QoE by minimizing execution 
time, stabilizing the system during data transfers, guaranteed delivery of all data, increased 
end-user transparency offered by the system and a more dynamic end-user interface. 
 
1.2 Background 
Aptean AB is an international company that specializes on software for distribution, 
construction techniques, financial and professional services, healthcare and metals. Aptean‟s 
headquarters are located in Atlanta, USA, but has offices around the globe. One of those 
offices is located in Hässleholm, Sweden. The product which the office in Hässleholm has 
responsibility for is a warehouse management system. This system has an architecture with a 
database server (Oracle with PL/SQL), application server (.NET) and desktop client 
(WPF/.NET). Communication between desktop client and application server is done through a 
web service interface.  
 
Using the application, the customers can easily overlook and control how their products are 
moving in and between warehouses. As the system is connected to both a desktop client and a 
thin client running on a handheld device, it is interactively used by the warehouse staff as they 
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can scan codes on the products, which directly transfers information about the product into the 
database. The system offers a broad set of functionalities where the customers can overview a 
large amount of logistics. 
 
The problem arises when large amounts of data are requested from the desktop client through 
the server. The entire response for the request is sent as a large data object throughout the 
communication chain. When this object is created and then sent between parts of the 
communication chain, long execution times and risks of data loss are possible outcomes, 
lowering the overall system performance. Additionally, the system is vulnerable to freezes or 
time outs during large data transfers. All of these factors affect how the system is perceived 
by users. In the system, the large data problem is “solved” by using a hard limit on the server 
side of how much data is allowed to be sent in a response to a client. However, this limitation 
is bad practice as it does not solve the performance problem in the long run. This solution also 
lowers the QoE perceived by end-users as the system does not present any information if the 
data received was in fact all available data in the database or if the hard limit was reached. As 
no information is presented about whether the request received a full response, the end-users 
are misled into believing that they are working with all data. 
 
The end-user transparency offered by the system is low, as the feedback towards the user is 
limited. Information about how much time is left before the transaction is completed, how 
much data was received and how much was left out is not presented to the user. These issues, 
combined with the fact that the user is not able to control an initiated search more than wait 
for it to finish, presented an opportunity to find solutions and technologies to increase the 
QoE by minimizing execution time, stabilizing the system during data transfers, guaranteed 
delivery of all data, improved end-user transparency and providing a more dynamic end-user 
interface.  
 
1.3 Objectives 
The foremost objective was to enhance the perceived end-user QoE as it was not sufficiently 
high when using the system and was not what Aptean desired to offer their customers. The 
objective was divided into several sub-objectives which were all responsible for solving a 
specific QoE related issue. 
 

● Minimization of execution time to solve the data transfer latencies 
● Guarantee data delivery to ensure that the end-user receives all requested data 
● Stabilizing the system during data transfer to counteract system timeouts 
● Increase the interactivity to let the end-user decide how data will be requested 
● Increase the end-user transparency to inform users about their request‟s progress 

 
To achieve the sub-objectives, a set of studies were performed to gather information about the 
system‟s performance and how the system was perceived by the end-users. During the early 
phase of work, an initial case study of the system was performed, in order to identify the 
major performance bottlenecks present in the system. This study directed the performance 
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optimization work in specific directions based on the results. A QoE-analysis was also 
performed in order to identify how the users experienced the system. This analysis was 
conducted as a survey in which customer-representative staff from Aptean evaluated certain 
characteristics of the system based on the sub-objectives. Following the analyses, multiple 
prototypes were developed, where each prototype addressed one or more sub-objectives. To 
achieve an improved QoE, modifications of the system‟s communication chain had to be 
introduced. One prototype focused on decreasing the time for a search to be completed (i.e. 
execution time) by implementing compression and improved serialization. By introducing 
compression into the communication-chain, smaller data amounts were sent over the network 
making the system execution time decrease. Another prototype instead focused on the user 
interaction and interface design of the system. This prototype offered higher transparency 
towards the users, where the users had all information of what was happening. Such a 
prototype required fundamental changes of the data flow in the system, where the current 
communication chain was expanded by a partitioning scheme. With this prototype, new 
features became available where the end-user was given a higher degree of control over how 
the data will be requested and transferred, even if execution time in terms of request 
completion (i.e. from initialization of a search to that all data was displayed) was not altered. 
In addition, when the data was split over multiple partitions, it improved the stability of the 
system as there was not a large set of data being transferred at once. When the system was 
able to handle larger data amounts, it also guaranteed that the end-users received all their 
requested data, as the hard limit previously used as a solution, was removed entirely. 
 
Finally, the two prototypes were combined into a third prototype which addressed all the sub-
objectives. These prototypes were then subject to a QoE analysis performed in collaboration 
with Aptean‟s employees, showing which solutions were desirable for maximized QoE 
enhancement. 
 
1.4 Delimitations 
The work and measurements were performed on a limited part of the warehouse management 
system, which requested and presented the data to the end-user. The client supported 
functionalities to represent data in graphs and perform more advanced filters. During this 
work, the focus was on analyzing the data transfers in the system‟s communication chain. As 
all the data transfers of the system were utilizing the same base communication framework, 
this limitation did not affect the final outcome from the conducted measurements. 
 
Another delimitation was that the data used in this work for conducting measurements and 
analyses, was only a specific record of data containing information about id, type, dates etc. 
Because of this, the performance measurements of this work are specific for this case and 
cannot point toward a general recommendation of which e.g. serializer and compression 
solution is the best in a general sense. But, as long as the implementation was optimized for 
this context, a solution which decreased execution time was compared toward a solution that 
implemented functionalities such as user interaction and transparency with a QoE analysis. 
The results from the QoE analysis were still comparable in terms of how the different 
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solutions affected the end-users‟ perceived QoE. Also, the results helped indicate which was 
the optimal solution or combination of solutions to achieve maximized QoE improvement. 
 
Aptean also wished to minimize any third-party licenses, which was a request taken into 
consideration when evaluating usage of third-party libraries during the development phase. 
 
1.5 Thesis Questions 
From the objective, the following thesis questions were constructed: 
 
Q1: What affects the perceived end-user QoE of the system the most? 

Q11: Can the QoE problem be identified as an (issue), 
 Q111: execution time? 
 Q112: data loss? 
 Q113: system instability? 
 Q114: lack of end-user interaction? 
 Q115: lack of end-user transparency? 

 
Q2: What is the improvement in QoE that can be obtained by implementing (technologies): 

Q21: compression? 
Q22: partitioning? 
Q23: streaming? 

 
Q3: By combining the technologies from Q2, can the perceived QoE be improved further? 
 
Thesis questions Q111-Q115 are categories of problems which can affect the end-user‟s 
perceived QoE when using a system, these problems are performance related (Q111-Q113) or 
directly user experience related, i.e. not connected to performance (Q114, Q115). Q111 refers 
to execution time in terms of the elapsed time between the initialization of the search until all 
data is presented on the user interface. Q112 refers to data lost during a large data 
transmission, such as data cut off by the hard limit. Q113 focuses on the system timeouts and 
freezes. Q114 refers to the lack of interaction in the system, where the end-user‟s options to 
control the system are limited. Q115 focuses on the information provided for the end-user 
when using the system, e.g. the progress of a search, number of rows received, etc. 
 
In thesis questions Q21-Q23 technologies are brought up as hypotheses which could resolve 
the QoE related problems identified by Q1. 
 
1.6 Outline 
The outline of this thesis is as follows, 
 
Chapter 1, Introduction, starts with a short explanation of QoE and its complex relation to 
QoS. The chapter brings up the motivation behind the work along with a short background of 
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the company and their warehouse management system followed by objectives, delimitations 
and thesis questions. 
 
Chapter 2, Problem Discussion, gives a more detailed explanation about the problem Aptean 
faces with their IMI Supply Chain Warehouse Management System (IMISC-WMS) and goes 
into more detail about its architecture, used technologies and frameworks. 
 
Chapter 3, Theoretical Framework, focuses on the concepts of QoE, performance evaluation 
metrics, network optimization, data partitioning and streaming. 
 
Chapter 4, Method, looks into which empirical research strategies were suitable for this work 
and which were omitted. The chapter also explains how the time measurements were 
conducted along with the calculation process of statistical values. Finally, the data used in this 
work is defined followed by a description of the QoE survey. 
 
Chapter 5, Results, brings up three prototypes as proposed solutions and how they were 
implemented. The chapter also presents values collected from the initial case study, QoE 
analysis of the original system, and QoE analysis of the developed prototypes. 
 
Chapter 6, Discussion, talks about the results collected during the previous chapter and what 
these results mean as well as how they relate back to the formulated thesis questions and 
theoretical frameworks. 
 
Chapter 7, Conclusions, presents the final conclusions based on the thesis questions, by 
considering the implementations, research, measurements and discussion from earlier 
chapters. 
 
Chapter 8, Recommendations and Future Work, presents interesting theories for further 
research and suggestions for improvements of the implementation are discussed. 
 
Finally a list of References is presented, followed by the appendixes. 
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2 PROBLEM DISCUSSION 
In this chapter, the reader is given a better understanding of the problem through further 
discussion. This chapter also explains Aptean’s warehouse management system, IMISC-WMS, 
to give a technical foundation and understanding of its architecture. 
 
The foremost objective of this work was to enhance the perceived end-user QoE provided by 
Aptean‟s system. The problem they faced was that their system became slow and 
unresponsive during transfers of large data. Moreover, the system was in risk of timing out or 
freezing during these transfers. Finally, the system offered little to no feedback during data 
transfers. When accumulating all these issues, it was apparent that the system lacked in 
performance and also a Graphical User Interface (GUI) capable of providing progress 
information to the user. Prior to architecting possible solutions to the problems presented, the 
original system had to be analyzed.  
 
2.1 IMI Supply Chain Warehouse Management System 
On Aptean‟s webpage the warehouse management system was described as “a supply chain 
management software solution whose architecture provides for extremely reliable and 
scalable transaction handling for companies for whom dynamic supply chain management is a 
key competitive advantage” [9]. Furthermore, the system objectives were described as being 
able to provide “high-volume distribution for real-time control of multi-enterprise, multi-
channel, multi-language and multi-currency requirements” [9].  
 
Aside from the definition, the architecture of the system was a client-server model [10]. In 
this model, there existed multiple clients using Aptean‟s desktop client (WPF/.NET), 
connected to a server running Aptean‟s application server (.NET). The desktop client sent 
tasks to the application server and the application server‟s job was to handle the concurrent 
job requests from multiple desktop clients. This required a server that was able to work with 
concurrent tasks, i.e. a server implementing several server threads [10]. Communication 
between desktop and application server was done through a web service interface. The 
application server was connected to a database server running Oracle with PL/SQL. 
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Figure 2.1: IMISC-WMS architecture 
  



Problem Discussion 
 

9 
 

Figure 2.1 shows how a regular data request, e.g. a search, (1) from a desktop client located in 
Hässleholm, Sweden, was sent to the application server (2) in United Kingdom that handled 
the client‟s request. The server then queried the database (3) for the requested data, which was 
read using .NET‟s DataReader [11]. This datareader cached a specified amount of data on the 
application server. The data was then translated from database types to C# types and stored in 
a generic list provided by .NET [12]. The database reading process, including translation and 
allocation into the generic list, was iterated until all requested data was present in the generic 
list or until the implemented hard limit for maximum database rows had been reached. This 
maximum row limit was implemented as a countermeasure to the system‟s inability of 
handling large data requests. When the application server transferred the requested data to the 
desktop client (4), all data was sent at once, because all data was stored in a single generic list. 
This data was then rendered in the GUI (5). The data transfers were handled by the Windows 
Communication Foundation (WCF) [13], [14] framework. 
 
In the IMISC-WMS, both the desktop client and the application server were WCF 
applications. WCF is a unified model developed by Microsoft for building Service Oriented 
Architecture. It is used when sending data between two endpoints and communication is 
based on three steps, called ABC: fusion of Address (to find where the service is), Binding 
(how to communicate with services) and Contract (information about what the service can 
do). From an architectural level, WCF is split into two layers, where one layer is dedicated to 
the communication and the other is an API which is easy to use [13]. This is visible in Figure 
2.1 showing the abstract architecture behind the IMISC-WMS, where the system is divided 
into a client which requests data and a server which responds to these requests. 
Communication between these two layers was performed by passing objects of the Message 
type, both for sending and receiving information [15], and the messages were passed using 
HTTP. The receiver, i.e. the application server, received the message, and forwarded the data 
to the correct action [16]. 
 
The action which was performed on incoming data was decided by using service contracts, 
which mapped services (methods). A service contract which had both input parameters and a 
return variable, when called from the client side, constructed a Message object that held the 
input parameters and then forwarded it to the service-side method. When the method then 
returned, the returning object was put into a new message and was sent back to the client [16].  
 
In his instructional article, A. Skonnard describes how and where the default WCF behavior is 
extended [17]. When the client starts the process of sending a message, it passes through three 
main steps: Parameter Inspection, Message Formatting (serialization) and Message 
Inspection. After passing these three, the object is packaged into a message and is forwarded 
onto the network. Each of these steps are customizable, e.g. implementing filtering in the 
parameter inspection step, adding custom serialization in the message formatting step or 
logging in the message inspection step, resulting in a possibly modified message object. When 
the service receives a message, it passes through five steps. First through the Message 
Inspection and Operation Selector. These two steps define to which operation the data in the 
message will be forwarded. When the correct operation is identified, the message contents are 
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deserialized in another Message Formatting step and then further passed through Parameter 
Inspection and Operation Invoker steps. As with the client, each of these steps is modifiable 
and allows adding custom behavior [17]. 
 
The implementation of the IMISC-WMS had limitations when it came to reaching a high 
perceived level of QoE for the end-user. Not only did the system timeout because of large 
data requests, but the implemented solution applying a maximum limitation of database rows 
did not allow the system to guarantee full data delivery. Moreover, the system acted like a 
black box, meaning there was limited transparency. The end-user was not informed of how 
much of the available data he or she received from the request, neither did the end-user get 
information about how long a request would take or the progress of that request. These were 
factors heavily affecting the users‟ perceived QoE, from which the end-user was left feeling 
that he or she had no control over the system‟s functionalities. Additionally, for requests of 
large data amounts, the execution times for these requests were long, because of how the data 
was transmitted across the network. 
 
2.2 Opportunity 
The problem defined and discussed for Aptean‟s warehouse management system gave 
opportunity to look at how different QoE issues, defined in Chapter 1.5 Thesis Questions, 
affected the end-user‟s perceived QoE. It also gave opportunity to investigate how these 
different QoE problems affected the end-user‟s perceived QoE on different scales, meaning 
whether it was a performance issue or it was other factors like end-user interaction or 
transparency that was the most impactful issue affecting the end-user‟s perceived QoE. To 
answer these questions, it was necessary to investigate different technologies and theories that 
could be implemented as proposed solutions. These solutions were then focused on solving 
different QoE-related issues, meaning that one implemented solution focused solely on 
decreasing the execution time of the system while another implemented solution focused on 
affecting the end-user‟s perceived QoE through other means such as improved end-user 
transparency, interaction, data delivery and system stability. 
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3 THEORETICAL FRAMEWORK 
In this chapter, explanation of theories, technologies and concepts relevant for the work are 
presented. The subjects studied in this chapter are QoE, performance evaluation techniques, 
network optimization, data partitioning and streaming. 
 
From the objectives and thesis questions along with explanations of how the IMISC-WMS 
worked as well as what technologies it implemented, theoretical areas were identified as being 
of interest and further investigated. Thesis question Q1 brought up the area of QoE as a clear 
focus for this work. To reach a better understanding of the measure, relevant literature was 
studied. Thesis question Q1 asked about what kind of QoE issues were present in the system 
and which had the largest impact. To be able to answer this question, techniques on how to 
measure perceived QoE and system performance were investigated. Finally, thesis question 
Q2 brought up some suggested technologies that were possible solutions to the identified 
issues in Q1 that had negative effect on the end-user‟s perceived QoE. The technologies 
hypothesized in Q21-Q23 were compression, partitioning and streaming leading to that these 
areas also were studied. 
 
3.1 Quality of Experience 
The concept of measuring the quality an end-user perceives from usage of a system or 
technology has during the last few years been called QoE. The International 
Telecommunication Union Telecommunication Standardization Sector (ITU-T) has defined 
QoE as “The overall acceptability of an application or service, as perceived subjectively by 
the end-user” [1], [4], but this definition is lacking as it only focuses on the subjective 
experiences of the users. QoE is intended to be a definition of human quality needs and 
expectations. Historically, approaches for improving end-user quality have been focusing on 
QoS parameters [1], not including the end-users‟ response to using the systems. While QoE 
focuses on the subjective end-user perception of quality, QoS focuses on the technical 
parameters. In [5] it is described that the QoS parameters of a network are bit rates, delay 
properties and packet loss. Although it is easy to assume that an improvement of QoS 
parameters in a network such as lesser delay times of packages lead to an improved service 
for the customers, there is no guarantee that the quality that customer perceives will improve 
at all [5]. Although adding QoS parameters as influencing factors on QoE is helpful when 
trying to analyze QoE objectively, the relation between QoS and QoE is both complicated and 
nonlinear. QoS parameters are not enough, as “It has been proved that a technically sound 
product will not necessarily satisfy the user” [4]. 
 
The perceived QoE by the end-user is affected by a variety of different aspects. For example 
in [2], an implementation of a smartphone application was studied and from the study the 
result yielded that end-users‟ QoE were affected by the application interface design. Some 
end-users felt that they had problems with the input keys‟ location on the screen, difficulties 
resizing the application and other user interactive functionalities. Moreover, there also were 
complaints about the application performance. The end-users‟ QoE was degraded by the 
occurrence of freezes (application timeouts), poor performance, long delays in response time, 
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memory management of their SD cards, etc. From the study it also became apparent that 
missing desired or expected application features affected the QoE. The study showed that the 
application‟s users felt they missed features like flash player, special settings, GPS, etc. From 
the study‟s results in [2], it is shown that the perceived QoE of the end-user is affected by not 
only performance but also features and design [2]. 
 
In [6], the field of usability engineering is used to determine the reaction time thresholds for 
user perception of web surfing. The thresholds are said to be as follow: “100 ms is roughly the 
boundary at which a user feels the system reacting instantaneously; less than 1 s keeps the 
user‟s thoughts, although a delay is perceived; less than 10 s keeps the user‟s attention, while 
exceeding 10 s implies the risk of the user abandoning the activity” [6]. This point towards the 
importance of performance, in terms of response times, when working towards an improved 
QoE in any networked application. In [6], it is discussed that the perceived QoE becomes 
more valuable, the higher the quality perceived by the user is. When the user perceives the 
QoE as high, small delays in response time or other changes leading to degraded QoE are 
more impactful. But when the user‟s perceived QoE is low, a small delay does not affect the 
QoE with the same impact as on a higher level [6]. It is important to note that the perceived 
QoE varies between individuals of different ages and genders but also between different roles 
like customers or users. The idea is that people of different ages have different tolerance 
levels towards QoS degradation (e.g. increased delay times) and the customers of the product 
have different QoE requirements than those of the users [1]. In a field study by S. Afshari and 
N. Movahhedinia [3], they identified that it is a valid consideration to include the user‟s 
sensitivity when measuring QoE. A sensitive user quickly notices a small degradation in the 
service‟s quality, which affects their perceived QoE, while an insensitive user accepts that the 
system slows down or in some cases stops. This is important to consider when having limited 
resources, as QoE measurements results from very sensitive users will skew the results, e.g. 
making a service provider increase the quality more than necessarily, leading to network 
overuse [3]. 
 
As the QoE definition offered by ITU-T is purely subjective, a new definition is suggested by 
P. Brooks and B. Hestnes: “QoE is a measure of user performance based on objective and 
subjective psychological measures of using a service or product.” [18], to alleviate the 
limitation of only subjective measurements in the definition. In their paper, P. Brooks and B. 
Hestnes [18], explored different approaches to current QoE measurement techniques. 
Following the recommendations of International Telecommunication Union, evaluation of 
network services has three parts: User-perceived QoS, subjective QoE and modeled media 
quality. The measurements from user-perceived QoS are used to detect changes in quality. 
They are usually focusing on user perception and behavior, using self-reporting ratings and 
calculations to measure a mean opinion score. Subjective QoE is also based on user input, but 
focuses less on technical aspects and more on the end-user satisfaction with the service. 
Modeled media quality differs from the other two, as it does not focus on direct user response, 
but rather on objective measurable parameters which are modeled with a goal to optimize the 
experienced quality [18]. 
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Using ordinal scales (Bad, Poor, Fair, Good, Excellent) is a very common way of measuring 
QoE, which also introduces limitations [3], [18]. The distance between each option is not 
necessarily equal, making statistics which require intervals or ratio data, such as the mean and 
standard deviation, invalid. The suggestion is to instead use a label-free scale, or a scale with 
labels in each end. This involves less subjective interpretation and allows for better statistical 
comparisons of the measurements [18]. Measuring the QoE in this fashion makes the data 
more objective, contradicting the “widespread misunderstanding that objective measures can 
only be collected from technology and that data from users is necessarily subjective” [18]. In 
[3], [4], an automated process of measuring QoE is constructed, and as such, the studies 
moved away from using user self-reporting methods. Instead they have been relying on 
objective data either by monitoring physiological values (heart rate, breathing, etc.) of the test 
subject [3] or by identifying signs in usage which show that the user‟s QoE is decreased (e.g. 
word repetition during cellphone communication) [4], which offered data that the subject was 
not able to easily falsify. 
 
3.2 Performance Evaluation Metrics 
When developing software that requires a certain level of QoE, QoS, or both a common 
problem is how its performance will be measured. “To be scientific and precise in our 
computer systems performance studies, we must focus on measurable quantitative qualities of 
a system under study.” [19]. 
 
P. J. Fortier and H. E. Michel [19] present the fundamental concepts required for computer 
system performance evaluation by applying measurements. Two general categories of 
performance measures are: system-oriented measures and user-oriented measures. They 
further discuss four quantities which are important for measurements, namely time, events, 
intervals and responses. Additionally, three concepts useful for computer system performance 
measurements are discussed; independence, randomness and workload. Finally, different 
monitoring approaches are discussed. 
 
3.2.1 System-oriented and User-oriented Measurements 
System-oriented measurements are technical measurements which are easily quantifiable, by 
e.g. measuring the average amount of items processed per unit, the throughput is defined. 
Another metric is utilization which is gained by measuring the fraction of time that a resource 
is busy [19].  
 
Another type are user-oriented measurements, which focus on response time or turnaround 
time. These values describe the elapsed time between that the user have initiated a task and 
that the system responds. But the user-oriented metrics are not clear by their definition, as 
there are many variables which affect the outcome, such as unrelated CPU work or I/O traffic 
[19]. In order to use these, it is of high importance to reduce the ambiguity in the values by 
defining an unambiguous definition of the value‟s meaning. The values have to be presented 
as expected or averages together with variances, as the values are considered almost random 
[19]. 
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In all cases where these measurements are performed, a basic understanding of the 
environment and its parameters has to be acquired. A metric typically used in computer 
systems, is time [19]. 
 
3.2.2 Time as a Metric 
“Time is the most fundamental of concepts needed for computer systems performance 
analysis.” [19]. If there is no set concept of time, the performance studies cannot become 
quantitative. Time as a metric is common when measuring computer system performance; 
arrival time, service time, time between failures, time to repair and such are all common 
values associated with both time and computer system performance, and all of them share a 
common property: they require a reference point from which their meanings are determined 
[19].  
 
In computers, the time is calculated based on fixed time intervals, where each second is 
broken down into multiple smaller units. “Typical computer systems clocks or cycle times are 
measured in nanoseconds (10-9 seconds) or in slices of about one-billionth of a second.” [19]. 
These values are useful when comparing the CPU speeds in computers, e.g. a CPU with 
1.5GHz clock, means that it has a clock cycle of about 0.67 ns [19].  
 
When time is measured, it is the duration between two points which are of interest. These 
points differ depending on what the measure‟s goal is. They are e.g. the start and end of a 
database transaction, or more detailed points where time for connecting to the database, 
running the database transaction and returning the data are separated. These points are called 
events [19]. 
 
3.2.3 Events, Intervals and Responses 
Events are descriptions of something of interest in the system. Usually events represent 
actions, such as the beginning or end of an instruction execution cycle, data reading from 
memory, etc. [19]. These events must be controlled in a way that their order becomes 
meaningful, e.g. by leading up to a larger event. If the order is clearly defined, the events are 
easily measurable as the analyst can expect their order. Taking the example of the start of a 
computer clock cycle, which is an event followed by several other events where data is read 
and calculated. These small events are part of larger events, e.g. events which initiate data 
transfers from a storage disk or perform memory management [19]. 
 
Aside from organizing the events based on their order, it is also of use to categorize the events 
based on their size. Smaller events happen at the nanosecond range, while larger events are in 
the tens of milliseconds range [19].  
 
The duration between two events depend on the environment. In computer systems, different 
environments are possible, one being the system clock and instruction execution cycle and 
another being higher level functions. Intervals are used for different measurements, e.g. for 
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the duration of an action, by measuring the interval between the start and stop events or the 
time between occurrences of actions, i.e. the time from one stop event to a start event [19]. 
 
Response time is another important measure in computer system performance. P. J. Fortier 
and H. E. Michel describe it as “a measure of the period of time a user or application must 
wait from the point of issuing some action or command until the completion and return of 
control for the requested command.” [19]. Response times are of importance not only as a 
metric in computer system performance, but as several of the QoE-related works have 
described, is important for how the software is experienced by the user [2], [3], [6]. If a 
system responds slowly, sensitive users will quickly notice [3]. The actual definition for slow 
varies, [19] describe that a tolerable range for a response time is between 1 and 3 seconds 
while [6] suggest a scale focusing on web surfing with finer granularity, which describes 1 
second as noticeable, and over 10 seconds as too slow response time. 
 
3.2.4 Independence, Randomness and Workload 
Independence, randomness and workload are all concepts which are important to keep in 
mind when evaluating system performance. Independence between events implies that one 
event does not influence another event. When an independence is asserted, it is no longer 
required to take the other event‟s state into consideration [19].  
 
Identifying randomness is also crucial in system performance analysis, as truly random events 
cannot be mapped to patterns and therefore they are hard to predict. However, proving true 
randomness is very difficult, but the opposite is easier: If a pattern is matched to an event‟s 
occurrence, it is not random. These random events are e.g. user keystrokes or remote calls, 
which affect the performance of the system being evaluated [19]. 
 
Workload, or more simply; load, is the amount of event sequences which are ready to execute 
during a set timeframe. When the load is measured, it is important to not only measure the 
amount of instructions ready for execution, but also to consider the type of instructions and 
the duration of the entire load [19]. 
 
3.2.5 Monitoring 
The metrics and concepts presented above are measured and observed by applying some 
system monitoring approach. Computer system monitoring is divided into two general 
categories: hardware monitoring and software monitoring. Hardware monitoring is either 
achieved by adding hardware components to the system which will measure or extract signals, 
or by using internal available testing hardware. When performing hardware monitoring, the 
additional hardware is not allowed to interfere with the original system, as this would lower 
the validity of the measurements [19]. 
 
Software monitoring is run through the active system. Typical software monitoring is 
performed as trace monitoring, where code is added into the code sequence, so that it allows 
for monitoring [19]. P. J. Fortier and H. E. Michel describe that common measures for this 
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kind of monitoring are “how often a code segment is entered, how long the code segment 
runs, or how much of the total systems time the code segment utilizes.” [19]. One drawback 
of software monitoring is that it requires the knowledge of where, in the code, the samples 
will take place beforehand. This is because the code monitoring the code sequence, have to be 
implemented before the sampling starts. Also it is necessary to know at which frequency the 
sampling will occur [19]. 
 
3.3 Network Optimization 
Previously, approaches to measuring performance have been presented. A specific 
performance optimization approach that allowed for improvement in QoS parameters of the 
IMISC-WMS was altering the serialization and introducing compression in the 
communication chain. This leads to lesser delay times when transmitting data across the 
network [20]-[22]. 
 
3.3.1 Serialization 
“Serialization is the process of converting an object into a stream of bytes in order to store the 
object or transmit it to memory, a database, or a file.” [23]. The goal is to send an object over 
e.g. a network, and for it to be received by another software which can deserialize the 
information and recreate the same object. The concept is also useful for developers wishing to 
store the state of an object and recreate it at a later point. But when focusing on serialization 
for network optimization, the serialization and deserialization is applied in a data exchange 
context [23]. 
 
K. Maeda [21], describes serialization using Java as an example. Java‟s Remote Method 
Invocation is used to invoke a method in another Java Virtual Machine. The method‟s 
parameter objects have then to be communicated to that other machine. To do this, Java takes 
the objects‟ data and writes it into bytes which then are transferred over the network. On the 
receiving side, the received bytes are rebuilt into objects, allowing them to be used as 
parameter objects once again, which is the goal of serialization [21]. But, from an 
optimization perspective, the size of the communicated objects matter. To decrease the size, 
compression is introduced [22]. 
 
3.3.2 Compression 
Data compression is the concept of reducing the number of bytes used when storing or 
transmitting data. Many formats used for representing data have a certain degree of 
redundancy. Redundancy, when it comes to data compression, refers to the redundant 
information that takes extra bytes to encode. For example, when looking at Extensible 
Markup Language (XML), the major disadvantage is the large size of the format and its 
repetitive nature [24]. This leads to high redundancy, including unnecessary number of bytes. 
If those extra bytes are removed, the size will be smaller [22]. 
 
There exist two commonly known approaches for data compression, called lossy and lossless. 
Lossy data compression is when all data does not necessarily need to be transmitted. In [22], 
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lossy data compression is described as working towards “a certain loss of accuracy in 
exchange for greatly increased compression”. When using compression for graphic images 
and digitized voice, not all data is necessary to be able to recreate the digital image or voice at 
the receiver side in a desired level of quality. When it comes to lossless compression, the 
focus is on creating an identical copy of the message at the receiver side. This means that all 
data bits in the input stream must be identical at the receiver‟s output stream. Lossless 
compression is used when storing data records, spreadsheets and for other data storing or 
transmitting purposes where every bit of data is important to be able to recreate the exact 
information [22]. 
  
Data compression has different components, each responsible for different functions of the 
compression process. In [22], compression is described as “taking a stream of symbols and 
transforming them into codes”. The first important component of the compression process is 
called a model. The model consists of a set of data and rules that are used to determine which 
symbols in an input stream will be matched to which codes in the output stream. The model 
will assign a probability to each symbol and then it is the en-/decoders job to output the 
correct code matching that symbol based on the symbol‟s probability [22]. 
 
The compression process can utilize a variety of different types of en-/decoders. But, 
according to [25], Huffman is commonly used. Huffman encodes with both high compression 
ratio and fast execution speed. The code is implemented either as static or dynamic Huffman 
code. The static implementation is based on statistical probability where all symbol 
occurrences in the input stream are represented in a binary tree based on their probability. The 
dynamic implementation‟s fundamental difference from the static is that it has the ability to 
update its binary tree from different input streams [25]. 
 
When looking at the usage of Huffman coding [22], the model‟s job is to calculate 
probabilities and assign them to symbols. Symbols with high probability will be represented 
with few bits while symbols with lower probability will be represented by a larger amount of 
bits. It is the en-/decoders job to take a symbol with a probability and match it to the right 
output code [22].  
 
The model component in the data compression process is of two major types, one of which is 
the statistical model. In [22], a statistical model is when the model “tracks the probability of a 
symbol based on what symbols appeared previously in the input stream”. This means that the 
model takes different order levels, where an order level is how many previous characters in 
the input stream will be considered when calculating the probability for the character [22].  
 
The statistical model is either implemented with a static table of probabilities or as an 
adaptive model. The static table of probabilities is constructed by analyzing representative 
parts of data. When the program later will compress data, it accesses the table during the 
compression process to find the codes related to the symbols. The adaptive model, instead of 
statically constructing the table first from a representative part, dynamically updates the table 
during compression as new data is encountered [22]. 
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The dictionary model does not, like the statistical model, encode a single symbol at a time. 
Instead the dictionary model utilizes pointers. The pointers will be used as reference to a 
sequence of characters that have been encountered before. The sequence, or string, of 
characters will be put in a dictionary with a corresponding index and when that string is 
encountered the index will be used instead. The longer the string, the higher compression ratio 
will be gained [22].  
 
3.3.2.1 LZ77 
In [22], it is mentioned that Ziv and Lempel developed, in year 1977, a pair of compression 
methods using an adaptive dictionary data compression model to reach impressive 
compression ratios. One of these compression methods, or algorithms, is called LZ77. The 
LZ77 dictionary is populated with all strings in a 4-KBytes window from the previously read 
stream. Then when reading the new stream, that window is used to find matches from the 
previous stream and the pointers will be inserted into the output stream. The LZ77 and its 
different variations are popular compression algorithms. It is easy to handle the model and en-
/decoding the output is rather simple. This leads to programs which use the LZ77 achieve 
good compression ratios while still maintaining a desirable execution speed [22], [25]. 
 
3.4 Data Partitioning and Streaming 
The previous research on serialization and compression are technologies that focus on 
improving the end-user‟s perceived QoE through enhancement of the QoS parameters such as 
execution time. While this is a good approach, it does not guarantee that enhancement of QoS 
parameters will improve the user‟s perceived QoE [5]. To look at other factors that improve 
the user‟s perceived QoE, not simply through execution time minimization, the areas of data 
partitioning and streaming were studied. 
 
When talking about partitioning in the context of databases it is said that “Databases are 
designed to manage large quantities of data, allowing users to query and update the 
information they contain. The database community has been developing algorithms to support 
fast or even real-time queries over relational databases, and, as data sizes grow, they 
increasingly opt to partition the data for faster subsequent processing” [8]. Partitioning is the 
concept of taking something large, in example of database; a large data table, and break it 
down into several smaller entities. One reason to how this improves the performance is that 
the cache locality is utilized better. If it is guaranteed that the size of the entities does not need 
more space than what the cache has resources to assign, a data collection larger than the cache 
will benefit from partitioning making every partition small enough to fit in the cache. When 
this partition of the data is being processed, better cache locality is achieved, leading to 
increased performance [8]. 
 
Another approach to modify network communication is to apply data streaming. Streaming is 
a method used in situations which work with real-time data streams [26]-[28]. In healthcare, a 
real-time monitoring system of epileptic patients, based on streaming data, is proposed. With 
multiple sensor devices and loggers, the system suggested is intended to help the patients 



Theoretical Framework 
 

19 
 

manage their illness [28]. The scientific computing communities are also increasingly reliant 
on large amounts of incoming data. A. Hutanu and S. Nimmagadda [27], present a scenario 
where much incoming data is streamed from servers, through a network, to a machine which 
will render the information into a visualization. Then this image data will be further sent to a 
displaying machine [27]. For a more general usage, a framework called the MeDICi 
Integration Framework (MIF) is being developed, “designed to support loosely coupled 
components, asynchronous communications and efficient data transfer between components” 
[26], and allows for scalability by use of pipelines. I. Gorton and his team has used evolving 
versions of the MIF to build several demanding applications, which show that their 
framework is a legible part of a system with many large data streams [26]. 
 
The team building a real-time monitoring system for epileptic patients [28] used an approach 
which utilized a Data Stream Management System (DSMS). The DSMS offered the tools 
required to perform continuous queries of the data stream. This allowed them to control the 
queries, scheduling and handling of missing data [28]. Another problem appears when trying 
to parallelize the data transfers, and usage of the common TCP. A. Hutanu and S. 
Nimmagadda state that “It is well known that TCP is not suitable for fast (hundreds of Mbps 
to multiple Gbps) data transmission across wide area, possibly dedicated networks” [27] and 
mean that other protocols have to be considered. The congestion control of TCP is a common 
problem, and there are many versions of the protocol which alter the control algorithms. For 
their application, the User Datagram Protocol (UDP) is used, which allows the application to 
control the transmission rate. Using UDP with application controlled transmission was proved 
to achieve the best data transmission performance compared to other protocols [27]. 
 
3.4.1 Video on Demand 
Data partitioning is applied in some VoD services. But VoD is also referred to as a streaming 
service [29]. To serve data efficiently to the clients, H. Kim and S. Park [7] suggest a scheme 
which divides the video into a front part and a rear part. The front part is shorter, which makes 
it possible to receive it faster and start the video playback, while the longer rear part is 
downloaded during playback time [7]. 
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4 METHOD 
In this chapter, plausible research strategies are presented and discussed, followed by 
motivation of the selected research strategies. Later in this section, it is described how 
measurements were conducted and how they were confirmed to be credible though statistical 
calculations. Finally, this chapter defines, describes and motivates the data used in this work 
as well as the amounts of data used during measurements.  
 
C. Wohlin et. al. [30] have listed four research methods which are applicable for research 
projects in the field of software engineering: The scientific method, where the world is 
observed by models; Engineering method, where the current solutions are analyzed in order to 
propose changes and evaluate them; Empirical method, which is based on models created 
through empirical studies; Analytical method, through which a theory is proposed and 
compared to empirical observations. For the entirety of this work, the engineering method was 
applied as there already existed a system which had to be analyzed and changes to that system 
were proposed by using tools available through either the framework directly or via third-
party applications. 
 
In order to find answers to the thesis questions previously stated in Chapter 1.5 Thesis 
Questions, each question was considered and different research methods had to be applied in 
order to achieve reliable results.  
 
4.1 Empirical Research Strategies 
Research methods are divided into quantitative and qualitative, where quantitative research 
methods focus on gathering numerical data and analyzing how something works. Qualitative 
methods instead originate from social sciences, and focus on achieving an understanding of a 
topic [31]. Data is gathered using different research strategies, C. Wohlin et. al. [30] present 
four main empirical research strategies which are used to collect data in software engineering 
projects, namely surveys, case studies, experiments and quasi-experiments. C. W. Dawson 
[31] presents a similar categorization, but with the addition of another research method, called 
action research. 
 
4.1.1 Surveys 
Surveys are performed when the data required is either from or about people. As presented 
earlier in Chapter 3.1 Quality of Experience, surveys are common when measuring the 
perceived QoE offered by a system. In [18], it is discussed how the scale of a survey which 
focuses on QoE should be applied, where they suggest a numerical scale to reduce varying 
interpretations of the answer options.  
 
The most basic method of data collection from surveys is to create a questionnaire, bundle it 
with instructions and send it out to a large amount of receivers. This is done either via mail or 
in paper form [30]. In [31], a description of surveys published by Saunders et. al. is cited, 
stating that surveys allow “the collection of a large amount of data from a sizable population 
in a highly economical way” [31], as they are used to reach large populations in short time 
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and with low effort. Surveys as questionnaires, while they are easily distributed, may not 
receive many participants. The response rate depends on which level of anonymity is offered, 
the complexity of the questionnaire and, if sent by mail, whether the spam-filter caught the 
invitation. The response rate is heightened by agreeing with the subjects beforehand that they 
shall perform the survey, and if the questionnaires are performed at a company, the company 
will be more interested in participating if they are allowed to partake in the result from the 
survey [31]. 
 
When doing questionnaires in paper form, it is even more important to consider the layout. By 
keeping the layout simple and short-looking, the chances of the participant losing interest in 
the survey are lowered [31]. If there are several questions of the same type, e.g. ratings based 
on ordinal scales, they have to be placed so that it is easy for the respondent to move from one 
question to another. Further, the questions themselves have to be evaluated. Open questions 
which require long answers quickly get tedious for the subjects. C. W. Dawson describes this 
as “Respondents are usually quite happy to tick some boxes within a series of closed 
questions but are more reluctant to complete open questions.” [31]. 
 
4.1.2 Case Studies 
Case studies, when simplified, are the application of multiple sources to investigate how one 
instance behaves or performs in its real-life context [30]. Case studies are performed directly 
by e.g. interviews and observation, or indirectly by studying e.g. company reports or 
documentation [31]. In [31] it is stated that by performing case studies, large amounts of 
subjective data is gathered. This means that to achieve conclusions from the data, further 
analyses and interpretations have to be performed. In other words, the data generated has to be 
generalized so it is motivated why it works in a setting typical to the one observed. 
 
Case studies are generally very suitable for evaluation of software engineering methods and 
tools applied in industrial settings, as they are not as susceptible for scale-up problems as e.g. 
experiments [30]. The studies themselves are often based on variables which represent a real-
life situation, making their results more realistic. But as the results are specific for that real-
life scenario, they are often hard to generalize to a common conclusion [30].  
 
Application of case studies is motivated when the effect of a process change affects large 
parts of e.g. a system being evaluated. If the pursued difference in a comparison is at a high 
level of abstraction, meaning the changes are smaller and spread out in the details of the 
system, performing a case study is preferred [30]. C. Wohlin et. al. [30] describe that when 
applying case studies in software engineering, they are not only used to evaluate how or why 
phenomena occur, which is the original usage of case studies in sciences such as sociology, 
medicine and psychology. Instead, case studies in software engineering are used for 
evaluations between e.g. two design methods [30]. 
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4.1.3 Experiments and Quasi-experiments 
“Experiments are launched when we want control over the situation and want to manipulate 
behavior directly, precisely and systematically. Also, experiments involve more than one 
treatment to compare the outcomes.” [30], in other words, experiments are conducted in 
controlled environments where single parameters are changed methodically in order to make 
modifications to the execution of the system. 
 
There exist two categorizes of experiments, human-oriented or technology-oriented. The 
former focuses on how humans apply treatments to objects, e.g. different inspection methods 
to two pieces of code. The latter instead focuses on comparison of tools, and their application 
to objects [30]. 
 
Experiments are used to investigate different areas, such as confirmation of theories or 
people‟s conceptions, exploration of relationships between parameters or objects, evaluation 
of the accuracy offered by certain models or validation of measures [30]. This form of data 
collection is usually performed in projects which focus on development, evaluation and 
problem-solving [31]. 
 
A main difference between experiments and case studies is that experiments sample over the 
variables which are being manipulated while case studies instead select values that are based 
on typical situations. This makes the data from experiments more general, as it is often 
randomized and therefore conclusions are drawn directly from the gathered data without 
taking the system and its real-life context into consideration. Case studies instead focus on 
measuring scenarios that apply for typical near real-life contexts [30], [31].  
 
In both [30] and [31], they further differentiate between experiments and quasi-experiments. 
To perform experiments, the environment has to be very controlled and the setup is strict. 
Quasi-experiments are more similar to case studies, as they are not strictly based on 
randomized values but instead allow for variations in which values and parameters are 
applied. “Quite often quasi-experimental research will have to be performed due to problems 
of insufficient access to samples, ethical issues and so on.” [31]. 
 
4.1.4 Action Research 
Action research is described by C. W. Dawson as “working on a specific problem or project 
with a subject or, more usually, an organization and evaluating the results” [31]. Action 
research is similar to case studies as it has the same approach of changing some aspect of the 
research and observing the results. But, in a strict sense, case studies are only performed as 
observations of the system [30]. Action research goes a step further and is both focused on, 
but also involved directly in the change of the system. In [30], a difference between the two is 
presented based on studies of software process improvement and technology transfers. In the 
studies, “the research method could be characterized as action research if the researcher 
actively participates in the improvements. However, when studying the effects of a change, 
for example, in pre- and post-event studies, we classify the methodology as case study.” [30]. 
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4.2 Selected Research Strategies 
To gather the data required to formulate answers to the pursued thesis questions, different 
strategies were applied for each thesis question. Question Q1 was identified as requiring two 
types of data to formulate an answer. The question needed both an analysis of where the 
technical bottlenecks of the system‟s communication chain were located, as well as a 
qualitative analysis of the perceived QoE of the system. To gather this data, an initial 
performance analysis was conducted as a case study [30], [31]. The study was performed on 
the original system, where the elapsed time in each sub-part was studied. The samples were 
then statistically compared in order to find in what or which parts of the system most time was 
elapsed during a data transfer. The information gathered by this case study answered which 
parts of the system needed to be changed for a performance improvement. An alternative was 
to perform a quasi-experiment or a technology-oriented experiment [30], in which the amount 
of data being sent would be randomized. An experiment requires strict controlled conditions 
[30], [31], and such could not be established with the system and its setup. Neither was it 
required as the data gathered from abstractions of the system (into sub-parts) were sufficient 
to formulate an answer to Q1. Further, the performance optimization was meant to be 
optimized for Aptean‟s data, and not randomized data. 
 
While the case study answered which parts of the system had the largest impact on data 
transfers through the system‟s communication chain, it resulted in quantitative data about the 
elapsed time. Elapsed time, while useful for comparisons, is not the only parameter affecting 
the QoE perceived by the end-user [4]-[6]. To further answer the thesis question Q1, an initial 
qualitative survey [30], [31] was conducted on customer representative staff at Aptean after 
using the system and retrieving set amounts of data with it. From the survey, qualitative 
information was gathered which, in combination with the data from the case study, was used 
to answer Q1. The results from the survey together with the data from the case study both 
identified in which sub-parts of the communication chain most time was spent, as well as how 
the end-user perceived the QoE during system usage. 
 
After the initial two analyses, modifications to the identified sub-parts of the system 
communication chain were implemented based on thesis question Q2 where different 
technologies were suggested as possible solutions. The technologies of Q21 and Q22 were 
implemented as separate prototypes, in order to allow for comparison between technologies 
and how they affected the perceived QoE by an end-user. To minimize each prototype‟s 
execution time or response time, quasi-experiments [30], [31] were conducted for each 
implementation. Afterwards, each prototype was compared by applying action research [30], 
[31], measuring execution time for request completion. 
 
For Q21, four serializers combined with the Deflate compression, available through the 
framework, were compared. This was done by conducting a quasi-experiment where each 
combination was evaluated based on the execution time. Measurements of the data sizes were 
also performed to compare the different serializations. The best combination was selected and 
used for the final implementation of the prototype. 
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For Q22, the sizes of partitions were compared, in order to select one partition size which 
performed overall best for all tested amounts of data rows. This comparison was made as a 
quasi-experiment where the size of partitions was altered and the execution time and response 
time were measured. 
 
Q23 hypothesized streaming as an applicable technology for improvement of perceived QoE. 
After conducting the initial research in Chapter 3 Theoretical Framework, it showed that 
streaming is used in situations which work with real-time data streams [26]-[28]. The term 
streaming is commonly used when describing VoD services as well, which partition the video 
that is to be received by the viewer [29]. In this work, it was decided to distinguish between 
streaming in the sense of requiring real-time data [26]-[28] which does not have any specific 
start or end and streaming in the sense of receiving parts of the data. The former definition did 
not apply for the IMISC-WMS, as data was requested at one certain point and received at 
another. To lessen confusion, the latter definition was called partitioning throughout this 
work. Based on this, streaming for real-time data was not further investigated, instead the 
work focused on compression (Q21) and partitioning (Q22). 
 
To find the answer to thesis question Q3, a quasi-experiment was executed in the same 
manner as for Q22 in order to find the optimal partition size for an implementation based on a 
combination of the technologies in Q2. This was followed by a comparison of execution time 
measurements based on the principles of action research.  
 
To fully answer Q2 and Q3, a qualitative QoE survey was conducted using the same setup as 
the initial QoE survey performed for question Q1, where Aptean staff was tasked with using 
each implementation and rating their experience based on the questions Q111-Q115. 
 
4.3 Time Measurements 
In order to improve the performance of the system, it was necessary to identify which 
bottlenecks currently were in place. This was done as a case study by measuring the time 
spent in each sub-part of the system. By analyzing these measurements, it was possible to 
identify which of the sub-parts were critical for system execution time. To define which sub-
parts were to be measured, the original system was stepped through with the debugger offered 
by Microsoft Visual Studio 2010. By following how the data moved in the system, it was 
possible to create an abstract representation of the current communication chain which 
represented the actual system, and was then used during the initial case study. 
 
Each of the identified sub-parts was measured based on the time spent in each. This was done 
by applying software monitoring in the form of generating timestamps during runtime [19]. 
The timestamps were collected using the current date and time function available in C#, 
System.DateTime.Now. The DateTime-function works by measuring values in 100 ns 
units, called ticks, which is how the date is handled internally [32]. The output value was 
controlled by inputting a format string, e.g. “HH:mm:ss:fff” to the ToString-function of 
DateTime [32]. E. Lippert, a developer working for Microsoft in 2010, wrote a blog post 
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describing the precision and accuracy of DateTime [33], in which he discusses the differences 
between the precision and accuracy of the function. Being a struct with 64-bit representations 
of the amount of ticks, it holds a very high degree of precision, but it is important to 
differentiate between precision and accuracy. While DateTime offers very high precision, its 
accuracy depends on the operating system and clock of the computer it is being executed on. 
A short test made by E. Lippert showed that on his setup, the precision was about 16 ms, 
which was the amount of ticks which DateTime.Now jumped between each update [33]. An 
experiment designed similarly to the one performed by E. Lippert was executed on the local 
PC at Aptean running the desktop client during measurements. The experiment program was 
tasked to run through 10 000 000 iterations, counting the amount of ticks performed and the 
average increased tick. The system completed the iterations in 8860.57 ms, during which 568 
ticks were identified. The mean size of each tick was 15.60 ms. The same program was 
executed on the computer running the application server during measurements, where 958 
ticks were identified during 14 968.80 ms. The mean length of each tick on this computer was 
15.62 ms. Both computers offered similar precision as the system which E. Lippert used. This 
accuracy was deemed accurate enough for the measurements performed in this paper, as 
differences on millisecond-level do not affect the end-user perceived QoE [6]. 
 
With the output of DateTime set to include hours, minutes, seconds and thousandths, the 
output was collected into a spreadsheet from which the elapsed time was calculated. All 
conducted studies were based on elapsed time measurements. To give the measurements 
credibility, certain values were needed to be calculated and sample sizes needed to be 
determined to know when a measurement had achieved a desired level of credibility. 
 
4.3.1 Statistical Background 
For the measurements it was important to make sure that the collected data had the desired 
level of credibility, this was achieved by statistical analysis. For each measured value a 
certain amount of samples was gathered, the amount of samples required was determined by 
observing the standard deviation and confidence interval. When these values reached a 
sufficient credibility level the sample size was decided. 
 
4.3.1.1 Mean, Median, Max and Min 
To calculate a mean      [34] all individual samples are added together and the sum is 
divided on the total number of samples (i.e. the sample set size). 
 

  = Individual sample 
  = Total number of samples        

   

 
 

  
The median is the middle sample of a sample set. It is calculated by sorting the samples in 
order (either ascending or descending) and afterwards the middle sample is selected. If   is 
even, the mean of the two middle samples is used as the median for that sample set. The 
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minimum value is the sample that has the lowest value while the maximum value is the 
sample that has the highest value within the given set of sample [34]. 
 
4.3.1.2 Range 
The range      is the difference between the maximum        and minimum        from 
the same set of samples [30], [34]. 
 

                      
 
4.3.1.3 Variance and Standard Deviation 
To gain confidence in measurements it is not enough to simply present the mean, median, 
maximum and minimum. To show how the data is distributed and how the data deviates, 
additional statistical calculations are required. The variance and standard deviation are 
commonly used to give credibility to the measurements and to show how the sampled data is 
spread [34]. 
 
To calculate the variance     , a sum is calculated from all individual samples which have 
been subtracted by the mean and then squared. The sum is then divided by the total number of 
samples (subtracted by 1), resulting in the variance [30]. 
 

       
              

    
 

 
The variance is the measure of how far between the different samples are from each other. 
Moreover, it indicates how far samples are from the mean (i.e. the spread/dispersion). “Hence, 
the variance is the mean of the square distance from the sample mean.” [30].  
 
The standard deviation      is calculated by taking the square root of the variance.  
 

       √     
 

The standard deviation indicates how spread out from the mean the samples are. The more the 
samples are spread out from the mean the higher the deviation. What makes the standard 
deviation preferable over variance is that the standard deviation has the same unit of measure 
as the sample set itself [30]. 
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4.3.1.4 Confidence Interval 
By calculating the confidence interval it is possible to state that with a confidence level of  , 
the real mean is within the interval based on the sample mean [34]. 
 

  = Confidence level 
     = Critical value 

       
    

√ 
 = Margin of error 

 
To calculate a confidence interval, the margin of error is required, which in turn requires the 
critical value. The critical value is found by taking the confidence level and dividing it by two 
[34]. This result is used to look up the critical value in a Z-table. The margin of error is 
calculated by taking the critical value, multiplying it with the standard deviation divided by 
the square root of the total number of samples [34]. The upper and lower bounds of the 
confidence interval can be found by adding and subtracting the margin of error from the mean 
[34]. 
 

              
    

√ 
  

4.3.2 Execution 
Measurements were conducted to evaluate the original system and to compare it with the 
different implemented prototypes. Additionally, measurements were carried out to identify 
how these new implementations should be configured for optimality. A set of samples were 
collected for each measurement. For each individual measurement, a sample set of 15 was 
used. 15 samples were deemed sufficient by observing the calculated standard deviation 
during the measurements and seeing when it reached a low enough value to indicate 
credibility. This process of observing the standard deviation was conducted for all 
measurements, i.e. for all data amounts and for all systems. From these observations, 15 
samples showed to provide credible measurements for all systems and data amounts. This 
meant that when a measurement, e.g. on the original system at 1000 rows of data was 
conducted, it was sampled 15 times and the mean, median, min, max, range, variance, 
standard deviation and confidence interval were calculated based on these 15 samples to yield 
a mean value which was trustworthy.  
 
For the conducted measurements on the system and the different implementations, the elapsed 
time was measured by following the request which was sent from the IMISC-WMS‟s desktop 
client to the application server. After receiving the request, the application server handled it 
and queried the database server for the requested data. This data was then transferred back 
and forwarded through the database server, application server and desktop client to finally be 
presented to the end-user by the GUI. 
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4.3.2.1 Google Spreadsheet 
When calculating the mean, median, min, max, variance, standard deviation and confidence 
interval, functions provided by Google Spreadsheet were used. These values were confirmed 
to be correct by manually calculating a randomly selected measurement‟s mean, median, min, 
max, variance, standard deviation and confidence interval. 
 
For the mean and median, Google Spreadsheet provided the functions AVERAGE and 
MEDIAN [35]. 
 

                               
                              

 
Each cell,                        , contained a sample from the sample set of the 
measurement (i.e.       contained values of        ) 
 
To calculate the minimum and maximum values of the sample set, the used functions were 
MIN and MAX [35]. These values were then used to calculate the range as described in 
Chapter 4.3.1.2 Range. 
 

                           
                           

 
To find the variance for the sample set as well as the standard deviation, the functions VAR 
and STDEV [35] were used. 
 

                           
                             

 
To gain the desired level of confidence in the measurements, the Google Spreadsheets 
function for calculating the confidence interval, CONFIDENCE [35] was used, where       
contains the standard deviation. To calculate the confidence interval, the confidence level (α) 
0.95 was used. For Google Spreadsheet, this meant providing alpha as 0.05, as it calculated 
(α) by subtracting alpha from 1 (1 – alpha = α) [35]. 
 

                                        

 
4.3.3 Hardware and Underlying Platform 
The conducted measurements were performed on a PC at Aptean AB offices in Hässleholm, 
Sweden (Table 4.1) and a server located in United Kingdom (Table 4.2). The desktop client 
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for the system was executed on the PC in Hässleholm and the application server for the 
system was executed on the server in United Kingdom. 
 
Table 4.1: Hardware and underlying platform information for PC in Hässleholm, Sweden 

Operating System: Windows 7 Professional 64-bit, Service Pack 1 

Processor: Intel Core i7 860, 2.80 GHz 

Primary Memory: 8.00 GB DDR3, PC3-10700 Dual channel 

Secondary Memory: Corsair Force 3 SSD 
 
Table 4.2: Hardware and underlying platform information for server in United Kingdom 

Operating System: Windows Server 2012 R2 Standard, 64-bit 

Processor 1: Intel Xeon x5660, 2.80 GHz 

Processor 2: Intel Xeon x5660, 2.80 GHz 

Primary Memory: 8.00 GB 
 
4.3.4 Defining Data Used for Measurements 
In the IMISC-WMS, data was translated into corresponding C# objects and built into a 
hierarchy. When a response was formed, three custom objects were involved. At the top level, 
a Response-type object was created. This Response object was the object which was put into a 
WCF message prior to being sent, subjecting it for serialization. In the Response, a 
ResultCollection-type object was held. The ResultCollection was an extension of a generic 
.NET list [12], which contained several Result-type objects.  
 
In this paper, the term rows of data is often used as unit when presenting or discussing data 
which was worked with. A single data row corresponds to one Result object, which was 
constructed from data available in the database. In Chapter 1.4 Delimitations, it was described 
that the work was based on one limited part of the IMISC-WMS. In this part, the data which 
was received was historical data about warehouse carriers; their identification, status, location 
and similar values. In total, 42 different parameters were included in Result-object for this 
separated part of the system.  
 
The distribution of C# data types in a Result object was as follows: 33 strings, 3 Boolean, 3 
DateTime, 2 Int32 and 1 Double. As the size of the string parameters varied, an experiment 
program was constructed which ran through all available rows of data (800 000 rows) in order 
to find a mean size of each string parameter. If the string parameter was empty or null, it 
counted as 0 bytes. The size was calculated using the Encoding.GetByteCount function 
provided by the .NET framework [36], which returns the byte size required for storing the 
string. By calculating a mean size of each individual string parameter, the mean size of the 
strings was found to be 151 bytes per Result object. The other data types, i.e. Boolean, 
DateTime, Int32 and Double have set sizes in C# at 2, 8, 4 and 8 bytes [37], [38] respectively. 
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Summarizing these values, gave that the average Result object took up 197 bytes in memory, 
see Table 4.3. 
 
Table 4.3: Parameters identified in a Result-object 

Parameter Count 
and Size Parameters [amount] Size [byte] 

D
at

a 
ty

pe
 

string 33 151 

Boolean 3 6 

DateTime 3 24 

Int32 2 8 

Double 1 8 

Total 42 197 
 
Throughout this work, five amounts of rows were used when performing measurements. The 
hard limit of the original system at 1000 rows of data was used as a lowest amount of data. As 
the problem description included large amounts of data, it was decided to grow the limit 
initially by a factor of 10, i.e. 10 000 and 100 000 rows of data. To measure for even higher 
amounts of data, 500 000 rows was also decided as a measure point, and a final point at 800 
000 rows as the system‟s stability lessened at the larger amounts (OutOfMemoryExceptions) 
for some implementations. The estimated sizes in memory are calculated using the following 
function: 

              
 
Where B is the amount of bytes and n is the amount of rows. 
 
4.4 QoE Analysis 
A common way to measure QoE is to conduct a self-report survey where the end-user 
evaluates his or her experiences with the software during or after performing the task defined 
by the survey [3], [18]. Using a self-reporting survey has its limitations, including the 
possibility to fake or skew results [3], [4]. For this work, a survey was performed by customer 
representative staff at Aptean, which had a high interest in getting the best possible product. 
The staff which were part of the survey were contacted beforehand, following the suggestions 
by [31] to minimize risks of low participation. Aptean was also offered access to both the 
measurements of the system performance and to the survey results, making their interest high 
in achieving representative results [31].  
 
The QoE analysis focus was not only on the general experience from using the original 
system and prototypes but also focused on finding information regarding what type of QoE 
issues were present. These different QoE issues relate back to the thesis questions Q111-Q115 
where different types of QoE issues were described. 
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4.4.1 Survey 
The self-report survey which was used, asked the user to perform certain key tasks and 
evaluate their experience. Following the guidelines of [18], the survey was not based on the 
common subjective ordinal scale (Excellent, Good, Fair, Poor, Bad). Instead an interval was 
used following the format seen in Figure 4.1 (see Appendix A for full survey template), where 
the top and bottom values had subjective descriptions, while between those, there was a 
numerical scale from which the test attendee selected their experience. This ensured that the 
values could be extracted and worked with for calculations of e.g. the mean value [18].  
 

Very positive 
 

10 9 8 7 6 5 4 3 2 1 
  

Very negative 

Figure 4.1: Basic format for a QoE self-reporting question 
 
The questions asked on the survey were based on the thesis questions presented in Chapter 1.5 
Thesis Questions. The survey questions were divided into six different main categories, where 
the first category focused on the general experience perceived by the user when executing the 
task described in the survey. The following categories were all based on the thesis questions 
Q111-Q115 and the questions asked in the categories were formulated to gain answers for 
each thesis question. The second category, system transparency (Q115), asked questions how 
the user perceived the feedback of the system as well as if the number of rows was visible. 
The third category, data delivery (Q112), asked the subject whether he or she felt certain that 
the data received was either the correct data or all data matching the search request. The 
fourth category, stability and reliability (Q113), asked the subject about their certainty that the 
system finished execution correctly. The fifth category, system interactivity (Q114), 
questioned the subject how interactive the system was while performing the search. The final 
category, execution time (Q111), asked whether the execution was perceived as fast. The 
categories with their questions can be read below: 
 
1. General Experience 

1.1 When working with the system did you have a positive or negative experience?  
2. System Transparency 

2.1 Did the system offer any feedback of the progress during runtime? 
2.2 Is information about number of data visible? 

3. Data Delivery 
3.1 How certain are you that all data is received? 
3.2 How certain are you that all data is correct? 

4. Stability and Reliability 
4.1 Were you certain that the system finished execution correctly? 
4.2 Did the system time out or freeze? 

5. System Interactivity 
5.1 How much could you affect how the system received data? 

6. Execution Time 
6.1 Was the system fast, when handling your request? 
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The survey was performed by five customer representative staff members at Aptean which 
had experience with the IMISC-WMS. Each staff member performing the survey was 
assigned an amount of data to work with (1000, 10 000, 100 000, 500 000 or 800 000 rows of 
data). The subject assigned a data amount (e.g. staff member testing 1000 rows), tested this 
amount of data for all prototypes and the original system. This made it possible to compare 
improvements between the original system and the prototypes. If that subject had a lower 
sensitivity [3], it would be the same for all prototypes and original system, assuring the 
comparison to be valid. Additionally, using five staff members was deemed sufficient due to 
their knowledge of the customers‟ requirements when using the system, making their 
responses representative to how the system will be perceived by the majority of its users. 
 
The questions 1.1, 2.1, 3.1. 3.2, 4.2, 5.1 and 6.1 used the scale between 1 and 10 points, seen 
in Figure 4.1, to collect their answers. Questions 2.2 and 4.1 were answered with simple yes 
or no. After performing the task, the staff members were asked to fill out the questionnaire. 
From the received results, three types of values were calculated: average score for each 
question, total score for each amount of data and a total average for the system. 
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5 RESULTS 
In this chapter the values collected from the initial case study and QoE analysis are presented 
and how these values indicate which QoE problem is present in the IMISC-WMS. This is 
followed by descriptions of the different prototype implementations, together with additional 
measurements of how these implementations performed when requesting different amounts of 
data. Finally, results from the QoE analyses performed on the implemented prototypes are 
presented. 
 
5.1 Initial Case Study - Identification of Sub-Parts 
By analyzing the system through debugging, five sub-parts were identified as possible 
bottlenecks for the system‟s communication chain, see Figure 5.1. This figure is an extension 
of Figure 2.1 presented in Chapter 2 Problem Discussion that illustrates the IMISC-WMS‟s 
architecture. Figure 5.1 is extended by adding a visualization of where the identified sub-parts 
of the system were architecturally located.  
 

 
Figure 5.1: The IMISC-WMS’s architecture divided into the five sub-parts 

 
The first sub-part of the system‟s communication chain was called initializing search. This 
sub-part was responsible for starting a new search thread, based on the GUI event captured, 
and to prepare the service request parameters required. After this, the next sub-part was 
communication to service. This part included the network communication from client to 
server and message handling in form of serialization/deserialization of request data. The third 
sub-part was the database communication, which handled the database reading process and 
data type translation from database to C# types. Communication to client was the next sub-
part and was responsible for the network communication from server to client and message 
handling by serialization/deserialization of response data. The fifth and final sub-part was the 
GUI update where data was sent to the GUI, translated into GUI components and rendered. In 
Table 5.1 the average elapsed time for request completion and percentage spent of the total 
elapsed time for each individual sub-part is presented. 
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Table 5.1: Average elapsed time and percentage spent in each individual sub-part of the 
system‟s communication chain  

Average Elapsed 
Time [s] 

(Percentage [%] 
Spent in Sub-Part) 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

Su
b-

Pa
rt

 

Initializing 
Search 

0.022 
(0.42) 

0.025 
(0.27) 

0.024 
(0.07) 

0.078 
(0.05) - 0.20 

Communication 
to Service 

0.025 
(0.49) 

0.322 
(3.47) 

0.355 
(1.00) 

0.374 
(0.25) - 1.30 

Database 
Communication 

2.519 
(49.26) 

2.976 
(32.08) 

7.365 
(20.64) 

39.886 
(26.18) - 32.04 

Communication 
to Client 

1.301 
(25.45) 

4.526 
(48.79) 

25.766 
(72.21) 

106.390 
(69.83) - 54.07 

GUI Update 
1.247 

(24.38) 
1.427 

(15.38) 
2.172 
(6.09) 

5.635 
(3.70) - 12.38 

Total Time [s] 5.114 9.276 35.682 152.365 - N/A 
 
The measured values showed that the sub-parts communication to client and database 
communication were the two major bottlenecks in the system. For the sub-part communication 
to client, the calculated mean time ratio, based on the four applicable measured amounts of 
rows, was 54.07 percent and for the database communication 32.04 percent. The average 
elapsed time spent in each of these sub-parts of the system increased along with the amount of 
data. The communication to client average elapsed time at 1000 rows was only 1.301 seconds, 
which was 25.45 percent of the total elapsed time while for the amount 500 000 rows the time 
had increased to 106.390 seconds which was 69.83 percent. When looking at GUI update the 
values showed that when the number of rows increased, the average elapsed time spent in this 
sub-part did not increase as rapidly as for the two major bottlenecks. The GUI update at 1000 
rows had an average elapsed time of 1.247 seconds (24.38 percent) and when the amount was 
increased to 500 000 rows, the time only increased to 5.635 seconds (3.70 percent). 
 
In Table 5.2 the total average elapsed time for completion of a request for the different 
amounts of data in the original system is presented. The mean includes all the sub-parts which 
were shown in Table 5.1, meaning that the statistical values in Table 5.2 are also representing 
values in Table 5.1. These values were later used as reference for comparison towards the 
implemented solutions. 
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Table 5.2: Average total elapsed time for completion of a request 

Average Elapsed Time [s] 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 

St
at

is
tic

al
 P

ar
am

et
er

 

Mean 5.114 9.276 35.682 152.365 - 
Median 4.947 9.342 34.470 152.324 - 

Min 3.934 7.393 32.528 144.228 - 
Max 6.118 10.457 41.505 161.617 - 

Range 2.184 3.064 8.977 17.389 - 
Variance [s2] 0.504 0.611 6.816 36.746 - 

Standard Deviation 0.710 0.782 2.611 6.062 - 
Confidence Interval 0.359 0.395 1.321 3.068 - 

Confidence Level [%] 0.95 0.95 0.95 0.95 - 
Sample set Size 

[Samples] 15 15 15 15 - 

 
In Table 5.2 the statistical values for the parameter confidence interval are presented. These 
values indicate that the measured values are credible. The measurement for 800 000 rows 
could not be conducted as the system timed out during execution due to inner 
OutOfMemoryExceptions.  
 
These results indicated that when the data amount was increased, the original system‟s lack in 
performance in the two sub-parts database communication and communication to client 
became more apparent. However, performance is a QoS-parameter that does not have to affect 
the end-user‟s perceived QoE as the relationship between them is complex and non-linear [4]. 
Instead a QoE analysis was required to find out what affected the end-user‟s perceived QoE 
the most and which types of QoE issues were the major ones. 
 
5.2 QoE Analysis - IMISC-WMS 
To measure the perceived QoE of the IMISC-WMS, an initial QoE survey was performed by 
five customer-representative staff members at Aptean, which all had previous experience of 
the system. The survey asked the subjects to perform a specific task; requesting all data 
available. Each staff member was assigned to work with one amount of data, i.e. one staff 
member evaluated the system on 1000 rows of data, another on 10 000 rows of data, etc. The 
same staff member was tasked with the same amount of data for tests of alternative 
implementations, making them comparable. 
 
When the system had finished executing either successfully or by freezing/timing out, the 
staff members were asked 9 questions previously presented in Chapter 4.4.1 Survey. Question 
1.1 asked the subject about their overall experience while performing the task. Questions 2.1 
and 2.2 focused on the transparency offered by the system, by asking about feedback provided 
during a search and whether the amount of data received was visible. Questions 3.1 and 3.2 
focused on data delivery, questioning how the subjects rated their certainty whether all data 
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was received and if they felt that the data was valid. Questions 4.1 and 4.2 focused on the 
stability and reliability of the system, asking whether the execution was experienced as 
correctly finished and if the system timed out or froze. Question 5.1 asked about the offered 
interactivity; whether the user felt like they could control the system‟s retrieval of data and 
question 6.1 asked for a rating whether the system was perceived as fast while performing the 
task. 
 
Questions 1.1, 2.1, 3.1, 3.2, 4.1, 5.1 and 6.1 were answered by checking the desired value in a 
scale ranging from 1 to 10, in which the 10 was the most positive alternative and 1 was the 
most negative. This followed the guidelines by [18] which suggested to move away from 
ordinal scales in QoE measurements to lessen subjective interpretations. Questions 2.2 and 4.2 
were yes or no questions. For further details regarding the survey, see Appendix A containing 
the full survey template. In Table 5.3, the scores from the questionnaires are presented. 
Questions 2.2 and 4.2 were assigned a score of 5 if they were positive (yes on 2.2, no on 4.2), 
and a score of 0 if they were negative. Using these scales, the minimum possible score was 7 
points (1 point for each scaled question and two negative answers) and highest possible score 
was 80 points. The scores were also calculated into an average score for each question over all 
the amounts of data as well as a total score and a total average score for the system. 
 
Table 5.3: Results collected from the QoE survey for the original system 

Score [Points] 

Data [Rows] 
Mean 
Score 
per 

Question 1000 10 000 100 000 500 000 800 000 

Su
rv

ey
 Q

ue
st

io
ns

 

1.1 6 5 7 1 1 4 
2.1 6 2 1 2 3 2.8 
2.2 0 0 0 0 0 0 
3.1 6 5 5 5 1 4.4 
3.2 6 8 1 9 1 5 
4.1 7 8 10 7 1 6.6 
4.2 5 5 5 5 0 4 
5.1 1 1 1 1 1 1 
6.1 6 3 7 1 2 3.8 

Total 43 37 37 31 10 31.6 
 
The data presented showed that the original system‟s overall score was 43 points when 
working with 1000 rows. But as the amount was increased, the score lowered. At 800 000 
rows, the original system was no longer able to handle the request and froze, throwing an 
OutOfMemoryException. This significantly lowered the perceived QoE which was indicated 
by the total score of 10 points for that amount of data. 
 
The responses to question 1.1 showed that the general experience of using the system was 
either neutral or slightly positive up to 100 000 rows. But for 500 000 and 800 000 rows, the 
experience became very negative. Question 2.1, when looking at the average score, rated the 
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system transparency as being close to offering no feedback, over all respondents. This was 
also visible in question 2.2 where no subject was able to identify the amount of data they were 
working with. 
 
Answers gathered for question 3.1 showed that the users were not certain about the data they 
received. 10 points implies that the subject was certain that all data was received and 1 point 
means that the subject was certain that all data was not received, a score of 5-6 points 
suggests that the subject was unsure. Question 3.2 received more varying results, indicating 
that the amount of data does not relate to the subject‟s certainty whether the data is correct. 
 
The questions focused on stability and reliability, i.e. questions 4.1 and 4.2, showed that the 
subjects felt overall certain that the system finished execution correctly, or not (i.e. 
timeout/froze). Question 4.1 received in average a score of 8 points for the four amounts of 
data which completed execution successfully (1000, 10 000, 100 000 and 500 000 rows), 
while the failing amount of data (800 000 rows) was rated as being certain that the system did 
not finish correctly. 
 
Question 5.1 identified that the system did not offer the subjects control over how the 
execution was performed. The experience by the staff members was that they could not 
interact with the system while it was performing a search. 
 
The last question, 6.1, showed that experienced execution speed varies. 1000 and 100 000 
rows were experienced as fast, while 10 000, 500 000 and 800 000 rows were experienced as 
slow. 
 
5.3 Proposed Solutions 
From the initial case study, different sub-parts of the system‟s communication chain were 
identified as lacking in performance. Additionally, from the initial QoE-analysis, the QoE 
issues Q111-Q115 were rated based on their impact on the perceived user experience. In Q2 
different technologies were suggested as possible solutions for those QoE issues. Because of 
this, it was decided that two prototypes were able to cover the different issues from Q1. One 
prototype handled the issue of execution time (Q111) for request completion while the other 
prototype implemented solutions for the other remaining issues (Q112-Q115). With these two 
prototypes the answer to Q2 was determined by conducting new performance- and QoE-
analyses. Finally, to be able to answer the last thesis question Q3, a third prototype was 
implemented. This prototype combined the implemented solutions from the previous two 
prototypes. 
 
5.3.1 Prototype 1 - Improved User Control and System Reliability 
To resolve the issues presented in Q112-Q115, data loss, system instability, lack of end-user 
interaction and lack of end-user transparency, a new prototype was implemented to improve 
the user control and system reliability with proposed technologies from Q2. Based on Chapter 
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3 Theoretical Framework, the most suitable technology was identified to be partitioning 
(Q22).  
 
This prototype‟s main objectives were to increase the system‟s transparency by keeping the 
end-user informed of the data retrieval progress, current data received at the desktop client, 
data rendered at the GUI and data available in the database matching the request. The second 
objective was to increase the system reliability to make sure no timeouts occurred as a result 
of unmanageable requested data amounts in the system‟s communication chain. This was 
achieved by implementing fundamental changes to the system‟s architecture, which also 
removed the hard limitation of 1000 data rows, ensuring that full data delivery could always 
be achieved. The last objective was to implement functionalities that allowed the end-user to 
interact with the system. These functionalities allowed the user to request data in their own 
pace where the end-user only received a small partition of the data to start with and then asked 
for additional or all data later on. 
 
5.3.1.1 Implementation of Data Partitioning 
The fundamental changes to the system‟s architecture were implemented by replacing the data 
structure for storing data during transfers in the system‟s communication chain, namely the 
generic list [12]. The generic list was replaced by buffers implemented as concurrent queues, 
provided by the .NET framework [39], which stored partitions of data. These partitions were 
parts of the available data present in the database matching the request. 
 
The concurrent queues handled concurrent dequeuing attempts with a built in functionality 
that tried to dequeue a partition and if the concurrent queue was busy, it failed. Here, an 
implementation was introduced to have a backoff strategy [40] that waited a short time and 
then tried accessing the concurrent queue again. The concurrent queue was implemented in 
place of the generic list both on the desktop client and the application server. For each desktop 
client, one concurrent queue was sufficient while on the application server, multiple 
concurrent queues were required. The reason for this was to have the server able to handle 
multiple service requests from not only multiple desktop clients, but also multiple service 
requests from the same client. There were two working threads on the same concurrent queue 
working concurrently in a producer-consumer model. In their book, T. Rauber and G. Rünger 
write that the “producer-consumer model distinguishes between producer threads and 
consumer threads” [10]. This means that one thread, thread 1 in Figure 5.2, acted as the 
producer thread and populated the concurrent queue with data partitions. The second thread, 
thread 2 in Figure 5.2 acted as the consumer thread by removing data partitions from the 
concurrent queue. 
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Figure 5.2: Producer thread 1 and consumer thread 2 interacting with a concurrent queue 

 
By implementing the concurrent queues and having two concurrent working threads, a stream 
like behavior (similar to the partitioning approach of VoD services [7]) of data partitions 
through the system‟s communication chain was achieved. This implementation ensured that 
no unmanageable data sizes were passed through the system‟s communication chain, making 
the system stable and data retrieval reliable. 
 
Previously mentioned was that the application server required multiple concurrent queues to 
handle multiple service requests. This was achieved by implementing a concurrent dictionary, 
again provided by the .NET framework [41]. The multiple concurrent queues on the 
application server were stored in the implemented concurrent dictionary, which all threads 
had global access to, along with a corresponding key value provided by the desktop client 
within the service request. In Figure 5.3 it is illustrated how two threads, thread 1 and thread 
2, are working on their separate concurrent queues stored in the global concurrent dictionary. 
 

 
Figure 5.3: Thread 1 and thread 2 interacting with the concurrent dictionary 

 
As the name suggests, the concurrent dictionary had similar functionality to the concurrent 
queue when handling concurrent requests. When a specific concurrency queue, contained in 
the concurrent dictionary, was accessed concurrently by multiple threads, a busy signal was 
returned for all but one of the threads. The same backoff strategy that was implemented for 
the concurrent queues was also implemented for the concurrent dictionary. In Figure 5.4 the 
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Prototype 1 architecture is presented, illustrating how the concurrent queues and concurrent 
dictionary interacted with the concurrently working producer and consumer threads. The 
architecture also illustrates how the prototype communicated between desktop client and 
application server as well as the data reading process from the database. 
 

 
Figure 5.4: Prototype 1 architecture including client and server threads 

 
With new data structures implemented on both client and server, new functionalities were 
added. These new functionalities were designed to increase the system‟s end-user interaction 
and provided the GUI with a higher degree of displayed information to counteract the lack of 
end-user transparency. 
 
The functionalities allowed the end-user to request data in their own pace. This was possible 
because the data was transferred as partitions. When a search was initiated by the end-user, it 
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started the producing/consuming process of data to and from the concurrent queue. The 
concurrent queue was added to the global concurrent dictionary with its corresponding key 
value provided by the initial service request. The key value was the same for all subsequent 
service requests from the desktop client in the same context as the initial search. This made 
sure that the data was consumed from the correct concurrent queue. After the first data 
partition had been received and rendered on the desktop client‟s GUI, the end-user was 
allowed to start requesting more partitions or even initiate a get all partitions request that sent 
the partitions in a stream like behavior, until all partitions had been received by the client. The 
end-user controlled the producer and consumer through a limit of how many partitions were 
allowed within the same concurrent queue simultaneously. This made sure that the data 
structure did not reach a size unmanageable for the system, protecting against system time 
outs and/or freezes, making the system more stable as well as reliable. Moreover, the GUI 
was updated to display information about the total amount of data available in the database 
matching the request, the currently rendered amount of data in the GUI and the total amount 
of data available at the desktop client. This ensured that the end-user was aware of the current 
progress of the data retrieval process, as well as letting the end-user control the data retrieval 
pace.  
 
5.3.1.2 Measurements - Optimal Partition Size 
When executing searches with Prototype 1 the partition size had a large impact on the total 
elapsed execution time for a request‟s completion and the end-user‟s perceived QoE. If the 
partition size was small, the end-user received the first partition quickly but getting all data 
took longer. If the partition size was large, the end-user ended up waiting a long time on the 
first partition. This meant that a partition size needed to be not too small nor too large. 
 
A quasi-experiment was performed to find the optimal partition size. When analyzing the 
results from the measurements, both the average elapsed time to get the first partition and the 
average elapsed time for a completed request were taken into consideration. The tables 5.4 
and 5.5 show how the partition sizes performed. Table 5.4 presents the average elapsed time 
for getting all data and Table 5.5 presents the average elapsed time of receiving the first 
partition. All calculated statistical parameters for the measurements are presented in Appendix 
B and C respectively. 
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Table 5.4: Average total elapsed time for completion of a request with different partition sizes 

Average Elapsed 
Time [s] to Get 

All Data 

Data [Rows] 
Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 

Mean 6.490 24.879 221.400 1192.069 - 
Min 5.342 22.663 213.732 1149.603 - 
Max 7.776 26.562 230.363 1289.411 - 

Standard 
Deviation 0.636 0.984 4.817 36.656 - 

1000 

Mean 5.437 14.061 92.865 470.492 744.725 
Min 4.932 13.138 90.057 452.931 727.308 
Max 5.935 16.077 100.091 511.204 764.191 

Standard 
Deviation 0.300 0.703 2.664 14.676 11.381 

10 000 

Mean N/A 9.346 57.092 271.013 430.457 
Min N/A 7.730 53.132 258.984 421.744 
Max N/A 11.805 61.821 279.233 449.083 

Standard 
Deviation N/A 1.308 2.551 6.548 7.376 

100 000 

Mean N/A N/A 35.967 171.123 244.947 
Min N/A N/A 32.918 146.005 228.787 
Max N/A N/A 37.885 196.277 260.425 

Standard 
Deviation N/A N/A 1.481 16.765 10.146 

 
Table 5.4 shows that a larger partition size offered higher execution speed while the lower 
sizes were significantly slower or even unmanageable for the prototype. This was not 
surprising since the smaller sizes lead to more partitions and since the partitions were sent 
sequentially, more work was required leading to increased execution times. For the partition 
size 100 rows of data, the system timed out during the rendering step due the large number of 
partitions. For the partition size of 1000 rows the average elapsed time on 500 000 rows was 
470.492 seconds which was significantly higher than for the partition size of 100 000 rows 
that had the average elapsed time of 171.123 seconds. The partition size of 10 000 rows was 
between these values as its averaged elapsed time on 500 000 rows was 271.013 seconds. 
 
Another parameter of high importance for perceived QoE was how fast the prototype offered 
a first partition to the end-user, presented in Table 5.5. Getting a first partition and allowing 
the end-user to start working on a part of the requested data, followed the theories behind 
VoD services and their approach of partitioning [7]. 
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Table 5.5: Average total elapsed time to receive the first partition with different partition sizes 
Average Elapsed 
Time [s] to Get 

First Partition of 
Data 

Data [Rows] 
Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 

Mean 3.567 2.895 5.894 15.426 - 
Min 2.991 2.638 5.271 14.144 - 
Max 4.441 3.189 6.873 16.828 - 

Standard 
Deviation 0.460 0.168 0.442 0.736 - 

1000 

Mean 5.437 5.325 6.291 15.863 23.612 
Min 4.932 4.569 5.649 14.646 21.411 
Max 5.935 5.820 7.761 17.155 26.009 

Standard 
Deviation 0.300 0.341 0.579 0.751 1.358 

10 000 

Mean N/A 9.346 10.772 20.828 26.528 
Min N/A 7.730 9.774 18.870 23.861 
Max N/A 11.805 11.895 23.523 28.624 

Standard 
Deviation N/A 1.308 0.586 1.175 1.105 

100 000 

Mean N/A N/A 35.967 49.379 56.336 
Min N/A N/A 32.918 42.184 49.438 
Max N/A N/A 37.885 69.915 65.043 

Standard 
Deviation N/A N/A 1.481 6.748 4.153 

 
Table 5.5 shows that larger partition size created a noticeable difference in time before the 
end-user could start working with the first partition. The smallest measured partition size of 
100 rows delivered the first partition with the average elapsed time of 15.426 seconds on 500 
000 rows, however as before the partition size of 100 rows was unmanageable for the system 
at 800 000 rows because of timeouts. For the partition size 1000 rows the average elapsed 
time for getting the first partition of 500 000 rows was 15.863 seconds which was 
significantly lower than for the partition size 100 000 rows that had a time of 49.379 seconds. 
The partition size 10 000 rows was between these values as its average elapsed time was 
20.828 seconds. 
 
To select the overall optimal partition size, the elapsed time for both getting all partitions and 
time to get the first partition had to be considered. To be noted is that the partition size 100 
rows was not suitable for larger amounts of data and was therefore not considered. For 
Prototype 1, a value which was neither too large nor too small was desired as partition size. 
This was to keep the end-users‟ waiting time minimal, but also to allow quick retrieval of all 
data available matching the request. The measurements showed that having a partition size of 
1000 rows allowed for the quick presentation of a first partition, but was lacking in execution 
time for request completion. The partition size of 100 000 rows was the opposite, as it 
allowed for quick request completion, but providing the first partition to the end-user took 
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long time. Therefore, the partition size of 10 000 rows was picked as the optimal partition size 
for Prototype 1. 
 
5.3.2 Prototype 2 - Performance Enhancement 
In thesis question Q111 execution time was identified as a possible issue for the user‟s 
perceived QoE. Based on the Theoretical Framework and the initial case study which 
identified the communication to client as the major bottleneck, the most suitable technology 
from Q2 was compression (Q21). With compression, the sizes of messages sent across the 
network were significantly reduced, leading to faster communication and lowered execution 
time for request completion. 
 
5.3.2.1 Implementation of Serilization and Compression 
In the original system, a request message was sent from the desktop client to the application 
server, which in turn started to read data from the database. This data was sent back as a large 
message. To minimize the execution time, custom behavior was added to the Message 
Formatting step of the WCF framework on both the client and server, which only activated 
when the response data was sent. The custom behavior added modifiable .NET 
implementations of serializers combined with Deflate compression, so that the performance 
was able to be evaluated. 
 
When deciding which serialization method to implemented, it was necessary to understand the 
fundamental differences between them. The XML, Javascript Object Notation (JSON) and 
binary formats were serialization methods considered and evaluated based on which provided 
the shortest time for completing a request. 
 
5.3.2.1.1 XML 
The serialization procedure described previously in Chapter 3.3.1 Serialization, presents the 
approach to serialization by using Java as an example [21]. The serialized data was in the 
form of bytes which was only able to be read by a Java application, excluding software 
written in other languages from receiving the data [21]. Instead of using bytes as output from 
serialization, a very commonly used format for serialization output is XML, which allows for 
simple data representation using a very flexible text format [42]. The format originally started 
in 1995 and has since then become a widely accepted industry standard [20], [21], [43], as it 
works as a metalanguage where the author formats the data [24].   
 
XML uses elements (called tags [44]) and attributes to represent the data [20]. These elements 
have labels, which are very strict. An opening element has to have a corresponding closing 
element. This ensures security for the serialized data, while also giving the developers control 
to configure the characteristics of the XML [44]. The data in XML is organized following a 
tree structure, meaning that the data has identifiable hierarchy relations between the elements 
[20]. 
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During XML transmission, it is necessary to parse data on the client-side as well as on the 
server-side with help of Document Object Model or similar technologies [20], [44]. In 
addition, the XML format creates large files as the structure and substructures in the format 
are very repetitive. If the elements use long labels, the files grow even more rapidly [24]. The 
team of P. Skibinski et. al. [24] listed their observations on problems with typical XML 
documents, such as being forced to use both start- and closing tags which create much bloat. 
In addition, “in every XML document there are words which tend to appear with high 
frequency” [24], which is especially noticeable for tag- and attribute names [24].  
 
5.3.2.1.2 JSON 
In the experiments performed by K. Maeda [21], serializing data into XML resulted in the 
largest files compared to other formats. An alternative which is becoming popular is JSON 
[20], [43], of which the file size was about half of XML in the same test [21]. The JSON 
format is based on a subset of JavaScript programming language by “using the text format 
that completely independent from programming language, but at the same time it also use the 
habits like C family” [20] and is showing promise when it comes to data transfers and 
representation, especially when the amount of data increases [21]. The XML represents its 
trees with tags “<name>” which in the long run becomes bloated. JSON on the other hand 
uses the smaller “{”, ”}”, ”[” and “]” to build its structure [20], [44]. 
 
5.3.2.1.3 Binary 
XML and JSON formats are widely used [21], [43], but they share a common drawback: They 
are both text-based formats. This means that the information will always have to be parsed 
character by character. In a binary format, the serialized data is bound to a specific position of 
the binary output, which is extended further by storing names for the data in separate files, 
and only transferring the values over the network [43]. By serializing the data into binary 
format, the size is significantly decreased compared to other formats. In K. Maeda‟s 
experiment, the smallest file sizes were achieved by binary formats [21]. 
 
5.3.2.1.4 .NET Serializers 
By default, WCF utilizes the DataContractSerializer (DCS) [45], which serializes objects 
based on data contract attributes in each serializable class into XML format [46]. The data 
contract attributes are also used by the DataContractJsonSerializer (DCJS) which serializes 
into the JSON format instead of XML [47], or by a DCS with a modified output writer which 
allows for writing into a binary format (BDCS) [46]. An alternative to data contracts 
serializers was the XmlSerializer (XS), which bases its serialization on XmlAttributes in the 
objects [48]. All these serializers were implemented (together with a compressor) and 
evaluated against each other to find the combination offering the least elapsed time for 
completion of a request. 
 
5.3.2.1.5 Choosing Compressor Implementation 
After deciding on which serializers were to be implemented and evaluated, the next step was 
to decide which compressor to implement in combination with the different serializers. In the 
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.NET framework there were two compressors available for implementation, the 
DeflateStream [49] and GZipStream classes [50], both based on the LZ77 algorithm. 
 
Deflate is the most popular compression format and the most widely used general purpose 
compression algorithm [24], [51]. It compresses as well as decompresses data with low 
execution times, but not with the best compression ratio. The format is a combination of the 
popular adaptive dictionary data compression model, LZ77, with Huffman encoding [25]. 
Furthermore, it is stated in [51] that while it is an idea to implement a newer faster 
compressor, there is still motivation to use Deflate. Deflate is, as mentioned before, widely 
used so it is a probable assumption that most applications on the market are able to 
decompress an input stream outputted from the Deflate algorithm. It is also mentioned that in 
the case where a system already have been using Deflate to compress its data, a newer 
implementation of the same algorithm offers backwards compatibility. In addition, today there 
exist non-expensive hardware implementations of Deflate, that still execute with good speeds 
[51]. 
 
The GZipStream class compression software used in .NET Framework 4 is based on the same 
algorithm as the DeflateStream class in the same framework [50]. The DeflateStream class 
uses the Deflate algorithm as mentioned by [49] which states that the class “Provides methods 
and properties for compressing and decompressing streams using the Deflate algorithm”. The 
difference between the two streams is that GZip implements a “cyclic redundancy check value 
for detecting data corruption” [50], which Deflate does not [49], making the output from 
Deflate smaller than the output from GZip. Thus, it was decided to implement the 
DeflateStream class as the compressor for Prototype 2.  
 
By implementing the best measured serializer and compressor combination, Prototype 2 was 
designed to achieve lowered execution time by optimizing the network traffic between client 
and application server. This was made as an attempt to improve the QoE by decreasing the 
time it takes for data to flow through the system, and as such achieving shorter execution time 
(Q111) for completing a request. But to be able to determine which serializer and compressor 
combination was the fastest measurements were required to be conducted and analyzed. 
 
5.3.2.2 Measurements - Serializer and Compressor Combinations 
The decision of what serializer technology was implemented in the final version of Prototype 
2, was based on a quasi-experiment comparing the different serializers combined with Deflate 
compression against each other. The quasi-experiment measured elapsed time for completion 
of a request, i.e. receiving all available data matching the search. The measurements also 
examined the time elapsed during compression/decompression and serialization/-
deserialization as well as elapsed time during network communication, see Appendix E. 
Finally, the compression ratios for the different serializers, combined with Deflate, were 
measured, see Appendix F. 
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In Table 5.6 the different amounts of data are presented in bytes after serialization. In the case 
of timeouts during execution, due to OutOfMemoryExceptions from the serializers, they were 
excluded for that amount of data as they could not serialize it fully. 
 
Table 5.6: Size in bytes for each amount of data after serialization 

Size of the 
Serialized Data 

[byte] 

Data [Rows] 

1 000 10 000 100 000 500 000 800 000 

Se
ri

al
iz

er
 DCS 704 089 7 048 017 70 470 251 352 367 543 - 

DCJS 533 838 5 347 629 53 472 038 267 381 190 427 815 918 

XS 632 819 6 336 997 63 370 831 316 860 998 506 977 411 

BDCS 478 106 4 788 719 47 883 379 239 425 338 383 078 982 

Raw Data Size 197 000 1 970 000 19 700 000 98 500 000 157 600 000 
 
As expected the serializers which applied the XML format achieved larger file sizes while the 
smallest file size was achieved by serializing into the binary format using the BDCS. Notably, 
DCS, which is the default serializer method in the system, did not support 800 000 rows of 
data and threw OutOfMemoryExceptions. 
 
In Table 5.7, the measured average elapsed times for a full request completion when applying 
each serializer combined with Deflate, together with the min, max and standard deviation are 
presented. See Appendix D for additional statistical parameters. 
 
Based on the measurements, DCS was fastest at smaller amounts of data (1000 and 10 000 
rows), followed by XS and BDCS. For larger amounts of data (100 000, 500 000 and 800 000 
rows), XS was the fastest. Additionally, DCS did not support 800 000 rows, making it not 
applicable for larger data sizes. DCJS was either among the two slowest for lower amounts of 
data, or the slowest overall for larger amounts of data. 
 
The default applied serializer, DCS, did not support larger amounts of data and was slower 
when the data size increased. In addition, neither the BDCS nor the DCJS was the fastest 
option at any of the tested amounts of data. These results pointed toward that XS in 
combination with Deflate compression was the best measured combination. 
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Table 5.7: Average elapsed time for completion of a request with different serializers and 
Deflate 

Average Elapsed 
Time [s] 

Data [Rows] 
Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Se
ri

al
iz

er
 

DCS 

Mean 1.994 4.194 24.594 119.845 - 
Min 1.466 3.914 23.513 112.395 - 
Max 3.036 4.817 25.748 131.310 - 

Standard 
Deviation 0.342 0.228 0.536 6.111 - 

DCJS 

Mean 3.782 5.869 32.538 152.399 231.150 
Min 3.580 5.521 31.315 148.158 226.180 
Max 4.223 6.319 33.564 157.442 235.610 

Standard 
Deviation 0.193 0.264 0.665 2.562 3.123 

XS 

Mean 3.283 4.769 22.230 97.925 141.316 
Min 2.991 4.261 20.418 92.363 136.965 
Max 4.236 5.992 23.718 103.008 156.524 

Standard 
Deviation 0.345 0.565 1.006 3.408 4.679 

BDCS 

Mean 3.872 6.060 28.208 124.031 190.396 
Min 3.665 5.476 26.767 117.796 183.074 
Max 4.407 8.250 31.074 130.902 198.762 

Standard 
Deviation 0.202 0.637 1.209 3.579 4.635 

 
5.3.2.3 Measurements - XmlSerializer and Deflate Compressor 
During the initial case study, five sub-parts of the system‟s communication chain were 
identified when evaluating the original system‟s performance. After implementing Prototype 
2, new measurements were conducted to see what changes the implementation had on the 
communication chain and how the different sub-parts differed in average elapsed time from 
the original system‟s measurements. In Table 5.8, the average elapsed time and percentage 
spent of the total elapsed time for each individual sub-part is presented.  
 
The measured values showed that the sub-parts communication to client and database 
communication were still the two major bottlenecks in the communication chain. However, 
the time spent in the communication to client, which was the part this prototype had 
implemented optimizations for by adding compression, only took up 39.67 percent of the total 
elapsed time, while for the original system this part took 54.07 percent. This indicated that the 
prototype had lowered the time elapsed during communication to client. 
 
When analyzing the other sub-parts it showed that there was no significant difference between 
the measured times compared to the original system. Looking at the other sub-part that was a 
major bottleneck, database communication, for the original system the elapsed time in this 
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part for a search of 500 000 rows was 39.886 seconds and 40.440 seconds for Prototype 2. As 
Prototype 2 did not implement any changes affecting this sub-part, this result was expected. 
 
Table 5.8: Average elapsed time and percentage spent in each individual sub-part of the 
system‟s communication chain  

Average Elapsed 
Time [s] 

(Percentage [%] 
Spent in Sub-Part) 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

Su
b-

Pa
rt

 

Initializing 
Search 

0.376 
(11.44) 

0.398 
(8.36) 

0.413 
(1.86) 

0.397 
(0.40) 

0.379 
(0.27) 4.46 

Communication 
to Service 

0.057 
(1.74) 

0.081 
(1.71) 

0.120 
(0.54) 

0.134 
(0.14) 

0.308 
(0.22) 0.87 

Database 
Communication 

1.444 
(43.97) 

1.725 
(36.17) 

8.602 
(38.70) 

40.440 
(41.30) 

51.848 
(36.69) 39.36 

Communication 
to Client 

0.288 
(8.78) 

1.485 
(31.15) 

11.212 
(50.44) 

51.336 
(52.42) 

78.530 
(55.57) 39.67 

GUI Update 
1.118 

(34.07) 
1.074 

(22.52) 
1.881 
(8.46) 

5.617 
(5.74) 

10.246 
(7.25) 16.20 

Total Time [s] 3.283 4.769 22.230 97.925 141.316 N/A 
Speedup compared 
to Original System 1.55 1.94 1.60 1.55 - N/A 

 
Table 5.9: Average elapsed time and percentage spent in each individual step of the sub-part 
communication to client  

Average Elapsed 
Time [s] 

(Percentage [%] 
Spent of Total) 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

C
om

m
un

ic
at

io
n 

to
 

C
lie

nt
 

Serialization 
0.035 
(1.08) 

0.244 
(5.11) 

1.919 
(8.63) 

10.323 
(10.54) 

15.425 
(10.92) 7.25 

Compression 
0.033 
(1.02) 

0.175 
(3.67) 

1.571 
(7.07) 

7.134 
(7.29) 

9.802 
(6.94) 5.19 

Network 
Traffic 

0.138 
(4.21) 

0.426 
(8.93) 

1.644 
(7.39) 

4.364 
(4.46) 

5.598 
(3.96) 5.79 

Decompression 
0.009 
(0.27) 

0.058 
(1.21) 

0.374 
(1.68) 

1.317 
(1.34) 

2.203 
(1.56) 1.21 

Deserialization 
0.072 
(2.20) 

0.583 
(12.22) 

5.705 
(25.66) 

28.198 
(28.80) 

45.501 
(32.20) 20.21 

Total Time [s] 0.288 1.485 11.212 51.336 78.530 N/A 
 
With confirmation that the sub-part that lowered the elapsed time was the communication to 
client, further information about its execution is presented in Table 5.9. The sub-part was 
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analyzed in detail by identifying the time spent on serialization/deserialization, compression/-
decompression and network traffic. Percentages were calculated of how much of the elapsed 
time was spent in each step compared to the total elapsed time. 
 
Of the five steps, the one that took the majority of time was deserialization for the 
communication to client sub-part. This showed that if further optimization is required, a good 
starting point is to decrease the deserialization time. For the selected combination of serializer 
and compressor (XS and Deflate) the compression ratios were calculated, see Table 5.10. To 
calculate the compression ratio, the size of the compressed data was divided by the size of the 
serialized data. 
 
Table 5.10: Achieved compression ratios for XS combined with Deflate 

Compression 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 
Raw Data 

[byte] 197 000 1 970 000 19 700 000 98 500 000 157 600 000 

Serialized Data 
[byte] 632 819 6 336 997 63 370 831 316 860 998 506 977 411 

Compressed 
Data [byte] 34 319 293 434 1 728 668 5 189 177 7 766 568 

Compression 
Ratio [%] 5.42 4.63 2.73 1.64 1.53 

 
The combination of XS and Deflate compression achieved a best compression ratio of 1.53 
percent at 800 000 rows, as the size of the data sent across the network decreased from 507 
MB to 7.8 MB after being compressed. The ratios presented in the table showed that for 
smaller amounts of data the compression ratio worsened, but the worst case scenario still 
achieved a size which was about 1/20th of the serialized size. 
 
The main objective of Prototype 2 was to gain a speedup in execution time (i.e. shorter 
elapsed time for a request completion). The measurements showed how the prototype 
successfully lowered the elapsed time for searches on different data amounts. However, 
execution time is a QoS parameter and the impact it has on the end-user‟s perceived QoE is 
complicated [4]. Due to this fact, a QoE-analysis of the prototype was required to better 
understand the impact the lowered execution time for request completion had on the end-
user‟s perceived QoE. 
 
5.3.3 Prototype 3 - Improved User Control and Performance 
Enhancement 
The final prototype, Prototype 3, implemented a combination of technologies from the 
previous two prototypes. Hence, the implementation is explained in the previous two chapters 
5.3.1 Prototype 1 - Improved User Control and System Reliability and 5.3.2 Prototype 2 - 
Performance Enhancement. This prototype‟s purpose was to find the answer to Q3, whether a 
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combination of the different technologies, defined in Q2, could yield a higher end-user 
perceived QoE. 
 
5.3.3.1 Measurements - Optimal (Compressed) Partition Size 
As for the Prototype 1, measurements had to be conducted to find the optimal partition size. 
When applying compression to the sent partitions, the messages were sent faster to the client. 
This changed the overall behavior and motivated a new quasi-experiment. From analysis of 
the results, both the average elapsed time to get the first partition and the average elapsed time 
for a completed request were taken into consideration. The tables 5.11 and 5.12 show how the 
partition sizes performed. Table 5.11 presents the average elapsed time for getting all data and 
Table 5.12 presents the average elapsed time of receiving the first partition. All calculated 
statistical parameters for the measurements are presented in Appendix G and H respectively. 
 
Table 5.11: Average total elapsed time for completion of a request with different partition 
sizes 

Average Elapsed 
Time [s] to Get 

All Data 

Data [Rows] 
Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 

Mean 7.576 26.352 219.616 1123.336 - 
Min 6.618 24.463 203.692 1052.649 - 
Max 8.387 28.196 237.318 1182.950 - 

Standard 
Deviation 0.603 1.091 8.700 41.278 - 

1000 

Mean 4.685 7.645 38.435 181.621 297.680 
Min 3.813 6.832 36.596 173.844 292.531 
Max 5.201 8.817 42.768 187.840 303.011 

Standard 
Deviation 0.394 0.582 1.677 3.985 3.181 

10 000 

Mean N/A 4.919 21.207 91.617 142.516 
Min N/A 4.194 19.865 87.808 136.997 
Max N/A 5.534 22.545 96.082 150.064 

Standard 
Deviation N/A 0.386 0.866 2.171 3.408 

100 000 

Mean N/A N/A 21.110 80.369 123.473 
Min N/A N/A 20.024 76.501 118.247 
Max N/A N/A 22.019 85.126 130.984 

Standard 
Deviation N/A N/A 0.619 2.951 3.621 

 
Table 5.11 shows, similar to Prototype 1, that a larger partition size offered higher execution 
speed while the lower sizes were significantly slower or even unmanageable for the prototype, 
for the same reasons as previously explained for Prototype 1. For the partition size 100 rows, 
the system timed out during the rendering step due the large number of partitions. For the 
partition size of 1000 rows the average elapsed time on 500 000 rows was 181.621 seconds 
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which, as for Prototype 1, was significantly higher than for the partition size of 100 000 rows 
that had the average elapsed time of 80.369 seconds. The partition size of 10 000 rows, as for 
Prototype 1, was between these values, but this time much closer to the value of 100 000 rows 
than that of 1000 rows as its averaged elapsed time on 500 000 rows was 91.617 seconds. As 
further mentioned for Prototype 1, another parameter of high importance for perceived QoE 
was how fast the prototype offered a first partition to the end-user, see Table 5.12. 
 
Table 5.12: Average total elapsed time to receive the first partition with different partition 
sizes 
Average Elapsed 
Time [s] to Get 

First Partition of 
Data 

Data [Rows] 
Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 

Mean 4.798 5.548 6.087 17.108 - 
Min 4.101 4.169 5.216 15.081 - 
Max 5.797 6.849 7.378 20.783 - 

Standard 
Deviation 0.553 0.987 0.597 1.458 - 

1000 

Mean 4.685 3.885 5.765 14.735 21.908 
Min 3.813 3.457 5.214 14.046 20.380 
Max 5.201 4.667 7.358 15.476 22.965 

Standard 
Deviation 0.394 0.382 0.502 0.484 0.811 

10 000 

Mean N/A 4.919 6.793 16.080 22.812 
Min N/A 4.194 6.174 15.194 21.112 
Max N/A 5.534 7.282 19.015 25.471 

Standard 
Deviation N/A 0.386 0.352 1.052 1.177 

100 000 

Mean N/A N/A 21.110 30.317 36.679 
Min N/A N/A 20.024 28.351 35.468 
Max N/A N/A 22.019 31.977 38.568 

Standard 
Deviation N/A N/A 0.619 1.160 0.841 

 
As for Prototype 1, Table 5.12 shows that larger partition size created a noticeable difference 
in time before the end-user could start working with the first partition. The smallest measured 
partition size of 100 rows was unmanageable for the system at 800 000 rows because of 
timeouts. For the partition size 1000 rows, the average elapsed time for getting the first 
partition of a total of 500 000 rows was 14.735 seconds which was significantly lower than 
for the partition size 100 000 rows that had a time of 30.317 seconds. The partition size 10 
000 rows was, as for Prototype 1, between these values as its average elapsed time was 16.080 
seconds. 
 
Prototype 3 showed the same trends as Prototype 1, where smaller partition sizes allowed for 
lower elapsed time before a first partition was available for the end-user, but at the cost of 
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longer total elapsed time for completing a request. Larger partition sizes were fast for getting 
all data partitions, but took comparatively long before the end-user was allowed to start 
working with any data (i.e. receiving the first data partition). Based on the same selection 
process as for Prototype 1, the partition size of 10 000 rows was selected for Prototype 3. 
 
5.4 QoE Analysis - Implemented Prototypes 
To further compare the prototypes to the original system, the three prototypes were also 
subject to a QoE analysis. The analysis was made using the same survey template as for the 
initial QoE analysis. The same five customer representative staff were assigned the same 
amounts of data, and tasked to perform the same searches as in the initial analysis. 
 
5.4.1 Prototype 1 - QoE Analysis Results 
Prototype 1 - Improved User Control and System Reliability, which implemented partitioning, 
was architectured to resolve the issues presented in Q112-Q115: data loss, system instability, 
lack of end-user interaction and lack of end-user transparency. The prototype implemented 
changes designed to increase the system‟s transparency by informing the user about the 
retrieval progress, current data received at the desktop client, data rendered in the GUI and 
total data available matching the request. Additionally, the partitioning prototype allowed the 
system to be more reliable, making sure that no timeouts occurred as a result of unmanageable 
data sizes in the system, as well as removed the hard limit of 1000 rows, ensuring full data 
retrieval at all times. Finally, the prototype allowed the end-user more interactivity, compared 
to the original system, by having the end-user able to request partitions at their own pace. 
Hence, the end-user received a small partition of data faster to start working with, instead of 
being required to wait until all data was received and rendered in the GUI. 
 
In Table 5.13, the scores from the questionnaires are presented. Again, like during the initial 
QoE analysis of the original system, the scores were calculated into an average score for each 
question as well as a total score per amount of data and total average for the prototype. 
 
Table 5.13: Results collected from the QoE survey for Prototype 1 

Score 
[Points] for 
Prototype 1 

Data [Rows] Mean 
Score per 
Question 

Original 
System 1000 10 000 100 000 500 000 800 000 

Su
rv

ey
 Q

ue
st

io
ns

 

1.1 6 5 9 8 8 7.2 4 
2.1 1 3 10 9 9 6.4 2.8 
2.2 5 5 5 5 5 5 0 
3.1 9 10 10 9 10 9.6 4.4 
3.2 6 9 1 5 8 5.8 5 
4.1 6 10 9 8 9 8.4 6.6 
4.2 5 5 5 5 5 5 4 
5.1 1 1 9 8 9 5.6 1 
6.1 6 5 9 8 8 7.2 3.8 

Total 45 53 67 65 71 60.2 31.6 
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The results show that the overall experience did not differ at lower amounts of data. At 1000 
and 10 000 rows, the partitioning solution was not applicable as the partition size was set to 
10 000 rows, and as such sent all data in one partition, making it similar to the original 
system. This was seen in the total score for 1000 rows, which was 45 points for Prototype 1 
and 43 points for the original system. However, as the data amount grew, the original system 
continuously received lower scores while Prototype 1‟s increased. For 100 000 rows, the 
original system received a total score of 37 points and Prototype 1 received 67 points. For 800 
000 rows, Prototype 1 received 71 points in comparison to the original system‟s 10 points. 
The average total scores showed this difference, where the original system in average 
received 31.6 points and Prototype 1 received 60.2 points. 
 
5.4.2 Prototype 2 - QoE Analysis Results 
Prototype 2 - Performance Enhancement had the objective of decreasing the execution time 
for request completion of the original system by implementing a serializer, XS, combined 
with the compressor, DeflateStream. The reason behind this implementation was that in Q111, 
execution time had been identified as a possible issue for the user‟s perceived QoE. 
 
In Table 5.14, the scores from the questionnaires are presented. The scores were calculated 
into an average score for each question as well as a total score per amount of data and total 
average for the prototype. 
 
Table 5.14: Results collected from the QoE survey for Prototype 2 

Score 
[Points] for 
Prototype 2 

Data [Rows] Mean 
Score per 
Question 

Original 
System 1000 10 000 100 000 500 000 800 000 

Su
rv

ey
 Q

ue
st

io
ns

 

1.1 6 6 7 1 1 4.2 4 
2.1 1 2 1 2 3 1.8 2.8 
2.2 0 0 0 0 0 0 0 
3.1 6 7 5 5 5 5.6 4.4 
3.2 6 8 8 5 5 6.4 5 
4.1 7 8 10 8 8 8.2 6.6 
4.2 5 5 5 5 5 5 4 
5.1 1 1 1 1 1 1 1 
6.1 6 7 7 1 2 4.6 3.8 

Total 38 44 44 28 30 36.8 31.6 
 
From the QoE analysis for Prototype 2, it was apparent that the overall scores were similar to 
the original system. The average total score for the original system was 31.6 points, while 
Prototype 2 received 36.8 points. A notable difference is that the original system was not able 
to handle 800 000 rows and threw exceptions, giving it a low score of 10 points. Prototype 2 
which worked for this amount of data received 30 points.  
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5.4.3 Prototype 3 - QoE Analysis Results 
The final prototype, Prototype 3, combined the previous prototypes‟ implemented 
technologies. This final prototype‟s purpose was to find the answer to Q3, whether a 
combination of the different technologies, defined in Q2, could yield a better perceived end-
user QoE. 
 
In Table 5.15, the scores from the questionnaires are presented. The scores were calculated 
into an average score for each question as well as a total score per amount of data and total 
average for the prototype. 
 
Table 5.15: Results collected from the QoE survey for Prototype 3 

Score 
[Points] for 
Prototype 3 

Data [Rows] Mean 
Score per 
Question 

Original 
System 1000 10 000 100 000 500 000 800 000 

Su
rv

ey
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1.1 6 8 10 9 9 8.4 4 
2.1 1 2 9 9 9 6 2.8 
2.2 5 5 5 5 5 5 0 
3.1 6 10 10 8 9 8.6 4.4 
3.2 6 9 7 5 8 7 5 
4.1 7 10 8 9 8 8.4 6.6 
4.2 5 5 5 5 5 5 4 
5.1 1 1 9 9 9 5.8 1 
6.1 6 7 9 9 9 8 3.8 

Total 43 57 72 68 71 62.2 31.6 
 
The results collected indicated a similar experience for Prototype 3 as for Prototype 1, where 
1000 rows were sent in one transaction received 43 points for Prototype 3 and 45 points for 
Prototype 1. This score was shared with the original system, which also received 43 points for 
1000 rows. However, as the amount of data grew, Prototype 3 quickly reached very high 
scores, which was similar to how the total score increased for Prototype 1. Furthermore, the 
total average of 62.2 points showed that the perceived QoE did not differ much from 
Prototype 1 at a total average of 60.2 points. 
 
With the results from the QoE analysis performed both on the original system and the 
implemented prototypes, it was possible to discuss the results and draw conclusions. Also, 
with knowledge about elapsed time, the original system and individual prototypes were 
compared towards each other to find which implementation offered the shortest execution 
time and how that translated into the end-user‟s perceived QoE. In the discussion chapter all 
results are further analyzed to find out what impacted the end-user QoE the most and which 
solutions offered the most improvement. 
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6 DISCUSSION 
In this chapter, the results collected are analyzed and their meanings are interpreted as well 
as how they relate back to the formulated thesis questions and theoretical frameworks. 
 
6.1 QoE Analysis - IMISC-WMS 
The first thesis question, Q1, asked whether it was possible to identify what affects the 
perceived end-user QoE the most. To investigate this issue, an initial questionnaire was 
performed based on the QoE issues presented in Q11. The results gathered are presented in 
Chapter 5.2 QoE Analysis - IMISC-WMS. The question categories 1, 2, 3, 4, 5 and 6 were 
organized following the topics; general experience, system transparency, data delivery, 
stability and reliability, interactivity and execution time respectively. In Table 5.3, it is shown 
that the lowest scoring factors were, in descending order: interactivity (Q114), transparency 
(Q115) and execution time (Q111). The last two issues, data delivery (Q112) and stability and 
reliability (Q113), while not major, were also identified as lacking by having at best average 
scores (4-6.6 points) in the original system.  
 
The question focused on interactivity asked the subject whether they experienced any level of 
control during the search progress. To search in the original system, the procedure was 
limited; as an end-user, you were allowed to instigate a search and then wait for all data to be 
received. The system transparency was limited by the same behavior, as after pressing search, 
no feedback was offered aside from a repeating bar which indicated that the system was 
working. There was no information available for the user about the progress nor any 
information about the amount of data which was being requested. To countermeasure both of 
these identified QoE issues, changes to the data movement and data structure of the 
communication chain had to be considered. Using the hypothesized technologies for possible 
QoE improvements by applying compression (Q21) or partitioning (Q22), it was decided that 
a partitioning solution would offer opportunities to solve the two QoE issues of interactivity 
and transparency. As described in Chapter 3.4 Data Partitioning and Streaming, partitioning 
implies that the data is divided into several smaller entities [8]. Notably, the third hypothetical 
technology for improvement, streaming (Q23), was defined as applicable on real-time data 
streams [26]-[28]. This definition did not apply to the IMISC-WMS, as specific points were 
identified where the data began and ended. Another common usage of the term streaming is 
for VoD services [29], which in practice apply a partitioned scheme [7]. As explained in 
Chapter 4.2 Selected Research Strategies, to differentiate between partitioning and streaming 
in this work, the former definition involving continuous real-time data was applied to 
streaming, making it not applicable for the data structures affected.  
 
The core problem with the original system was that it only sent one response; the response 
containing all the requested data. Because of this, the client was not able to receive any 
information of the progress as no information was sent until the data was ready. By applying a 
partitioned scheme into the architecture, multiple messages were communicated to the client, 
allowing the progress to be calculated based on the message contents. Description of the 
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implementation is present in Chapter 5.3.1 Prototype 1 - Improved User Control and System 
Reliability.  
 
The third QoE issue identified by the initial QoE analysis, was execution time. To lower the 
execution time, the system had to be analyzed and understood by performing the case study 
presented in Chapter 5.1 Initial Case Study - Identification of Sub-Parts. From this study, the 
sub-part communication to client took the longest time for 10 000 rows and higher, or as total 
mean took 54 percent of the execution time. Communication to client included the creation of 
a WCF message [15], i.e. serialization [21], network communication from the server to the 
client and deserialization of the message. In order to decrease the network traffic time, the 
technologies of compression and serialization were studied. During the analysis of the WCF, 
it was identified that the message formatting step of the message creation process [16] should 
be extended, as described by A. Skonnard in [17], to include both a compression 
implementation and modification of serialization. The compressors available through the 
.NET framework were Deflate and GZip, both using the same algorithm [49]. Of these two, 
the Deflate compressor was picked as it did not add the cyclic redundancy check, and as such, 
achieved smaller compressed sizes. Four serializers were identified and presented in Chapter 
5.3.2.1.4 .NET Serializers, which used either the XML format (DCS, XS), JSON format 
(DCJS) or a binary format (BDCS). In Chapter 5.3.2.2 Measurements - Serializer and 
Compressor Combinations, the serializers are compared. Table 5.6 showed that the formats 
behaved as expected by their definitions. K. Maeda [21] performed experiments to compare 
the serialization formats, and identified that XML creates the largest files, which is a common 
characteristic as the format uses much repetition [24]. In his experiment, the JSON format 
was smaller than XML, and the overall smallest format was binary [21]. From the 
measurements of serialized data sizes in this work, presented in Table 5.6, it shows that the 
binary format was overall the smallest, followed by JSON and then the XML serialization, i.e. 
following the results of K. Maeda [21]. The elapsed times for request completion with the 
four serializers combined with the Deflate compression were compared as shown in Table 5.7. 
It showed that the XS was the fastest serializer at the larger amounts of data (100 000 - 800 
000 rows), and the second fastest at the smaller amounts (1000 - 10 000 rows). The other 
XML serializer, DCS, was the second fastest serializer, suggesting that serialization into XML 
formats was preferable. Even if binary and JSON serialization both offered smaller data sizes, 
they deserialized slower (see Appendix E) which, in the end, made them overall less 
preferable. The reason behind this was the addition of compression. After the data is 
compressed, the data sizes sent over the network were similar (see Appendix F), making the 
elapsed time for serialization and deserialization the more impactful factors. Based on these 
measurements, XS was chosen as the serializer to be combined with Deflate for Prototype 2. 
 
With the two prototypes implemented, a third prototype was constructed by combining the 
previous ones, in order to answer thesis question Q3. When the three prototypes were 
developed, they were all compared against each other and the original system.  
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6.2 Comparison of the Performance Measurements 
From the initial QoE analysis, Table 5.3, an answer to thesis question Q11 was formed, where 
one QoE issue negatively affecting the perceived end-user QoE of the original system was the 
execution time (Q111). During Chapter 5 Results, multiple measurements were presented 
showing how the different implemented prototypes 1-3 affected the execution speed 
compared to the original system. In Table 6.1, the average elapsed time for completion of a 
request for the original system and prototypes 1-3 is presented. 
 
Table 6.1: Average total elapsed time for completion of a request for the original system and 
implemented prototypes 

Average Elapsed 
Time [s] 

Data [Rows] 
1000 10 000 100 000 500 000 800 000 

Sy
st

em
 

T
yp

e 

Original 5.114 9.276 35.682 152.365 - 
Prototype 1 5.437 9.346 57.092 271.013 430.457 
Prototype 2 3.283 4.769 22.230 97.925 141.316 
Prototype 3 4.685 4.919 21.207 91.617 142.516 

 
Comparing the average elapsed time showed which prototype offered the highest increase in 
execution speed in terms of request completion. Table 6.1 shows that Prototype 1 did not offer 
any improvement at all, in fact it increased the time significantly for larger amounts of data. 
The reason for this was the implementation and purpose of the design. The prototype was 
architectured as a solution to the following QoE issues, defined in Q11; data loss (Q112), 
system instability (Q113), lack of end-user interaction (Q114) and lack of end-user 
transparency (Q115). All these issues were not directly related to execution time (Q111) for 
request completion, as the solution to that issue was implemented in Prototype 2. By keeping 
the solutions of these issues in separate prototypes it was possible to compare if the more 
impactful factor for the end-user‟s perceived QoE was the execution time or if it was the other 
QoE issues. To achieve this, Prototype 1 was implemented in a way to not improve the 
execution speed for request completion. From Q2, the technology implemented in Prototype 1 
was partitioning (Q22). The partitioning implementation was designed to send partitions of 
the data sequentially, leading to more partitions requiring more work and in turn that lead to 
longer wait times for the end-user when it came to request completion time for large data 
amounts. 
 
Another observation from Table 6.1 was that Prototype 2 offered a significant improvement 
when it came to request completion time. The technology implemented in Prototype 2 was 
compression (Q21), as it allowed for optimization of the network traffic between server and 
client, see Table 5.10. Additionally, the results show that Prototype 3 had the same 
improvement as Prototype 2 when it came to request completion time. The reason for this was 
that Prototype 3 implemented both architectures from prototypes 1 and 2. The results for 
Prototype 3, seen in Table 6.1, indicated that it achieved the same level of improvement when 
it came to request completion time as Prototype 2. However, these results did not indicate an 
increase in perceived QoE, but only showed what implementation had, quantifiably, been 
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proven the fastest, which was Prototype 3 closely followed by Prototype 2. As mentioned 
before, the relationship between the QoS parameters and QoE is complex [4] and because of 
this, answers to Q2 and Q3 needed the subjective data from the conducted QoE analysis to 
determine whether either implementation, Prototypes 1, 2 or 3, was perceived as being faster 
when used by an end-user. 
 
6.3 Comparison of the QoE Analysis Results  
When evaluating the impact each prototype had on the end-user‟s perceived QoE compared 
towards the original system, the results from the QoE analyses were analyzed. In Table 6.2, 
the mean score for each question is presented. By comparing these results, answers to the 
questions of what improvement in QoE was obtained by compression (Q21) and partitioning 
(Q22) as well as whether a combination of technologies could improve the perceived QoE 
further (Q3). 
 
Table 6.2: Mean perceived QoE when working with the original system and prototypes 1-3 

Mean Score 
[Points] 

System Type 
Original 
System Prototype 1 Prototype 2 Prototype 3 
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1.1 4 7.2 4.2 8.4 
2.1 2.8 6.4 1.8 6 
2.2 0 5 0 5 
3.1 4.4 9.6 5.6 8.6 
3.2 5 5.8 6.4 7 
4.1 6.6 8.4 8.2 8.4 
4.2 4 5 5 5 
5.1 1 5.6 1 5.8 
6.1 3.8 7.2 4.6 8 

Total 31.6 60.2 36.8 62.2 
 
The results seen in Table 6.2 present that the total mean score for the original system was 31.6 
points and that prototypes 1 and 3 significantly improved the QoE with +28.6 and +30.6 
points respectively. An interesting observation was that implementation of compression only 
slightly changed the end-user‟s perceived QoE. Prototype 2 increased the total mean score 
with +5.2 points and the difference between prototypes 1 and 3 was 2 points, indicating that 
the enhancement of the perceived QoE by introducing compression (Q21) was lacking. 
 
In Chapter 6.1 QoE Analysis - IMISC-WMS, the QoE analysis of the original system was 
discussed. From the analysis it was concluded that the most impactful QoE issues present in 
the original system were system interactivity, transparency and execution time (descending 
order) followed by the two remaining issues that were still significant, but to a lesser degree; 
data delivery and stability and reliability, these values are also presented in Table 6.2. To fully 
analyze the results from the QoE analysis of the developed prototypes 1-3 and the original 
system, every question category from the QoE survey needed to be evaluated in detail. 
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6.3.1 System Transparency, Interactivity, Data Delivery, Stability 
and Reliability 
The initial QoE analysis survey was conducted to find answers to specific thesis questions 
from Chapter 1.5 Thesis Questions. In Chapter 6.1 QoE Analysis - IMISC-WMS it is 
described that questions 2.1-2.2 were formulated to find the answer to Q115 which brought up 
the issue of lacking system transparency. Question 5.1 asked about the issue of lacking system 
interactivity (Q114). The questions 3.1-3.2 questioned the subject about the data delivery and 
were designed to answer Q112 while questions 4.1-4.2 questioned about the system‟s stability 
and reliability which answered Q113. All the questions are presented in Chapter 4.4.1 Survey. 
 
After the prototypes 1-3 were all implemented and the results from the QoE analyses were 
accumulated for comparison, it was possible to see how the different prototypes impacted the 
QoE issues Q111-Q115. The comparison showed which technology or technologies were 
preferable as a solution to the specific issue. 
 
By comparing the different prototypes‟ impact on the lack of system transparency (Q115), 
Table 6.2 shows that the technology of compression was not suitable for this QoE issue. The 
collective difference (i.e. the difference between the summarized scores) between the original 
system and Prototype 2 for questions 2.1-2.2 was -1 point, indicating a small decrease in 
system transparency. However, as the total possible range of this difference was 14 points, a 
change by only 1 point indicated that there was no significant difference in the perceived 
QoE. This was as expected since this prototype did not implement any changes that were 
meant to improve on this issue. When looking at prototypes 1 and 3, they differed only by 0.4 
points, indicating a similar effect on system transparency. This again was expected as the only 
difference in the implementation was that Prototype 3 had the compression implementation 
from Prototype 2 on top of the implementation from Prototype 1. When comparing prototypes 
1 and 3 with the original system, the results showed an increase in perceived QoE for the 
issue of end-user transparency with +8.6 and +8.2 points respectively. This was a significant 
improvement in the perceived QoE and indicated that the technology in Prototype 1 (and by 
inheritance Prototype 3), namely partitioning (Q22), was a suitable solution for the QoE issue 
Q115 (lack of end-user transparency). The reason for this was derived from that the original 
system‟s communication chain had limitations as it only sent a response once. With a 
partitioning scheme implemented into the system, it was possible to update the client more 
frequently. With more frequent updates, the user was informed about the progress of the 
search and, in turn, the transparency of the system was significantly improved. 
 
A second comparison analyzed the different impacts the prototypes had on the lack of system 
interaction (Q114). The results indicated that Prototype 2 was not a suitable solution for this 
type of QoE issue, as the difference between the original system and Prototype 2 for question 
5.1 was ±0 points, indicating that there was no difference in the perceived QoE. This was as 
expected, since the implementation of Prototype 2 (Q21) did not introduce any solution to this 
QoE issue. Again, when looking at prototypes 1 and 3, the results showed that they differed 
only slightly, this time by a difference of 0.2 points, indicating that their impact on the system 
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interactivity was roughly the same. Comparing the results of these two prototypes with the 
original system, showed an increase in interactivity with +4.6 points for Prototype 1 and +4.8 
points for Prototype 3. Again, this indicated that the technologies implemented in the 
Prototype 1 and Prototype 3, namely partitioning (Q22), was a suitable solution for the QoE 
issue Q114 (lack of end-user interaction). This was explained, as in the original system, the 
user could search and then either wait for all data or cancel the search. With a partitioned 
scheme, the end user was offered more control of when to request the data and decide whether 
all data was needed. 
 
The third comparison analyzed the different impacts the prototypes had on the data delivery 
(Q112) issue. The results showed that Prototype 2 had a collective difference from the 
original system, for questions 3.1-3.2, of +2.6 points, indicating a slight improvement. This 
result indicated that the changes implemented in Prototype 2, compression (Q21), was a 
suitable solution. This was unexpected since this prototype did not implement any changes 
that were meant to affect this issue. One theory behind what motivated the increase in 
perceived QoE was that the credibility of the system had been established towards the end-
user, making them more willing to trust the system‟s data in terms of correctness and 
successful delivery. This is shown in tables 5.3 and 5.14, as the results from questions 3.1-3.2 
for the execution on 800 000 rows had a difference of 8 points in favor for the Prototype 2 
compared to the original system. This significant difference might stem from the fact that the 
original system timed out/froze during this request, while Prototype 2 finished execution 
correctly and delivered the requested data, see Table 5.2. However, this was just a theory, and 
needs further investigation of how the end-user‟s perceived QoE differs depending on 
whether there exist an established credibility towards the system or not. Comparing prototype 
1 and 3, the results showed that they, as in previous questions, differed only slightly. This 
time the difference was 0.2 points, indicating that their impact on the system data delivery 
was similar. By comparing prototypes 1 and 3 with the original system, the results showed a 
collective increase for questions 3.1-3.2 with +6.0 and +6.2 points respectively. This indicated 
that the changes implemented in Prototype 1 and Prototype 3, partitioning (Q22), was a 
suitable solution (more so than compression (Q21)) for the QoE issue Q112 (data loss). To 
explain this, the same theory as for the compressed solution was applied, describing that the 
new implementation supported the larger amounts of data without freezing or timing out, thus 
increasing the trust which the subjects had to the system. However, why the partitioning 
implementation resulted in a higher increase in perceived QoE than the compression 
implementations might depend on the fact that partitioning, with its increased amount of 
updates reaching the client, offered the user information about how much data was in 
progress. This improved the user‟s perceived certainty of whether the data received was all 
data and the correct data. 
 
The final comparison looked at the different levels of impact the prototypes had on the 
reliability and stability (Q113) of the system. The results showed that Prototype 2 had a slight 
positive impact on this issue. The collective difference between Prototype 2 and the original 
system for questions 4.1-4.2 was +2.6 points. This result indicated that the changes 
implemented in Prototype 2, compression (Q21), was a suitable solution as a way to gain a 
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slight improvement for Q113. This was to be expected because the implemented solution 
allowed the prototype to successfully execute requests on 800 000 rows, while the original 
system timed out/froze when executing the same request. Comparing prototypes 1 and 3, they 
had identical average scoring for the questions 4.1-4.2 indicating that they impacted the QoE 
issue to the same degree. However, this time the improvements were small as they both had 
the collective increase of +2.8 points. This showed that changes implemented for prototypes 1 
and 3, partitioning (Q22), was an equally suitable solution for this QoE issue as compression 
was. The same reasoning as described for the QoE issue Q112 was applied as an explanation 
for this QoE issue as both were based on having the new implementations able to support the 
larger amounts of data without freezing or timing out, thus increasing the trust which the 
subjects had to the system. 
 
The thesis question Q3 from Chapter 1.5 Thesis Questions, asked if a combination of 
technologies from Q2 could improve the perceived QoE further. The answer to this question 
was, as indicated by the results from the QoE analysis, that it did not improve the perceived 
QoE further by combining the technologies Q21 and Q22 for the QoE issues Q112-Q115. 
From the results, the total mean score from all the questions regarding system transparency, 
interactivity, data delivery and stability and reliability for Prototype 3 was 45.8 points, while 
for the individual prototypes, the highest score was 45.8 points as well. However, there was 
still yet one thesis question remaining, Q111, that asked about the effect the perceived 
execution time had on the QoE. This issue was among the three major issues affecting the 
perceived QoE in the original system, see Table 5.3. To gain a complete answer to Q2 and Q3 
further analysis of the results needed to be conducted. 
 
6.3.2 Perceived Execution Time 
When looking into the parameter of perceived execution time (Q111), a common conception 
was that improving the performance of the system also improves the QoE [4]. Historically, 
the approaches for counteracting similar issues have been to improve the QoS [1]. As the 
execution time was initially identified as a problem, Prototype 2 was designed to focus on 
minimizing the elapsed time for an execution, by implementing compression into the 
communication chain. Looking at the results presented in Table 6.1, Prototype 2 was the 
fastest implementation to receive all available data for 800 000 rows. To enable comparison 
with the original system, the amount of 500 000 rows was used, since the original system 
failed execution for 800 000 rows. At 500 000 rows, Prototype 2 completed the request 54.44 
seconds faster than the original system, leading to a speedup factor of 1.56.  
 
After performing the QoE analysis for all the prototypes, it was quickly seen that the 
perceived execution time of Prototype 2 was barely improved from the original system, where 
the score only increased by +0.8 points. Observed was also that Prototype 1, which in reality 
was slower in its total execution time than both Prototype 2 and the original system, was 
perceived as being faster with its +2.6 points over Prototype 2 and +3.4 points over the 
original system. These results confirmed that the relation between QoE and QoS is complex 
[4], as the QoE results were almost opposite to the execution time for request completion 
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measurements. Even the third prototype, which combined the lowered execution time with the 
partitioned solution, only improved the perceived speed of the system by another +0.8 points, 
in comparison to Prototype 1. 
 
The problem was not the execution time itself, but rather the idle wait time; making the user 
wait without any activity [6], [19]. In both the original system and Prototype 2, when the 
search button was pressed, the user had only two options; to wait for the data or cancel the 
search. Disregarding the lack of transparency and interactivity which have been discussed 
earlier, the user was not able to perform any tasks until the searching process was completed. 
In chapters 3.1 Quality of Experience and 3.2.3 Events, Intervals and Responsiveness, the 
limitations of what is subjectively experienced as responsive is presented. As stated by [6], for 
web surfing a response time of 100 milliseconds is experienced as instant, 1 second is 
noticeable but less than 10 seconds may still keep the user‟s attention. Over 10 seconds poses 
a risk that the user loses interest in the activity which is being performed [6]. These time 
limits are based on web surfing, but were also applicable for the IMISC-WMS as the 
scenarios were similar. When web surfing, the user requests a web page and cannot know how 
long time will be required for the page to load. In the IMISC-WMS, when the user made a 
badly filtered search, he or she did not know how long time the request would take to finish, 
as the transparency was lacking. This made the scenarios similar and therefore the values 
presented by [6] were also deemed applicable limits for the IMISC-WMS. For amounts of 
data over 100 000 rows, both the original system and Prototype 2 took at least 20 seconds to 
respond, while even at 10 000 rows of data, the original system executed at 9.276 seconds, 
which was close to the time limit presented [6]. In [19], the recommendation is that the 
response time should be at least within 3 seconds, which was not fulfilled by any prototype at 
the measured amounts of data.  
 
Table 6.3: Response times before the user could start working with any data 

Average Elapsed 
Time [s] 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 
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Original System 
(All data) 5.114 9.276 35.682 152.365 - 

Prototype 1 
(First partition) 5.437 9.346 10.772 20.828 26.528 

Prototype 2 
(All data) 3.283 4.769 22.230 97.925 141.316 

Prototype 3 
(First partition) 4.685 4.919 6.793 16.080 22.812 

 
By further analysis of the results, it was seen that prototypes 1 and 3 both had very high 
scores on the execution time. What looked initially odd, especially as Prototype 1 did not 
focus on lowering execution time for request completion, was explained by the fact that the 
systems were offering faster responses than both the original system and Prototype 2. By 
applying partitioning, both prototypes 1 and 3 were able to send a first partition faster than the 
other systems were able to offer all data. This made the system seem more responsive to the 
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user, as he or she was allowed to start working with the data as soon as it was received, see 
Table 6.3. 
 
For 1000 rows, the response times were between 3.282 and 5.114 seconds, even for 10 000 
rows, the times varied between 4.769 and 9.346 seconds. These values were within the range 
of acceptable times [6], even if near the recommended limit in some cases. But as the amount 
of data increased, the partitioning implementations (Prototype 1 and 3) still managed to offer 
low response times in comparison to the non-partitioning implementations (original system 
and Prototype 2). Looking at e.g. 100 000 rows, Prototype 2 improved the response time by 
13.452 seconds compared to the original system, but both implementations took much more 
time than the 10 seconds recommended [6], making the improvement irrelevant as the user 
already had lost interest in the application. When the data amount increased, the time to 
receive the first partition also increased, as the database was working on the query before 
returning any data. The partitioned prototypes still kept the response time low, when 
compared to the non-partitioning implementations. This made the technology of partitioning 
(Q22) a valid choice to counteract QoE issues involving execution time (Q111) as the users 
perceived a partitioned system as responding faster. While the compression (Q21) slightly 
increased the perceived QoE by a user, it did not make a noticeable difference as the response 
times already were high. The same was seen for the combined prototype (Q3), as combining 
partitioning with compression only slightly improved the perceived execution time. 
 
6.3.2.1 Optimal Partition Size 
Based on the results regarding execution time and the overall perceived responsiveness of the 
system, implementations of slight changes were plausible to further improve the partitioning 
implementations. As the QoE analysis showed, the response time was important, otherwise 
the system was regarded as slow. When developing the prototypes 1 and 3, optimal partition 
sizes were analyzed in quasi-experiments, with the goal of selecting a partition size which 
offered both good time for retrieval of all data as well as retrieval of the first partition. For 
both prototypes, the partition size of 10 000 rows was selected as a good pivot value between 
both considerations. 
 
After performing the QoE analyses of all implemented prototypes and the original systems, it 
was shown that the total time of receiving all data was less important than the time to receive 
a first partition. As long as the system quickly gave the user some data to work with, the user 
did not consider the system as slow, even if it took long time for the data to load in the 
background. Based on this input, the partitioning solutions would be further optimized for 
QoE improvement by applying smaller partition sizes, e.g. 1000 rows. 
 
H. Kim and S. Park [7] discuss another solution with could be an applicable improvement to 
the current partitioning scheme. In VoD services, the partitions are divided into front and rear 
parts. The front part is smaller, and is quickly receivable by the user so that he or she can start 
watching the video. The size of the partitions then grow for the rear part, allowing it to be 
received during playback of the video [7]. A similar approach would be conceivable for 
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prototypes 1 and 3, where the first, or the few first partitions would be smaller, enabling the 
user to start working with the data as soon as possible, which would lower the perceived 
response time further. The latter partitions would then be increased in size, as the user already 
had data to work with. 
 
6.4 Ethical, Social, Legal and Sustainable Aspects on Research and 
Development 
During this work, various ethical, social, legal and sustainable paradigms were considered. As 
a large part of the work was software engineering and development, some factors were 
deemed irrelevant. But there were still aspects affecting the work which were taken into 
consideration.  
 
6.4.1 Ethical, Social and Legal Aspects  
The social and ethical aspects of this work were categorized into three levels: affecting the 
end-users, affecting Aptean and affecting the software development society. Focusing on the 
end-users, the article [52] lists some recommendations which are applied for software 
development. It focuses on identification of risks during software engineering-related work. 
Such risks include both legal aspects, but also the ethical responsibilities of a developer. 
When developing systems, it is important to identify who will be affected by the system, as 
well as developing the systems in a manner which does not limit the users [52]. For this paper, 
the work has been heavily focused on the perceived quality of using the IMISC-WMS by end-
users. The goal has been to maximize not only the speed of the system (Q111), but also other 
factors including interactivity (Q114) and transparency (Q115). These factors allowed the 
users a heightened level of control when they worked with the system, and not limiting them 
to only one possible action.  
 
Another aspect focused on Aptean and the code developed during this work. The code was 
maintained, written and documented in extensive detail, to ease the continued work and 
integration of the prototypes into their product. In [53], a few rules are presented from a 
developer‟s standpoint, which should be considered during software-related work. The 
article‟s goal is to summarize the moral responsibilities of a developer or system user, which 
include both the harm that can be caused by the software, but also responsibilities such as 
informing affected parties about the details of the software. “People who design, develop, 
deploy or promote a computing artifact should provide honest, reliable, and understandable 
information about the artifact, its effects, possible misuses, and, to the extent foreseeable, 
about the sociotechnical systems in which they think the artifact will be embedded” [53]. For 
this work, Aptean was continuously informed about the progress as well as limitations and 
untested aspects of the different implementations. When the prototypes were delivered, an 
extensive documentation was constructed which listed implementation details in addition to 
documented bugs, limitations as well as a general description of the technologies applied. The 
goal was to make the prototypes understandable and maintainable for an external developer 
which had not been part of the development process. 
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The last aspect focused on the software development society as a whole. The approach and 
results from this work were seen as very applicable for development in general, and not only 
QoE-related work. As seen in this and earlier chapters, the relation between QoE and QoS is 
complicated [4]. Prototype 2 focused on maximizing the execution speed by decreasing the 
network traffic in the IMISC-WMS communication chain, and yet the perceived QoE of the 
system was barely increased. Prototype 1, with its implemented architectural changes, 
increased the perceived QoE to a much higher degree. This proved that technically sound 
software, which takes much investment to design and implement, does not necessarily 
improve the QoE [4]. Instead, QoE is increased by changing architecture and adding 
functionalities which the end-user either needs or desires [2]. This mindset is useful in general 
software development; to not focus on perfect QoS but rather consider implementations which 
increase the end-user‟s experience. 
 
Finally, from a legal point of view [52], Aptean preferred if the prototypes were developed 
using the technologies available in the frameworks. This was to decrease influence and 
possible problems of introducing external licenses. Based on this preference, the work was 
performed only using the .NET Framework 4 and the tools it provided. By not introducing 
third-party libraries into the development, legal problems such as licensing were avoided. 
 
6.4.2 Sustainable Aspects 
The definition of sustainability is how to “meet the need of the present without compromising 
the ability of future generations to satisfy their own needs” [54]. For traditional sustainability 
there exist three major areas, which have various degrees of relevance in the context of 
software engineering, but still were considered in this work: environmental, social and 
economic [55]. 
 
Environmental sustainability in software engineering refers among others to the hardware 
choices for the software. The Social Sustainability Institute lists a few approaches to achieve 
software sustainability [56]. One of those is technical preservation, which states that from a 
sustainable perspective, the software developed should not be reliant on the hardware. “Over 
time, hardware will change to such an extent that older software will not run on the latest 
hardware.” [56]. In this work, .NET Framework 4 (released in 2010 [57]) was used for 
implementations of the prototypes. From a technical preservation standpoint, using the .NET 
Framework was deemed a good choice as it will be supported by any modern hardware 
running Windows, as long as Microsoft supports it. As of September 2016, .NET Framework 
1.1 applications are still runnable on the latest Windows operating systems [58], 13 years after 
the release of the framework version [57]. With this approach of development, no one type of 
hardware will be required for the prototypes to execute. This was good from an environmental 
perspective, as the already available hardware was used for running the new versions of the 
software, without requiring replacements. 
 
The results of this work also point towards a possible economic gain from understanding that 
improved QoS does not promise improved QoE [4]. QoS parameters are expensive to improve 
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as they may need new hardware or sophisticated architectural design to achieve 
improvements. The results previously discussed show how improving perceived QoE is 
possible without improving QoS. Instead, implementations of new expected or desired 
features can improve the QoE [2] by applying possibly inexpensive changes which does not 
require new or additional hardware. In this work, implementation of row counts and other 
transparency increasing features made it possible for the end-user to be informed of the 
progress and received data, which lead to an improved QoE. These new features were easy to 
implement and did not require expensive resources, making them economically sustainable to 
achieve a higher perceived level of QoE. 
 
When discussing sustainable software, a distinction is often made between sustainability for 
the software itself and sustainability when it comes to the development process [54]. During 
this work the development process was rather simplistic. There was no designated 
development team; instead the development in this work was by the authors. This made any 
extensive development process irrelevant as sprint planning or other agile approaches were 
deemed unnecessarily costly in terms of resources. For these reasons, sustainability regarding 
the software development processes was not considered during this work. 
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7 CONCLUSIONS 
In this chapter, final conclusions are presented based on the answers gathered to the thesis 
questions. The answers are established from the implementations, research, measurements 
and discussion performed during this work. Following the answers, concluding statements 
about the work and data gathered are made. 
 
With all data presented in Chapter 5 Results and by discussion from Chapter 6 Discussion, it 
was possible to formulate answers to all thesis questions (Q1-Q3).  
 

Q1: What affects the perceived end-user QoE of the current system the most? 
    Q11: Can the QoE problem be identified as an (issue), 

 Q111: execution time? 
     Q112: data loss? 
     Q113: system instability? 
     Q114: lack of end-user interaction? 
     Q115: lack of end-user transparency? 

 
Q1 and its sub-questions were answered by collecting and analyzing results from a qualitative 
survey where the subjects evaluated their experiences from working with the original system. 
All issues listed in Q11 were present and were affecting the QoE of the system. The most 
influential issues were, in descending order: interaction (Q114), transparency (Q115), 
execution time (Q111), data loss (Q112) and stability (Q113). As such, it was possible to both 
identify the type of the issue present and order the issues based on their influence on the 
perceived QoE. 
 

Q2: What is the improvement in QoE that can be obtained by implementing (technologies): 
    Q21: compression? 
    Q22: partitioning? 
    Q23: streaming? 

 
Q2 stated hypothetical technologies which could be applied in order to increase the perceived 
QoE of the original system. Q21 and Q22 were compared by implementing separate 
prototypes focusing on each technology. Q23 was omitted as, by definition presented and 
discussed in chapters 4.2 Selected Research Strategies and 6.1 QoE Analysis - IMISC-WMS, 
streaming was not applicable for the original system. To answer Q21 and Q22, comparisons 
of improvement in QoE were made based on the issues presented and identified in Q1.  
 
Q21, compression, was able to decrease the execution time for request completion of the 
system by decreasing the size of messages sent over the network. But from the QoE surveys 
performed, it was quickly understood that even if the system gained speedup through 
implementing compression, it was still perceived as slow by the users, as they had to idly wait 
for all data to be received. For larger amounts of data, this took far over 10 seconds, which 
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was the recommended limit after which users will lose interest in the application [6]. Based 
on this, compression (Q21) was identified as only improving perceived execution time (Q111) 
slightly. Moreover, compression also improved on two other mentioned QoE factors, namely 
data loss (Q112) and stability (Q113). The prior improvement was unexpected, but might be 
based on a level of trust to the system. The original system froze when requesting 800 000 
rows, while the compressed solution was able to provide this amount, affecting the user‟s 
perception of the system into a higher level of credibility. By the same reasoning, 
compression (Q21) counteracted the system‟s instability, as it allowed higher amounts of data 
without freezing or timing out. The other two issues were not affected by implementing 
compression, and as such, the final QoE improvement achieved was minor. 
 
Q22, partitioning, offered multiple improvements based on the QoE issues (Q111-Q115). The 
original system‟s communication chain was limited as it only sent a response once. By 
implementing a partitioning scheme into the system, it was possible to update the client more 
frequently. With more frequent updates, the user was informed about the progress of the 
search and, in turn, the transparency (Q115) of the system was significantly improved. With 
the increased amount of updates and changed data structure, the interaction (Q114) with the 
system was increased, giving the user a higher level of control. In the original system, the user 
had only the option to initiate a search and then either wait for all data or cancel the search. 
With a partitioned scheme, the end-user was offered a higher level of control when the data 
was requested and decide whether all data was needed, further improving the interaction 
offered by the system. From a performance standpoint, the partitioning solution did not focus 
on improving execution speed for request completion. As seen in Chapter 6.2 Comparison of 
the Performance Measurements, a partitioned implementation was slower when gathering all 
data. But, the users experienced it as faster. This was because it provided the user with a first 
partition as soon as the system was ready, and transmitted the rest of the data in the 
background. This decreased the idle wait of the user, making the system feel responsive, 
leading to improved perceived execution time (Q111). For the questions of data loss (Q112) 
and instability (Q113), the same theory as for the compressed solution was applied; the 
system which applied partitioning did support the larger amounts of data without freezing or 
timing out, thus increasing the trust the subjects had to the system. Partitioning and 
compression both influenced and had similar effect on the instability issue, where partitioning 
offered a higher improvement rate to the QoE issue of perceived data loss. This might depend 
on the fact that partitioning, with its increased amount of updates reaching the client, offered 
the user information about how much data was in progress. This improved the user‟s certainty 
that the data received was all data and the correct data. So, of the two compared technologies 
(Q21-Q22), partitioning offered the highest amount of improvement to the perceived QoE 
based on the five issues presented in Q11. 
 

Q3: By combining the technologies from Q2, can the perceived QoE be improved further? 

 
Regarding Q3, a combined implementation which applied both compression and partitioning 
was compared to the previous solutions. It was proven to be as fast as the compression 
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implementation for completing a request. But when performing a QoE analysis on the 
combined implementation, it showed that only a slight improvement in QoE was gained. 
Looking at the scores this solution received from the QoE questionnaire, the factors data loss 
(Q112), instability (Q113), interaction (Q114) and transparency (Q115) did not differ from 
the solution only implementing partitioning. By summarizing the scores assigned to these four 
factors, both implementations which involved partitioning shared the same amount of points. 
A small improvement was identified in Q111 when adding compression to the partitioning, 
but it was minor. From the results, it was concluded that a combination offered a slight further 
improvement, but was barely noticeable by an end-user. 
 
As presented previously in this chapter, the methods applied were sufficient to construct 
answers to the thesis questions with satisfactory credibility. While more strictly controlled 
experiments would generate more generic results with higher credibility, comparisons of such 
values were not the focus of this work. The focus was analysis of the IMISC-WMS and how 
its QoE was perceived by end-users, as well as how the QoE could be improved by the 
hypothesized technologies. Perceived QoE is not affected by changes on the millisecond-level 
[6], as such the validity of the measurements from the quasi-experiments were sufficient. 
 
After finishing this work, Aptean received implementation details and access to the 
measurements performed on their system in order to further evaluate the proposed prototypes. 
To the scientific body of knowledge, a positive connection between a partitioned approach in 
a networked communication chain, responsiveness and general QoE has been identified. The 
technology of partitioning data, instead of sending it in a single response, gave several 
opportunities to improve the perceived QoE by the end-user. 
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8 RECOMMENDATIONS AND FUTURE WORK 
In this chapter the improvement on this work’s partitioning implementation is discussed. Also, 
possibilities for improvements on the QoE analyses are presented. 
 
During the Chapter 6 Discussion, a theory about how an established degree of confidence and 
trust towards the system might have a positive impact on the end-users‟ perceived QoE 
emerged. Future investigation looking into this relation would yield interesting results and 
benefit the research about QoE. 
 
Possible improvements on the partitioning implementation for the IMISC-WMS, if Aptean 
decides to implement this technology into their standard system, would be the approach of 
front and rear parts. This concept is used today in existing VoD implementations [7]. The 
results collected indicated that lowering the idle waiting time, during which the end-user has 
nothing to do but wait, was paramount for achieving a high perceived level of QoE. Hence, 
adding the concept of front and rear parts would significantly benefit the partitioning 
implementation, as it allows for a faster first partition response as well as still providing a fast 
total request completion. 
 
Another improvement would be applying a more efficient combination of serialization and 
compression, by looking further into the customizations of available components in .NET as 
well as into third-party solutions or even creation of custom compression or serialization. In 
this work, third-party solutions were omitted adhering to Aptean‟s wish about keeping 
external licenses at a minimum.  
 
An improvement to this work would be a more extensive QoE analysis, e.g. by having a larger 
range of subjects from the staff taking the QoE survey, and therefore allowing for less 
subjectivity and statistical calculations such as standard deviation. An alternative would be to 
introduce a common data amount where all subjects performed the questionnaire. This would 
allow for a common reference point where the subjectivity from the different subjects are 
compared and analyzed, to find e.g. which subject was more sensitive to delays, or which 
subject required higher transparency.  
 
Another method would be to follow the ideas presented by S. Afshari and N. Movahhedinia 
[3], [4]. By not applying surveys as the data collection method, but instead monitoring the 
physiological values from the users which are testing the systems, more objective results are 
gained. The preciseness of such an approach was not deemed necessary for this work, but 
could be done in a future step to verify the results presented.  
 
Overall, when developing software to be used by end-users, it is important to consider factors 
which may affect the perceived QoE of the system. Even if the system is technically 
implemented following high QoS standards, does not necessarily mean that the perceived 
QoE will be high. Instead, QoE needs to be taken into consideration in addition to other 
factors when evaluating and developing software which are to be used by end-users.  
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APPENDIX A: QOE SELF-REPORT SURVEY TEMPLATE 
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APPENDIX B: PROTOTYPE 1‟S AVERAGE TOTAL ELAPSED TIME FOR 
COMPLETION OF A REQUEST WITH DIFFERENT PARTITION SIZES 
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100 

Mean 6.490 24.879 221.400 1192.069 - 
Median 6.542 25.106 221.233 1181.751 - 

Min 5.342 22.663 213.732 1149.603 - 
Max 7.776 26.562 230.363 1289.411 - 

Range 2.434 3.899 16.631 139.808 - 
Variance [s2] 0.405 0.968 23.208 1343.670 - 

Standard 
Deviation 0.636 0.984 4.817 36.656 - 

Confidence 
Interval 0.322 0.498 2.438 18.550 - 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 - 

Sample set Size 
[Samples] 15 15 15 15 - 

 
 

Average 
Elapsed 

Time [s] to 
Get All Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

1000 

Mean 5.437 14.061 92.865 470.492 744.725 
Median 5.398 14.001 93.106 471.838 743.255 

Min 4.932 13.138 90.057 452.931 727.308 
Max 5.935 16.077 100.091 511.204 764.191 

Range 1.003 2.939 10.034 58.273 36.883 
Variance [s2] 0.090 0.494 7.095 215.392 129.528 

Standard 
Deviation 0.300 0.703 2.664 14.676 11.381 

Confidence 
Interval 0.152 0.356 1.348 7.427 5.759 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 0.95 

Sample set Size 
[Samples] 15 15 15 15 15 
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V 
 

 
Average 
Elapsed 

Time [s] to 
Get All Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

10 000 

Mean N/A 9.346 57.092 271.013 430.457 
Median N/A 9.049 56.462 270.921 428.602 

Min N/A 7.730 53.132 258.984 421.744 
Max N/A 11.805 61.821 279.233 449.083 

Range N/A 4.075 8.689 20.249 27.339 
Variance [s2] N/A 1.712 6.506 42.878 54.412 

Standard 
Deviation N/A 1.308 2.551 6.548 7.376 

Confidence 
Interval N/A 0.662 1.291 3.314 3.733 

Confidence 
Level [%] N/A 0.95 0.95 0.95 0.95 

Sample set Size 
[Samples] N/A 15 15 15 15 

 
 

Average 
Elapsed 

Time [s] to 
Get All Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 000 

Mean N/A N/A 35.967 171.123 244.947 
Median N/A N/A 35.793 168.816 245.591 

Min N/A N/A 32.918 146.005 228.787 
Max N/A N/A 37.885 196.277 260.425 

Range N/A N/A 4.967 50.272 31.638 
Variance [s2] N/A N/A 2.194 281.061 102.950 

Standard 
Deviation N/A N/A 1.481 16.765 10.146 

Confidence 
Interval N/A N/A 0.750 8.484 5.135 

Confidence 
Level [%] N/A N/A 0.95 0.95 0.95 

Sample set Size 
[Samples] N/A N/A 15 15 15 
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VI 
 

APPENDIX C: PROTOTYPE 1‟S AVERAGE TOTAL ELAPSED TIME TO RECEIVE 
THE FIRST PARTITION WITH DIFFERENT PARTITION SIZES 

 
Average 
Elapsed 

Time [s] to 
Get First 

Partition of 
Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 

Mean 3.567 2.895 5.894 15.426 - 
Median 3.457 2.842 5.849 15.113 - 

Min 2.991 2.638 5.271 14.144 - 
Max 4.441 3.189 6.873 16.828 - 

Range 1.450 0.551 1.602 2.684 - 
Variance [s2] 0.212 0.028 0.196 0.542 - 

Standard 
Deviation 0.460 0.168 0.442 0.736 - 

Confidence 
Interval 0.233 0.085 0.224 0.373 - 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 - 

Sample set Size 
[Samples] 15 15 15 15 - 

 
 

Average 
Elapsed 

Time [s] to 
Get First 

Partition of 
Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

1000 

Mean 5.437 5.325 6.291 15.863 23.612 
Median 5.398 5.331 6.060 16.055 23.523 

Min 4.932 4.569 5.649 14.646 21.411 
Max 5.935 5.820 7.761 17.155 26.009 

Range 1.003 1.251 2.112 2.509 4.598 
Variance [s2] 0.090 0.116 0.335 0.564 1.845 

Standard 
Deviation 0.300 0.341 0.579 0.751 1.358 

Confidence 
Interval 0.152 0.173 0.293 0.380 0.687 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 0.95 

Sample set Size 
[Samples] 15 15 15 15 15 
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VII 
 

 
Average 
Elapsed 

Time [s] to 
Get First 

Partition of 
Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

10 000 

Mean N/A 9.346 10.772 20.828 26.528 
Median N/A 9.049 10.865 20.707 26.526 

Min N/A 7.730 9.774 18.870 23.861 
Max N/A 11.805 11.895 23.523 28.624 

Range N/A 4.075 2.121 4.653 4.763 
Variance [s2] N/A 1.712 0.344 1.381 1.221 

Standard 
Deviation N/A 1.308 0.586 1.175 1.105 

Confidence 
Interval N/A 0.662 0.297 0.595 0.559 

Confidence 
Level [%] N/A 0.95 0.95 0.95 0.95 

Sample set Size 
[Samples] N/A 15 15 15 15 

 
 

Average 
Elapsed 

Time [s] to 
Get First 

Partition of 
Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 000 

Mean N/A N/A 35.967 49.379 56.336 
Median N/A N/A 35.793 47.455 55.669 

Min N/A N/A 32.918 42.184 49.438 
Max N/A N/A 37.885 69.915 65.043 

Range N/A N/A 4.967 27.731 15.605 
Variance [s2] N/A N/A 2.194 45.538 17.251 

Standard 
Deviation N/A N/A 1.481 6.748 4.153 

Confidence 
Interval N/A N/A 0.750 3.415 2.102 

Confidence 
Level [%] N/A N/A 0.95 0.95 0.95 

Sample set Size 
[Samples] N/A N/A 15 15 15 
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VIII 
 

APPENDIX D: AVERAGE ELAPSED TIME FOR COMPLETION OF A REQUEST WITH 
DIFFERENT SERIALIZERS AND DEFLATE 

 
Average 

Elapsed Time 
[s] for DCS 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 

St
at

is
tic

al
 P

ar
am

et
er

 

Mean 1.994 4.194 24.594 119.845 - 
Median 1.901 4.129 24.573 117.749 - 

Min 1.466 3.914 23.513 112.395 - 
Max 3.036 4.817 25.748 131.310 - 

Range 1.570 0.903 2.235 18.915 - 
Variance 

[s2] 0.117 0.052 0.288 37.345 - 

Standard 
Deviation 0.342 0.228 0.536 6.111 - 

Confidence 
Interval 0.173 0.115 0.271 3.093 - 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 - 

Sample set 
Size 

[Samples] 
15 15 15 15 - 

 
 

Average 
Elapsed Time 
[s] for DCJS 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 

St
at

is
tic

al
 P

ar
am

et
er

 

Mean 3.782 5.869 32.538 152.399 231.150 
Median 3.779 5.873 32.596 152.383 231.047 

Min 3.580 5.521 31.315 148.158 226.180 
Max 4.223 6.319 33.564 157.442 235.610 

Range 0.643 0.798 2.249 9.284 9.430 
Variance 

[s2] 0.037 0.070 0.442 6.565 9.753 

Standard 
Deviation 0.193 0.264 0.665 2.562 3.123 

Confidence 
Interval 0.098 0.134 0.337 1.297 1.580 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
15 15 15 15 15 
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IX 
 

 
Average 

Elapsed Time 
[s] for XS 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 

St
at

is
tic

al
 P

ar
am

et
er

 

Mean 3.283 4.769 22.230 97.925 141.316 
Median 3.190 4.474 21.959 97.843 139.754 

Min 2.991 4.261 20.418 92.363 136.965 
Max 4.236 5.992 23.718 103.008 156.524 

Range 1.245 1.731 3.300 10.645 19.559 
Variance 

[s2] 0.119 0.319 1.011 11.612 21.890 

Standard 
Deviation 0.345 0.565 1.006 3.408 4.679 

Confidence 
Interval 0.175 0.286 0.509 1.724 2.368 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
15 15 15 15 15 

 
 

Average 
Elapsed Time 
[s] for BDCS 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 

St
at

is
tic

al
 P

ar
am

et
er

 

Mean 3.872 6.060 28.208 124.031 190.396 
Median 3.837 5.931 28.052 124.187 189.222 

Min 3.665 5.476 26.767 117.796 183.074 
Max 4.407 8.250 31.074 130.902 198.762 

Range 0.742 2.774 4.307 13.106 15.688 
Variance 

[s2] 0.041 0.405 1.461 12.810 21.484 

Standard 
Deviation 0.202 0.637 1.209 3.579 4.635 

Confidence 
Interval 0.102 0.322 0.612 1.811 2.346 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
15 15 15 15 15 
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APPENDIX E: AVERAGE ELAPSED TIME AND PERCENTAGE SPENT IN EACH 
INDIVIDUAL SUB-PART AND IN EACH INDIVIDUAL STEP OF THE SUB-PART, 
COMMUNICATION TO CLIENT 

Average Elapsed 
Time [s] 

(Percentage [%] 
Spent in Sub-Part) 

for DCS 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

Su
b-

Pa
rt

 

Initializing 
Search 

0.339 
(17.00) 

0.361 
(8.61) 

0.392 
(1.59) 

0.352 
(0.29) - 6.87 

Communication 
to Service 

0.151 
(7.59) 

0.167 
(3.98) 

0.228 
(0.93) 

0.351 
(0.29) - 3.19 

Database 
Communication 

0.191 
(9.56) 

0.761 
(18.13) 

6.903 
(28.07) 

42.960 
(35.85) - 22.90 

Communication 
to Client 

0.202 
(10.13) 

1.863 
(44.41) 

15.306 
(62.24) 

70.629 
(58.93) - 43.92 

GUI Update 
1.111 

(55.71) 
1.042 

(24.84) 
1.762 
(7.17) 

5.553 
(4.63) - 22.33 

 

Average Elapsed 
Time [s] 

(Percentage [%] 
Spent of Total) for 

DCS 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

C
om

m
un

ic
at

io
n 

to
 

C
lie

nt
 

Serialization 
0.027 
(1.34) 

0.224 
(5.34) 

1.793 
(7.29) 

8.500 
(7.09) - 5.26 

Compression 
0.026 
(1.32) 

0.185 
(4.40) 

1.559 
(6.34) 

6.380 
(5.32) - 4.34 

Network 
Traffic 

0.023 
(1.13) 

0.369 
(8.81) 

1.559 
(6.34) 

4.323 
(3.61) - 4.97 

Decompression 
0.013 
(0.67) 

0.075 
(1.80) 

0.385 
(1.56) 

1.413 
(1.18) - 1.30 

Deserialization 
0.113 
(5.67) 

1.009 
(24.07) 

10.010 
(40.70) 

50.013 
(41.73) - 28.04 
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Average Elapsed 
Time [s] 

(Percentage [%] 
Spent in Sub-Part) 

for DCJS 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

Su
b-

Pa
rt

 

Initializing 
Search 

0.367 
(10.48) 

0.376 
(6.41) 

0.383 
(1.18) 

0.355 
(0.23) 

0.384 
(0.17) 3.69 

Communication 
to Service 

0.379 
(10.82) 

0.396 
(6.74) 

0.400 
(1.23) 

0.484 
(0.32) 

0.849 
(0.37) 3.89 

Database 
Communication 

1.573 
(44.92) 

1.754 
(29.89) 

8.424 
(25.89) 

41.814 
(27.44) 

55.782 
(24.13) 30.45 

Communication 
to Client 

0.398 
(10.68) 

2.304 
(39.26) 

21.544 
(66.21) 

104.120 
(68.32) 

164.158 
(71.02) 51.08 

GUI Update 
1.065 

(28.16) 
1.038 

(17.68) 
1.787 
(5.49) 

5.625 
(3.69) 

9.976 
(4.32) 11.85 

 

Average Elapsed 
Time [s] 

(Percentage [%] 
Spent of Total) for 

DCJS 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

C
om

m
un

ic
at

io
n 

to
 

C
lie

nt
 

Serialization 
0.044 
(1.25) 

0.310 
(5.29) 

2.549 
(7.83) 

16.136 
(8.62) 

19.626 
(8.49) 6.29 

Compression 
0.035 
(1.01) 

0.155 
(2.65) 

1.241 
(3.81) 

5.650 
(3.71) 

8.305 
(3.59) 2.95 

Network 
Traffic 

0.126 
(3.34) 

0.123 
(2.09) 

1.278 
(3.93) 

3.784 
(2.48) 

5.310 
(2.30) 2.82 

Decompression 
0.014 
(0.37) 

0.056 
(0.96) 

0.340 
(1.04) 

1.130 
(0.74) 

2.012 
(0.87) 0.79 

Deserialization 
0.178 
(4.72) 

1.659 
(28.27) 

16.136 
(49.59) 

80.422 
(52.77) 

128.904 
(55.77) 38.22 
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Average Elapsed 
Time [s] 

(Percentage [%] 
Spent in Sub-Part) 

for XS 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

Su
b-

Pa
rt

 

Initializing 
Search 

0.376 
(11.44) 

0.398 
(8.36) 

0.413 
(1.86) 

0.397 
(0.40) 

0.379 
(0.27) 4.46 

Communication 
to Service 

0.057 
(1.74) 

0.081 
(1.71) 

0.120 
(0.54) 

0.134 
(0.14) 

0.308 
(0.22) 0.87 

Database 
Communication 

1.444 
(43.97) 

1.725 
(36.17) 

8.602 
(38.70) 

40.440 
(41.30) 

51.848 
(36.69) 39.36 

Communication 
to Client 

0.288 
(8.78) 

1.485 
(31.15) 

11.212 
(50.44) 

51.336 
(52.42) 

78.530 
(55.57) 39.67 

GUI Update 
1.118 

(34.07) 
1.074 

(22.52) 
1.881 
(8.46) 

5.617 
(5.74) 

10.246 
(7.25) 16.20 

 

Average Elapsed 
Time [s] 

(Percentage [%] 
Spent of Total) for XS 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

C
om

m
un

ic
at

io
n 

to
 

C
lie

nt
 

Serialization 
0.035 
(1.08) 

0.244 
(5.11) 

1.919 
(8.63) 

10.323 
(10.54) 

15.425 
(10.92) 7.25 

Compression 
0.033 
(1.02) 

0.175 
(3.67) 

1.571 
(7.07) 

7.134 
(7.29) 

9.802 
(6.94) 5.19 

Network 
Traffic 

0.138 
(4.21) 

0.426 
(8.93) 

1.644 
(7.39) 

4.364 
(4.46) 

5.598 
(3.96) 5.79 

Decompression 
0.009 
(0.27) 

0.058 
(1.21) 

0.374 
(1.68) 

1.317 
(1.34) 

2.203 
(1.56) 1.21 

Deserialization 
0.072 
(2.20) 

0.583 
(12.22) 

5.705 
(25.66) 

28.198 
(28.80) 

45.501 
(32.20) 20.21 
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Average Elapsed 
Time [s] 

(Percentage [%] 
Spent in Sub-Part) 

for BDCS 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

Su
b-

Pa
rt

 

Initializing 
Search 

0.362 
(11.07) 

0.389 
(6.95) 

0.389 
(1.38) 

0.369 
(0.30) 

0.396 
(0.21) 3.98 

Communication 
to Service 

0.701 
(21.42) 

0.711 
(12.71) 

0.769 
(2.73) 

0.852 
(0.69) 

0.432 
(0.23) 7.55 

Database 
Communication 

1.429 
(43.68) 

1.911 
(34.17) 

8.982 
(31.84) 

39.636 
(31.96) 

55.376 
(29.08) 34.14 

Communication 
to Client 

0.265 
(7.07) 

2.014 
(33.67) 

16.289 
(57.75) 

77.447 
(62.44) 

124.499 
(65.39) 45.26 

GUI Update 
1.113 

(28.75) 
1.028 

(16.96) 
1.776 
(6.30) 

5.727 
(4.62) 

9.690 
(5.09) 12.34 

 

Average Elapsed 
Time [s] 

(Percentage [%] 
Spent of Total) for 

BDCS 

Data [Rows] 
Mean 
Time 
Ratio 
for All 
Sets of 
Data 1000 10 000 100 000 500 000 800 000 

C
om

m
un

ic
at

io
n 

to
 

C
lie

nt
 

Serialization 
0.022 
(0.67) 

0.150 
(2.68) 

1.414 
(5.01) 

6.550 
(5.28) 

10.390 
(5.46) 3.82 

Compression 
0.027 
(0.83) 

0.170 
(3.03) 

1.233 
(4.37) 

5.089 
(4.10) 

8.118 
(4.26) 3.31 

Network 
Traffic 

0.061 
(1.58) 

0.386 
(6.36) 

0.950 
(3.37) 

3.099 
(2.50) 

5.709 
(3.00) 3.36 

Decompression 
0.016 
(0.41) 

0.066 
(1.09) 

0.322 
(1.14) 

1.099 
(0.89) 

1.882 
(0.99) 0.90 

Deserialization 
0.139 
(3.59) 

1.243 
(20.50) 

12.370 
(43.85) 

61.610 
(49.67) 

98.400 
(51.68) 33.85 
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APPENDIX F: ACHIEVED COMPRESSION RATIOS FOR DIFFERENT SERIALIZERS 
COMBINED WITH DEFLATE 

Compression 
with DCS 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 
Serialized 

Data [byte] 704 089 7 048 017 70 470 251 352 367 543 - 

Compressed 
Data [byte] 34 501 296 296 1 828 649 5 743 532 - 

Compression 
Ratio [%] 4.90 4.20 2.59 1.63 - 

 

Compression 
with DCJS 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 
Serialized 

Data [byte] 533 838 5 347 629 53 472 038 267 381 190 427 815 918 

Compressed 
Data [byte] 33 562 289 926 1 713 715 5 155 629 7 697 031 

Compression 
Ratio [%] 6.29 5.42 3.20 1.93 1.80 

 

Compression 
with XS 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 
Serialized 

Data [byte] 632 819 6 336 997 63 370 831 316 860 998 506 977 411 

Compressed 
Data [byte] 34 319 293 434 1 728 668 5 189 177 7 766 568 

Compression 
Ratio [%] 5.42 4.63 2.73 1.64 1.53 

 

Compression 
with BDCS 

Data [Rows] 

1000 10 000 100 000 500 000 800 000 
Serialized 

Data [byte] 478 106 4 788 719 47 883 379 239 425 338 383 078 982 

Compressed 
Data [byte] 34 004 289 965 1 674 570 4 977 149 7 395 948 

Compression 
Ratio [%] 7.11 6.06 3.50 2.08 1.93 
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APPENDIX G: PROTOTYPE 3‟S AVERAGE TOTAL ELAPSED TIME FOR 
COMPLETION OF A REQUEST WITH DIFFERENT PARTITION SIZES 

 
Average 

Elapsed Time 
[s] to Get All 

Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 

Mean 7.576 26.352 219.616 1123.336 - 
Median 7.579 26.456 218.098 1126.988 - 

Min 6.618 24.463 203.692 1052.649 - 
Max 8.387 28.196 237.318 1182.950 - 

Range 1.769 3.733 33.626 130.301 - 
Variance [s2] 0.364 1.190 75.699 1703.846 - 

Standard 
Deviation 0.603 1.091 8.700 41.278 - 

Confidence 
Interval 0.305 0.552 4.403 20.889 - 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 - 

Sample set 
Size 

[Samples] 
15 15 15 15 - 

 
 

Average 
Elapsed Time 
[s] to Get All 

Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

1000 

Mean 4.685 7.645 38.435 181.621 297.680 
Median 4.669 7.564 37.906 182.024 297.605 

Min 3.813 6.832 36.596 173.844 292.531 
Max 5.201 8.817 42.768 187.840 303.011 

Range 1.388 1.985 6.172 13.996 10.480 
Variance [s2] 0.155 0.338 2.813 15.877 10.116 

Standard 
Deviation 0.394 0.582 1.677 3.985 3.181 

Confidence 
Interval 0.199 0.294 0.849 2.016 1.610 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
15 15 15 15 15 
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Average 

Elapsed Time 
[s] to Get All 

Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

10 000 

Mean N/A 4.919 21.207 91.617 142.516 
Median N/A 4.841 21.207 91.773 142.606 

Min N/A 4.194 19.865 87.808 136.997 
Max N/A 5.534 22.545 96.082 150.064 

Range N/A 1.340 2.680 8.274 13.067 
Variance [s2] N/A 0.149 0.750 4.712 11.613 

Standard 
Deviation N/A 0.386 0.866 2.171 3.408 

Confidence 
Interval N/A 0.195 0.438 1.098 1.725 

Confidence 
Level [%] N/A 0.95 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
N/A 15 15 15 15 

 
 

Average 
Elapsed Time 
[s] to Get All 

Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 000 

Mean N/A N/A 21.110 80.369 123.473 
Median N/A N/A 21.124 80.263 124.673 

Min N/A N/A 20.024 76.501 118.247 
Max N/A N/A 22.019 85.126 130.984 

Range N/A N/A 1.995 8.625 12.737 
Variance [s2] N/A N/A 0.383 8.707 13.114 

Standard 
Deviation N/A N/A 0.619 2.951 3.621 

Confidence 
Interval N/A N/A 0.313 1.493 1.833 

Confidence 
Level [%] N/A N/A 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
N/A N/A 15 15 15 
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APPENDIX H: PROTOTYPE 3‟S AVERAGE TOTAL ELAPSED TIME TO RECEIVE 
THE FIRST PARTITION WITH DIFFERENT PARTITION SIZES 

 
Average 

Elapsed Time 
[s] to Get 

First Partition 
of Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 

Mean 4.798 5.548 6.087 17.108 - 
Median 4.687 5.652 6.066 16.464 - 

Min 4.101 4.169 5.216 15.081 - 
Max 5.797 6.849 7.378 20.783 - 

Range 1.696 2.680 7.378 5.702 - 
Variance [s2] 0.306 0.973 0.357 2.126 - 

Standard 
Deviation 0.553 0.987 0.597 1.458 - 

Confidence 
Interval 0.280 0.499 0.302 0.738 - 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 - 

Sample set 
Size 

[Samples] 
15 15 15 15 - 

 
 

Average 
Elapsed Time 

[s] to Get 
First Partition 

of Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

1000 

Mean 4.685 3.885 5.765 14.735 21.908 
Median 4.669 3.855 5.681 14.721 21.868 

Min 3.813 3.457 5.214 14.046 20.380 
Max 5.201 4.667 7.358 15.476 22.965 

Range 1.388 1.210 2.144 1.430 2.585 
Variance [s2] 0.155 0.146 0.252 0.234 0.658 

Standard 
Deviation 0.394 0.382 0.502 0.484 0.811 

Confidence 
Interval 0.199 0.193 0.254 0.245 0.410 

Confidence 
Level [%] 0.95 0.95 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
15 15 15 15 15 
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Average 

Elapsed Time 
[s] to Get 

First Partition 
of Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

10 000 

Mean N/A 4.919 6.793 16.080 22.812 
Median N/A 4.841 6.721 15.616 22.821 

Min N/A 4.194 6.174 15.194 21.112 
Max N/A 5.534 7.282 19.015 25.471 

Range N/A 1.340 1.108 3.821 4.359 
Variance [s2] N/A 0.149 0.124 1.107 1.386 

Standard 
Deviation N/A 0.386 0.352 1.052 1.177 

Confidence 
Interval N/A 0.195 0.178 0.533 0.596 

Confidence 
Level [%] N/A 0.95 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
N/A 15 15 15 15 

 
 

Average 
Elapsed Time 

[s] to Get 
First Partition 

of Data 

 
Data [Rows] 

Statistical 
Parameter 1000 10 000 100 000 500 000 800 000 

Pa
rt

iti
on

 S
iz

e 
[R

ow
s]

 

100 000 

Mean N/A N/A 21.110 30.317 36.679 
Median N/A N/A 21.124 30.179 36.732 

Min N/A N/A 20.024 28.351 35.468 
Max N/A N/A 22.019 31.977 38.568 

Range N/A N/A 1.995 3.626 3.100 
Variance [s2] N/A N/A 0.383 1.346 0.708 

Standard 
Deviation N/A N/A 0.619 1.160 0.841 

Confidence 
Interval N/A N/A 0.313 0.587 0.426 

Confidence 
Level [%] N/A N/A 0.95 0.95 0.95 

Sample set 
Size 

[Samples] 
N/A N/A 15 15 15 
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