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ABSTRACT
The LTE eNodeB base station software is composed of various interconnected
components, which handle different functionalities. Integration testing is used to
test the interfaces and interactions between the components when they are combined together. In agile software development new software component builds
are created frequently, which leads to a need for a quick and automated testing
environment.
This thesis focuses on improving the level of automation in the LTE User Plane
software integration testing continuous integration environment. Two different
subjects, interface specification adaptation and test scenario configuration, are
addressed in this study. An automated system triggered by the continuous integration platform is implemented to update the testing environment so that it
complies with the latest interface specification. In addition, a new software tool
is developed as a proof of concept for an alternative method for test script writing and test case creation. The tool is used to create and configure test scenarios
in a graphical user interface and to automatically generate test scripts from the
configuration instead of writing the test scripts manually.
The operation of the automated adaptation system was observed for more than
a year with over a hundred interface specification changes. Results show a substantial reduction in processing time when comparing to the earlier manual process and no errors were detected in the output.
The new software tool for creating test scenarios achieves its goal. The tool
enables the creation and configuration of basic test scenarios in the graphical user
interface and the generated test scripts can be executed successfully.
Keywords: test automation, continuous integration, software testing, agile software development, telecommunications
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TIIVISTELMÄ
LTE eNodeB -tukiasema koostuu useasta toisiinsa yhteydessä olevasta komponentista, jotka käsittelevät eri toiminnallisuuksia. Integraatiotestausta käytetään
komponenttien välisten rajapintojen ja vuorovaikutusten testaamiseen. Ketterässä ohjelmistokehityksessä uusia käännöksiä ohjelmistokomponenteista luodaan
usein, mikä luo tarpeen nopealle ja automatisoidulle testiympäristölle.
Tämä diplomityö keskittyy parantamaan automaation tasoa LTE User Plane
-ohjelmiston integraatiotestauksen jatkuvan integroinnin ympäristössä. Työssä
käsitellään kahta eri aihetta: rajapintamäärittelyihin mukautumista sekä testiskenaarioiden konfiguraatiota. Automatisoitu järjestelmä, jonka käynnistää jatkuvan integroinnin alusta, toteutetaan päivittämään testiympäristö noudattamaan viimeisintä rajapintamäärittelyä. Lisäksi uusi ohjelmistotyökalu kehitetään osoituksena vaihtoehtoisesta tavasta testikoodin kirjoittamiseen ja testitapausten luomiseen. Työkalua käytetään graafisessa käyttöliittymässä testiskenaarioiden muodostamiseen ja konfigurointiin sekä testikoodin automaattiseen tuottamiseen konfiguraatioiden pohjalta käsin kirjoittamisen sijaan.
Automatisoidun mukautumisjärjestelmän toimintaa tarkkailtiin yli vuoden
ajan, jona aikana havaittiin yli sata rajapintamäärittelyiden muutosta. Tulokset osoittavat huomattavan vähennyksen suoritusajassa verrattuna edeltäneeseen
manuaaliseen prosessiin. Järjestelmän tuotoksissa ei tarkkailuajanjakson aikana
havaittu virheitä.
Uusi ohjelmistotyökalu testiskenaarioiden luomiseen täyttää sille asetetun tavoitteen. Työkalu mahdollistaa yksinkertaisten testiskenaarioiden luomisen ja
konfiguraation graafisessa käyttöliittymässä. Työkalulla tuotetut testikoodit voidaan suorittaa onnistuneesti.
Avainsanat: testiautomaatio, jatkuva integraatio, ohjelmistotestaus, ketterä ohjelmistokehitys, tietoliikenne
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1. INTRODUCTION
Long Term Evolution (LTE) is currently the latest Third Generation Partnership Project
(3GPP) standard in radio network technologies, also referred to as fourth generation
(4G) mobile communication technology. It succeeds Global System for Mobile Communications (GSM) and GSM Evolution (EDGE), also known as second generation
(2G) technologies, and Wideband Code Division Multiple Access (WCDMA) and
High Speed Packet Access (HSPA), also known as third generation (3G) technologies. [1, pp. 1-2] The Evolved Universal Terrestrial Radio Access Network Node B
(eNodeB) is the Base Transceiver Station (BTS) for LTE and provides a connection
between User Equipment (UE) and the core network. [2, p. 11]
The software in the eNodeB systems in Nokia Networks is a complex entity of various embedded software components. The different software components provide and
handle different functionalities in the eNodeB system. The software components communicate with each other and control entities via control messages. The software components are combined together to form the full eNodeB software for different hardware
deployments. Software development is done using Agile methods such as Scrum, continuously producing new software builds with incremental changes.
The eNodeB software is tested at a multitude of testing levels. Software components
are tested internally with unit and component testing, and internal interfaces with other
system components are tested by utilizing component stubs in the test environment.
LTE User Plane (UP) Software Integration (SWi) is the first integration testing level
where complete software components are integrated and the functionality of the software is tested as a whole. LTE UP software components are integrated using a ‘big
bang’ approach and most of the testing is done using the black-box method. This low
level testing phase includes the Layer 1 (L1) and Layer 2 (L2) component software.
Layer 3 (L3) control software is not included and is instead replaced by testing tools.
Thus LTE UP SWi verifies and tests only the UP side of the LTE protocol stack.
The main purpose and goal of LTE UP SWi is to test and verify feature and interface
functionality at an early phase of the development. Testing utilizes testing tool software, various simulators and test UE hardware. As new software component builds are
available, they are continuously integrated together in a continuous integration (CI) environment. Testing is automated and test executions are triggered either periodically
or when the eNodeB software components are changed.
Test cases and scenarios are configured with testing tool software using eNodeB
interface control messages, and test UE hardware settings and behavior. Before the
implementation done within the scope of this thesis, the eNodeB interface control messages in the LTE UP SWi environment were created and maintained manually. This
was problematic as the interface specification is often modified to reflect the changes
made in the eNodeB software. When the interface is modified, the LTE UP SWi environment must adapt the modifications to be able to continue testing the latest software.
Maintaining and updating the control messages and the test environment manually
is very slow and prone to human error. Interface changes can cause major delays and
interruptions in testing activity as tests are unable to execute successfully until the
changes are adapted. The manual process forced people to stop other, higher value
work and focus on the interface adaptation, causing an increase in the work effort
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and delayed testing. This leads to longer CI feedback cycles, and delays in software
integration testing can impact the delivery of new features and software releases.
Interface message structure and content is also complex and not very readable. As
the messages can contain thousands of configuration parameters affecting the functionality of the eNodeB, mistakes either in control message change adaptation or parameter
value settings can be very harmful. Wrongly structured messages or incorrect parameter values can cause unexpected and unintended eNodeB behavior during the test cases.
This can lead to unreliable test results as the test scenario might not be what the tester
intended.

1.1. Scope of the Thesis
The scope of the thesis is to improve the level of automation in the LTE UP SWi
environment in order to shorten the CI feedback cycle length and to reduce the number
of human mistakes with the test environment. The main cause for delays in the CI
feedback cycle is the manual work regarding interface specification change adaptation
in the control messages. As a solution, an automated system to generate up-to-date
eNodeB control messages and environment configurations is introduced. In addition,
to make test scenario set-up easier and less prone to human mistakes, a new software
tool Scenario Configurator is implemented and introduced as a proof of concept for
an alternative way of creating test scenarios. Scenario Configurator enables the user to
configure test scenarios and create eNodeB control messages in a graphical interface
rather than manually editing test scripts. Software created for this thesis has been done
in a Scrum mode using a test-driven development (TDD) process.

11

2. LTE ARCHITECTURE
2.1. Brief History of Mobile Telecommunications
During the last 15 years, the number of mobile subscribers has increased at a huge
speed. In the year 2002, the amount of subscribers reached one billion and just six
years later, in the year 2008, four billion. [3, pp. 1-2] By the time of the year 2013,
the number has already exceeded six billion and is quickly reaching the average of one
subscription per person in the world [1, p. xiii].
First mobile telecommunication services became widespread in the early 1980s. The
first generation (1G) technologies, such as Nordic Mobile Telephone (NMT) and Advanced Mobile Phone System (AMPS), were analog systems designed to support only
voice services. In the 1990s, 2G networks, mainly GSM, introduced digital mobile
communications and therefore the opportunity for data services. Although GSM was
also originally designed to carry voice traffic only, data capabilities were later added.
The first major data service provided was text messaging (Short Message Services,
SMS). GSM networks were initially able to reach peak data rates of 9.6 kbps. Higher
data rates, up to 0.236 Mbps, were eventually reached with General Packet Radio Services (GPRS) and EDGE. [1, pp. 2-3] [3, p. 4]
Until the advent of 3G networks, High Speed Downlink Packet Access (HSDPA),
data usage was dominated by voice traffic. As HSDPA increased the data rates compared to 2G networks considerably, data usage started to increase substantially. As flat
pricing schemes became more popular, data traffic volume quickly surpassed the voice
traffic. [3, p. 2]
The definition of 3GPP LTE started in 2004 with outlining of the targets. By looking
at the rate of increase in network capacity demands, it had already become clear that
a new radio system was needed, even though HSDPA had not yet been commercially
launched. [3, p. 4] LTE performance targets were set higher compared to earlier network technologies by multiple factors. Spectral efficiency was set to be two to four
times better than with the latest High Speed Packet Access (HSPA) release. Downlink
(DL) and uplink (UL) data rate targets were set at 100 Mbps and 50 Mbps respectively.
Round trip time was aimed at under 10 milliseconds. 3GPP LTE was first introduced in
3GPP Release 8. [3, pp. 4-5] [2, p. 11] [4] LTE 3GPP Release 8 has often been labeled
as only ‘3.9G’ [5].
The latest standardized technology is LTE Advanced (LTE-A), which is an enhancement of the LTE standard. LTE-A was standardized by 3GPP in March 2011 in 3GPP
Release 10. LTE-A is considered as being true 4G [5]. It focuses on bringing higher
capacity and is specified to have peak data rates of 1 Gbps in DL and 500 Mbps in
UL in one cell. [6] [3, pp. 11, 19] A comparison of DL peak data rates between 3GPP
mobile technologies is seen in Figure 1 [3, p. 8].
It is expected that in the year 2020 the total worldwide mobile traffic will reach
more than 127 exabytes, which is roughly 33 times more than in the year 2010. Over
40 exabytes of mobile data was predicted for the year 2015. [7] With this in mind it is
clear that mobile networks face an increasing challenge to keep up with the capacity
performance demands. Fifth generation (5G) network technologies are currently being researched, but they are not yet standardized. Commercial deployment of 5G is
expected around the year 2020, providing speeds even higher than 1 Gbps. [8]
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Figure 1: DL peak data rates of 3GPP technologies.
2.2. Architectural Overview
The LTE architecture is split into two distinct networks, the Evolved Universal Terrestrial Radio Access Network (E-UTRAN) and the Evolved Packet Core (EPC), also
referred to as System Architecture Evolution (SAE) [2, pp. 11-12]. E-UTRAN consists of eNodeBs, which is the BTS for LTE. UEs, such as smartphones and laptops,
communicate with the eNodeB. The eNodeB is directly connected to the EPC through
a Mobility Management Entity (MME) for control plane (CP) signalling and a Serving
Gateway (S-GW) for user plane data [3, pp. 25-28]. The EPC is connected to an external network, such as operator services and the Internet, through a Packet Data Network
Gateway (P-GW), which is connected to the S-GW. The LTE architecture is presented
in Figure 2 [2, p. 11].

2.3. LTE Characteristics
Unlike previous 3GPP mobile network technologies, LTE has a flat architecture, which
means that the eNodeBs communicate directly with the core network [2, pp. 11-12].
There is no Radio Network Controller (RNC) node and instead, RNC functionality is included in the eNodeB. This minimizes the number of network elements and
makes the network configuration simpler, allowing smaller round trip times and higher
throughputs [3, pp. 5-6]. LTE uses Orthogonal Frequency Division Multiple Access (OFDMA) for DL and Single Carrier Frequency Division Multiple Access (SCFDMA) for UL. LTE supports transmission bandwidths up to 20 MHz and Multiple
Input Multiple Output (MIMO) technology. Peak data rates are 150 Mbps when using
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Figure 2: LTE architecture overview.
2x2 MIMO or 300 Mbps using 4x4 MIMO for DL and 75 Mbps for UL. Resource
allocation happens in the frequency domain with a resolution of 180 kHz resource
blocks. Unlike the previous mobile technologies 2G and 3G, LTE is based completely
on Packet Switching (PS). PS was chosen as the only domain since 3GPP specified
LTE to use Internet Protocol (IP) as the key protocol for all services [9].

2.4. E-UTRAN
The eNodeB is the only node in the E-UTRAN. This means that the eNodeB is in
control of all radio related functionality in the LTE network. In a typical operator network, eNodeBs are distributed throughout the coverage area in close proximity to the
actual radio antennas. Functionally the eNodeB provides the E-UTRAN UP and CP
protocol terminations towards the UE, and relaying data between the radio connection
to the UEs and the IP based connectivity towards the EPC. The eNodeBs are inter-
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connected with each other via the X2 interface and to the EPC via the S1 interface.
The eNodeB has the responsibility for many CP functions, such as Radio Resource
Management (RRM). This means that the eNodeB is responsible for controlling the
usage of the radio interface, including resource allocation, prioritizing and scheduling
traffic, and monitoring the usage of the resources. The eNodeB has an important role
also in Mobility Management (MM). The eNodeB decides itself whether handovers
for UEs between cells are needed based on its measurements of the radio signal level
and quality. A more detailed description of the functional split between the E-UTRAN
and the EPC is presented in Figure 3. [3, pp. 27-28] [10]

Figure 3: Functional split between E-UTRAN and EPC.

2.5. LTE Radio Interface Protocols
The LTE radio protocol architecture can be divided into Control Plane architecture
and User Plane architecture. The CP protocol stack is responsible for transferring
signalling messages and the UP protocol stack for transferring application data. The
function of the LTE radio interface protocols is to establish, reconfigure and release
the Radio Bearer (RB) that provides the means for transferring the Evolved Packet
System (EPS) bearer. A bearer can be described as a pipeline or a path way for data
through the network from one point to another. An EPS bearer is established between
the UE and the P-GW. A radio bearer is established between the UE and the eNodeB
across the radio interface. There are two types of radio bearers: Data Radio Bearers
(DRBs) and Signalling Radio Bearers (SRBs). DRBs carry user data and SRBs carry
the CP messaging. Figures 4a and 4b present the E-UTRAN UP and CP protocol
stacks. [2, pp. 209-214] [3, pp. 137-139] [10]
The LTE radio protocol stack includes the physical layer (PHY), also known as
Layer 1 (L1). Included Layer 2 (L2) protocols are Medium Access Control (MAC),
Radio Link Control (RLC) and Packet Data Convergence Protocol (PDCP). All L1 and
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(a) User Plane protocol stack.

(b) Control Plane protocol stack.

Figure 4: E-UTRAN protocol stack.
L2 protocols are part of both UP and CP. Layer 3 (L3) consists of the Radio Resource
Control (RRC) protocol, which is only part of the CP. [3, pp. 137-138]
2.5.1. Data Flow
The LTE data flow in E-UTRAN UP utilizes Service Data Units (SDUs) and Protocol
Data Units (PDUs). Each layer in the UP protocol stack receives a SDU from an upper
layer, processes the data, adds a protocol header to form a PDU and passes it onto a
lower layer. Figure 5 illustrates the LTE data flow between UP protocol layers. [1, p.
126]

Figure 5: LTE data flow.
In the DL data flow example of Figure 5, three IP packets from two radio bearers
are processed. The data flow in UL transmission is similar, although reversed. The
PDCP layer receives an IP packet as the PDCP SDU, performs IP-header compression
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and ciphering. Then a PDCP PDU is formed by adding a PDCP header, which carries
information required for deciphering in the UE. The resulted PDU is then forwarded
to the RLC layer.
The RLC layer receives the PDCP PDU, which is now handled as the RLC SDU.
The RLC protocol performs concatenation and/or segmentation of the RLC SDU into
suitable sized RLC PDUs. A RLC header is then added to all resulting RLC PDUs.
The RLC header contains data for in-sequence delivery per logical channel in the UE.
The header is also used for identification if RLC retransmission is performed. The
RLC PDUs are then forwarded to the MAC layer.
The MAC layer receives the RLC PDU. The MAC protocol multiplexes the received
PDUs and adds a MAC header to form Transport Blocks (TBs). MAC SDU size depends on the Transport Block Size (TBS), which is determined by the instantaneous
data rate chosen by the link adaptation mechanism. The resulting TBs are then forwarded to the physical layer.
Finally, the TB is received by the physical layer. It adds a Cyclic Redundancy Check
(CRC) to the TB for error detection purposes. The physical layer also performs coding
and modulation of the data and eventually transmits the resulting signal over the air
interface. [1, pp. 126-127] [2, pp. 209-214]

2.5.2. The Physical Layer
The physical layer is the Layer 1 in the radio interface between the UE and the eNodeB.
It has a key role in defining the capacity and performance of the network. The physical
layer communicates with the upper MAC layer through transport channels. It provides
physical layer processing, such as adding CRC, coding interleaving and modulation,
and handles transmission and reception across the air interface. Modulation is applied
before the data is mapped onto the air interface resources. OFDMA is used for the
DL and SC-FDMA for the UL. The physical layer uses resources entirely based on
dynamic allocation of the shared resources instead of having user specific dedicated
resources. [2, pp. 210-212] [3, p. 83]

2.5.3. The Medium Access Control Layer
The MAC layer communicates with the upper RLC layer through the logical channels
and maps them to the transport channels for the physical layer. The MAC layer handles
and is responsible for prioritizing and multiplexing the data received from the logical
channels. It also performs Hybrid Automatic Repeat Request (HARQ) retransmissions
and DL and UL scheduling. Link adaptation for both DL and UL is also done in the
MAC layer, for example selecting a suitable modulation scheme and TBS. [1, pp. 128135] [2, pp. 210-212] [3, pp. 139-143]
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2.5.4. The Radio Link Control Layer
The RLC layer communicates with the upper PDCP layer through a Service Access
Point (SAP) [10]. The RLC protocol can operate in three modes: Transparent Mode
(TM), Unacknowledged Mode (UM) and Acknowledged Mode (AM).
In the TM mode, received PDUs pass through the RLC layer without adding any
headers. The TM mode can be used only for services that are not sensitive to the order
of delivery or do not use physical layer retransmissions.
In the UM mode, the RLC layer provides more functionality. The RLC protocol provides in-sequence delivery if HARQ operations have occurred in the lower level layers.
Received PDUs are also segmented or concatenated and RLC headers are added.
In the AM mode, the RLC layer provides the same functionality as the UM mode,
but also adds the possilibity of Automatic Repeat Request (ARQ) retransmissions if
PDUs are lost in the lower layers. [1, pp. 127-128] [3, pp. 143-145]

2.5.5. The Packet Data Convergence Protocol Layer
The PDCP layer provides header compression using Robust Header Compression
(ROHC) and ciphering for the user plane data. It also provides ciphering and integrity protection for CP messaging. Header compression is not performed for CP
data. Header compression is essential as the large overheads in the headers generated by higher layers can waste valuable air interface resources and thus lead to worse
performance [2, pp. 209-211].

2.5.6. The Radio Resource Control Layer
The RRC layer is only part of the CP. The RRC messages are a significant part of
the control information exchanged between the UE and the eNodeB. RRC messages
use the Abstract Syntax Notion One (ASN.1) protocol format and they are transmitted
only on SRBs. The RRC protocol is responsible for many radio resources functions
and handles bearer and UE connections between the UE and the eNodeB. In LTE, there
are only two UE states for RRC connectivity: RRC_IDLE and RRC_CONNECTED.
In the RRC_IDLE state, the RRC connection is not established, and the UE is monitoring the paging channel for incoming calls and acquiring information from the current and neighboring cells. In the RRC_CONNECTED state, the RRC connection is
established and data flow is active between the UE and the eNodeB. [3, pp. 146-147]
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3. AGILE SOFTWARE DEVELOPMENT
Traditionally, software development approaches, such as the waterfall model, have
striven to anticipate and predict all requirements and finalize the project plan at the
beginning of the process. This is done for the purpose of trying to reduce changes in
the later stages of the development process as they are usually very costly. Traditional
software development methods are also linear by nature and do not define how to react to unpredictable situations or problems during any of the project phases. These
approaches have been found to fit poorly in the modern business culture where situations change rapidly and failing to follow up on these changes is considered a business
failure [11] [12].

Figure 6: Waterfall model.
Agile software development is an umbrella term for a collection of different software
development methods. The term groups together a philosophy with a set of guidelines [13, pp. 65]. Popular agile methods include for example Scrum and Extreme
Programming (XP). Rather than avoiding and rejecting changes during the software
development process, agile methods aim to embrace them and instead focus on reducing the cost. Highsmith and Cockburn define agility as being about creating and
responding to change [11].
The main principles and cornerstones of agile methods were conceived in February
2001, when 17 software industry experts calling themselves the Agile Alliance joined
together. They came up with a document called the Agile Manifesto. [14, pp. 4] It
states the following [15]:
“We are uncovering better ways of developing software by doing it and helping
others do it. Through this work we have come to value:
Individuals and interactions over processes and tools
Working software over comprehensive documentation
Customer collaboration over contract negotiation
Responding to change over following a plan
That is, while there is value in the items on the right, we value the items on the
left more.”

19
Agile software engineering emphasizes customer communication and satisfaction
and encourages rapid, incremental software delivery. Agile methods see the customer
favourably as part of the development team to make communication more effective.
Project plans should be made flexible and possible problems and uncertainties during
the project should be taken into account. As also mentioned in the manifesto, Jacobson
puts weight on individual work and cooperation within a team. [16] Intermediate work
products, such as documentation, are de-emphasized and constant software deliveries
are considered more valuable to the customer [13, pp. 67].
The agile process is driven by scenarios from the customer, which are descriptions of
requirements. Plans are not thought as set in stone and are subject to change. Different
agile methods have different ways of working to comply with the guidelines, but they
all follow the same core principles. Figure 7 displays the difference between traditional
and agile software development methods regarding the cost of change as a function of
time in development [13, pp. 67-72].

Figure 7: Cost of change as a function of development progress in time.

3.1. Scrum
Scrum is a widely used agile software development method. It was invented by Jeff
Sutherland in the early 1990s. Scrum has been later on developed further by Ken
Schwaber and Mike Beedle. Scrum conforms well to the agile philosophy and principles described in the agile manifesto. [13, pp. 82-83] It enhances the traditional iterative and incremental development approach that was first created and documented by
Matthew Pittman and later developed by Grady Booch. Scrum is considered more of
a framework of practices rather than a prescriptive process as it does not dictate and
describe what should be done in every situation. [12] [17]
The most significant and central parts of the Scrum process are sprints. Sprints are
process patterns, which consist of work units towards a specific requirement, feature or
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a task and have a predefined length in time. A sprint period is usually one to four weeks
long. In the beginning of a sprint, these work items are taken from a product backlog
in a sprint planning meeting. The product backlog is a list of all the requirements and
features that have value to the customer. The product owner prioritizes the work items
on the backlog and maintains and updates it if necessary, but this is not done during a
sprint to provide the Scrum team a stable environment. Scrum emphasizes team selforganization and self-management. Teams are cross-functional, meaning that the team
members include people from all fields of expertise that are required to fully complete a
backlog item within the team. The Scrum process is presented in Figure 8. [13, pp. 8284] [12] [17]

Figure 8: The Scrum process with a 30-day sprint.
In the course of a sprint, the team plans, develops, tests and finally delivers the finished work item in a fully functional software increment. Short, typically 15-minute
Scrum meetings are held daily. All Scrum team members participate and share information about their progress. As Pressman explains, three questions are specifically
answered one-by-one by all Scrum team members: [13, pp. 84]
• What did you do since the last team meeting?
• What obstacles are you encountering?
• What do you plan to accomplish by the next team meeting?
The team is led by a Scrum master, who provides guidance and coaching to the
team. The Scrum master is also responsible for solving issues that disturb the work
and ensuring that Scrum practices are followed. All Scrum meetings are facilitated by
the Scrum master, sometimes joined by the product owner. At the end of every sprint,
a sprint retrospective meeting is held by the team. During this meeting, the team looks
back at the ending sprint to revise and reflect on the Scrum practices. Conclusions
made as a result of this meeting can then be used to improve coming sprints. [17]
The main difference in the way of working between traditional approaches and
Scrum is that traditional approaches have defined development processes while Scrum
sprints are empirical. This means that in Scrum the sprint process is mostly unpredictable. Traditional processes have well-defined inputs and outputs and the way of
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working is known explicitly. In Scrum, sprints are nonlinear and flexible and they are
treated as a black box. This approach supports and encourages creativity in the team
as the process relies on the skill and ingenuity of the individual members. [12]

3.2. Test-driven Development
Test-driven development (TDD) is a software development strategy and often used in
agile development processes. In TDD, test cases are written and executed before the
actual production code is created. The TDD process is done in fast iterations, where
the code is developed in small increments, usually one subfunction at a time. Test cases
for small subfunctions, or in other words units, are called unit tests. Traditionally the
unit tests have been written after the production code in a time frame ranging from a
couple of minutes to many months. [18] [13, pp. 826-827]
Before the production code can be written, the developer writes a unit test case for
the production code functionality. As the unit test tests code that has not been written
yet, it should fail. Subsequently, the production code is written to make the unit test
pass. If the test case passes, both the test case and production code are refactored while
continuously running all test cases to ensure that the code still works. This work flow
is repeated until all requirements are satisfied and there are no more test cases to be
created. The TDD process flow is presented in Figure 9. [13, pp. 826-827] [18]

Figure 9: Test-driven development process flow.
The main point in TDD is software design. Writing the tests defines requirements
for the code and when writing the test case, the developer decides what the production
code should do. This step is part of the analysis and planning. As Janzen and Saiedian
point out, TDD is often misunderstood as being mainly about testing and not design.
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Some blame can be put on the name test-driven development, which includes the word
test but not the word design. Secondly, most studies have focused on the external
quality of the code, meaning defects, and productivity. This focus is valid and useful,
but the primary aspect of design in TDD, affecting mostly the internal quality of the
software, is often missed. [19]
Studies have shown TDD to improve both the external and the internal quality of the
software. In 2005, Janzen and Saiedian combined results from several different studies
both in industry and academia. These studies focused on the external quality and
showed improvement in most of the cases. [18] In another study in 2008, Janzen and
Saiedian focused more on the internal quality factors of the software such as code size,
complexity and coupling. The study compared results from coding tasks performed by
test-first and test-last approaches. The research data showed that test-first programmers
wrote smaller and simpler code than their test-last counterparts. However, the study
did not a reveal clear difference regarding code cohesion and coupling. [19]

3.3. Continuous Integration
In traditional linear software development models, software integration has usually
taken place at the end of the project. This has often been a huge and daunting task
causing major problems in software quality, which in the end phase of the project are
very costly and can lead to delays in delivery. The importance and difficulty of software integration is tied to the complexity and size of the project. In his book, Duvall
even calls this phase of development “integration hell.” Integration might not be a big
issue in small one-person projects, but adding even one more person to the project
increases the significance of integration greatly as the ability of the software components to work together has to be ensured. The approach of continuous integration (CI)
addresses these difficulties and alleviates them by introducing a practice for rapid and
early integration. [20, pp. xix-xxii]
CI is a practice for software development where the work of individual developers
is merged together frequently, in most cases many times a day. Each integration increment is tested and verified by an automated system, which builds the software and
runs tests. This allows the earliest possible detection of integration errors. According
to Fowler, many teams have found this process to greatly reduce integration issues and
to allow more rapid development of a cohesive and stable software. CI originated from
the core practices of Extreme Programming and is nowadays widely used in all agile
processes. [21]
CI and TDD are complementary practices to each other. Software created with
TDD’s test-first approach is inclined to be well designed and therefore easy to integrate with the whole project. A system where new code is always tested and integrated
early in small increments automatically ensures that the software grows in a composed
and controlled way and that the software is always near a ready-to-release state. In the
case of embedded software, using CI and TDD can distinguish software and hardware
problems from each other as these processes promote a strong separation of different
software areas. [22]
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3.3.1. Basic Functionality
As a prerequisite, CI assumes the usage of a source code management (SCM) system.
Other than that, the CI practice itself does not require any specific tools to be used. CI
does not necessarily need to be an automated process to fulfill its purposes. A manual approach to integration with an automated build can work well in many situations.
However, as the main purpose of CI is to provide rapid feedback and automation provides great benefits, a CI server is often used to automate the CI practices. Figure 10
presents the typical components of a CI system. [20, pp. 3-8] [21]

Figure 10: CI system components.
A typical CI development scenario begins with the developer checking out a local
working copy from the version control repository of the mainline branch. The developer then writes the automated tests and the production code on the local machine. After the changes are done, the software is built and tested on the development machine.
If the software builds and tests execute without errors, the developer can commit the
local changes to the repository. If errors occur, the code is fixed and rebuilt and tests
re-executed locally.
Once the changes are committed to the repository, the CI server polls the repository periodically to detect changes. The server then checks out the latest revision from
the repository and integrates it with the rest of the software. The CI system usually
includes multiple build servers and test environments, which the CI server commands
and uses. The integrated software is then built and tested by the CI server and feedback
is generated from the results. If errors are detected, the main task of the developer is
to fix the errors as soon as possible. This means that integration errors are detected at
the earliest possible phase and by integrating the software incrementally and rapidly,
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the developers can easily pinpoint the code responsible for breaking the software. Figure 11 presents a typical work flow of a CI scenario. [21]

Figure 11: Typical CI software development scenario.

3.3.2. Main Practices
To enable the CI working process described in the previous section to work effectively, there are a number of practices that need to be in place. First, a software project
should use and maintain a source code repository using an SCM system. The repository should have a mainline branch, usually called trunk, and keep the use of other
branches to a minimum. The repository should contain everything that is required to
build the software, including test scripts, databases, install scripts and even integrated
development environment (IDE) configurations. Fowler coins a rule of thumb, which
states that a developer should be able to take a clean workstation, check out the repository and be able to build the system completely with only minimal work needed to
prepare the workstation. [21]
When code is committed to the repository, the CI system should automatically integrate and build the software. Building the software can be automated by a script or
a series of scripts, which can then be run by a CI server. When the build is finished,
it should be automatically self-tested. This means that a test suite of unit tests should
be automatically run for every build. This has great benefits and synergy with TDD as
code produced with TDD is often very well self-tested. However, it is not a requirement of CI to use TDD as CI does enforce just as strong a rule for self-testing as TDD
does. [21] [23] [24]
The developers should commit to the mainline at least once per day, preferably many
times per day, but only if the code is not broken. The code should be built and tested
on a local workstation before committing to the mainline. Committing many times a
day ensures that the integration is happening with small changes. This, again, means
that bugs are caught early and debugging is easy as changes are small and erroneous
code is easy to locate. [21] [24]
As the code is being integrated and built with every commit, it is important that the
building itself is fast. Fowler states that a good guideline for maximum build length
is ten minutes. [21] Fast builds ensure that the time between the developer’s commit
and feedback from CI, the feedback cycle, is kept as short as possible. Testing can be
also split into many phases. With every commit, a fast test suite should always be run.
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Passing this first build test enables the developers to continue working on the mainline
with confidence. After the commit build, other more extensive and slower tests can be
triggered to run in parallel using the executables from the commit build. In contrary
to commit build failures, secondary test failures do not necessary require immediate
fixing of the errors, although it is recommended to fix them also as fast as possible.
An important aspect of CI is also the testing environment. Optimally the testing
should happen in the production environment, with the same hardware and configurations as the actual product. If testing is done only in a testing environment, there is a
risk of missing issues and bugs that are specific to the production environment.
A CI system often has more than one test environment and machine. An automatic
deployment of builds and tests should be in place. One environment is usually dedicated for the commit build tests and other environments can run the secondary or
regression tests. The deployment can usually be automated with the CI server.
As main point of CI is feedback and communication, there must be a mechanism in
place for the developer team to see what is happening easily. The state of the system
and changes made to the code should be always visible. One of the most important
things to monitor is the state of the mainline commit build. Many CI servers provide
views to display this information for example on a web page. This web page can be
displayed in the team room at all times. Email is also a good way for the feedback to
reach the developers. [21] [20, pp. 10-12, 220]

3.3.3. Benefits
The greatest value and benefit of CI comes from the reduced risk. CI completely
eliminates the fear of the “integration hell” as there is no longer a long and undefined
period of integration at end of the project. CI enables the developers to have a constant
knowledge of the state of the system. Problems are detected and fixed early and the
health of the system is constantly being measured and monitored via automated tests.
The developers also have to make less assumptions in the code. [21] [20, pp. 29-32]
The automated CI process allows the developers to concentrate on the actual work
rather than executing repetitive processes such as code compilation, testing and inspection. CI reduces or even completely eliminates these processes from the manual work
of the developers. CI ensures that the process is ordered and runs exactly the same way
every time, thus reducing possible human errors.
Using a CI process can also enable the release of a deployable software at any given
time. By keeping the mainline code base always stable and error free, the software is
always in a complete state. This is especially important when working in with an agile
method such as Scrum, in which after every sprint a fully working software increment
should be delivered. [20, pp. 31]

3.3.4. The Importance of Automation
In general, using automated systems to replace manual work eliminates human errors
and frees people to do more higher-value work. This is also the case with CI with
additional benefits. Compared to manual CI activities, automated CI brings better effi-
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ciency and frequency. An automated system can also ensure that the activities are done
in a clean environment, always following the same steps and settings. This reduces the
need for assumptions and thus leads to better decision making.
Automation contributes a lot to the speed of the feedback from CI. By increasing the
level of automation in the CI system, the time between the changes and the feedback
is usually reduced. In other words, the feedback cycle of CI is shortened. Duvall
introduces four steps that can be applied to almost every activity regarding a software
project. [20, pp. 29-32, 34]
• Identify — Identifying a manual process that can be automated.
• Build — Creating a script or a small program to automate the process. The
automation should be repeatable and unchanging.
• Share — Storing the script or program to the version control repository. This
way it can be used by everybody and be applied across the project.
• Make it continuous — Include the automated process into the CI process so that
it is executed by the CI server every time a change is detected.
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4. SOFTWARE TESTING
The goal of software testing is to reveal errors that were made when designing and
implementing the software [13, pp. 449]. Myers [25, pp. 5-10] puts weight on the remark that testing should not be primarily thought of as a demonstration of the correct
functionality of the software. Instead, it should be assumed that the tested software
contains errors and testing should be done to find as many faults as possible. The finding of an error adds value to the software and therefore furthers the progress towards
the fully functional program.
Software errors are caused by bad software quality. A software error can be categorized as a source code error, procedural error, an error in the documentation or a data
error. In almost all of the cases these errors are caused by humans and can be caused by
a multitude of reasons. These reasons include incorrect requirement definitions, communication failures, logical errors and deviations from the requirements, documentation or given instructions done either accidentally or deliberately. [26, pp. 19-24]

4.1. Testing Levels
Software testing is categorized into different levels corresponding to a software development phase or activity. Tests on most of the testing levels can be executed only after
a certain part of the software is written. However, tests for all levels can be designed
and created throughout the software development process. Figure 12 displays the V
model, presenting the different software development activities and their corresponding testing levels. The information needed to implement a test is usually derived from
the corresponding software development activity. [27, pp. 5-8]

Figure 12: The V model of software development phases and testing levels.
Acceptance testing is used to verify that the software meets the requirements set by
the customer in the early requirements analysis phase and during the project. This
requires that the people involved in the testing have strong knowledge of the domain.
[27, pp. 5-6] For this reason, acceptance testing is usually performed by the customer
or the end user [25, pp. 144].
System testing focuses on finding out whether the system as a whole functions as
intended. This testing phase correlates with the architectural design phase, in which
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the included system components are chosen and their connections and functions are
specified. System testing verifies that the software fulfills its objectives. This testing
level usually reveals design and specification faults. Finding a a low-level software
error in system testing can be very costly. [27, pp. 6] [25, pp. 130]
Integration testing assesses whether the interfaces between different software modules inside the subsystem work correctly. Software modules are assumed to function
correctly otherwise. Integration testing is commonly done with a part of the system.
Often only a few of many components are tested together, which does not require the
whole system to be complete. [27, pp. 6, 217] Integration testing can be approached
with many different testing methods and strategies, which are explained in more detail
in section 4.3.
Module testing is used to verify individual software modules. Modules are a collection of software units, the smallest possible subroutines and subprograms in the code.
Module testing verifies that these units work and interact correctly together in isolation
from the rest of the system. [27, pp. 6]
Software code is produced in the implementation phase, which is tested in the unit
testing phase. Unit testing is designed to verify the functionality of the individual
software units and is considered the lowest level of testing. [27, pp. 7]

4.2. Testing Methods
Software testing techniques are usually divided into two prevalent testing methods:
black- and white-box testing. These methods describe how the system under test (SUT)
is viewed when designing the test cases. Any software product can be tested and
verified with one of these two strategies. [13, pp. 484]
In black-box testing, the testing only applies to the interface of the system as the
internal behavior and structure of the software is either unknown or disregarded. The
SUT is viewed only externally, as a black box. Black-box testing focuses only to
find situations in which the system behaves differently from what is specified. This
means that the test cases and data are derived from the specifications of the software,
rather than from the internal composition. For the test cases, sets of inputs are defined
for the SUT and the output is verified for each input. The goal of the testing is to
verify behavior with every possible input, but in many cases this is impractical or even
impossible as the amount of possible inputs can be extremely high. This technique is
called exhaustive input testing. Figure 13 presents the black-box approach. [25, pp. 910] [13, pp. 495]

Figure 13: Black-box testing approach
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In white-box testing the internal structure of the software is known and test cases are
built based on that knowledge. The data for the test cases is derived from the logic of
the software. The goal in white-box testing is to test every possible logical path and
statement in the software, as opposed to testing inputs in black-box testing. Similar
to exhaustive input testing, exhaustive path testing is also often impractical or even
impossible to implement due to the massive amount of possible combinations of the
program flow. Figure 14 presents the white-box approach. [25, pp. 11-13] [13, pp. 485]

Figure 14: White-box testing approach

4.3. Integration Testing
Quality of the final software product relies heavily on the quality of the individual
software modules that combined together create the system. Not only do modules
need to be well-tested on their own, they need to be tested when integrated together.
Interfacing modules with each other can experience a multitude of issues. For example, data loss over an interface can occur, unforeseen effects and incorrect behavior of
combined subfunctions can happen. Integration errors are usually caused by insufficient specifications, incorrect implementation of the interfaces, resource management
or needed properties. Integration testing is designed to uncover these errors in the interfacing of the modules. Modules that are being integrated are already unit and module
tested. [28] [13, pp. 459]
4.3.1. Testing Approaches
There are two kinds of approaches to integration testing: incremental and nonincremental testing or big-bang testing. These strategies describe how the modules in the
system are integrated in the testing. In the nonincremental ‘big-bang’ strategy the software modules are all integrated together at once and testing is done with the complete
system. The opposite strategy, incremental testing, dictates that the software is constructed and tested in smaller increments until the whole software is integrated. Incremental testing can be performed using two primary strategies: top-down and bottom-up
testing. [28] [26, pp. 182] [13, pp. 459]
Big-bang testing is usually discouraged if the integrated software is large as the
isolation of the causes of the errors can be difficult [13, pp. 459]. Interface errors and
programming errors in modules are often detected later than in incremental testing.
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However, nonincremental testing usually uses less computational time and allows more
parallel actions than incremental testing as all modules are tested simultaneously. [25,
pp. 107-108]
Doing integration testing using an incremental testing strategy is considered to be
superior to nonincremental testing. Interface errors can be found earlier which directly
means lower costs for repairing such an error. As hardware costs have been decreasing
and simultaneously the computational power and capabilities have been increasing, the
importance of saving on the hardware has been diminishing. The two most prevalent
incremental testing strategies are top-down and bottom-up. Both strategies are used
to test a software with a hierarchical module structure. In the top-down strategy, the
highest level module is tested first and testing continues down the hierarchy with the
lowest level modules being the last modules that are tested. In the bottom-up approach,
the testing order is the other way around. Lowest level modules are tested first and the
highest level main module is tested last. [25, pp. 108-109] [26, pp. 182]
Figure 15 displays an example testing sequence with a top-down strategy. Testing
is done in six phases and it starts from the top of the hierarchy. In stage 1, module
11 is unit tested and in stage 2 modules 9 and 10 are integrated with module 11 and
integration test A is performed. In stage 3 the sub-system of integration A is integrated
with module 8 and integration test B is executed. Modules 6 and 7 are integrated with
B and integration test C is run in stage 4. Final actual integration test D is performed
in stage 5 in which modules 1 and 2 are integrated with C. In the final stage 6, modules
3, 4 and 5 are integrated with D and a system test is performed. [26, pp. 182-185]

Figure 15: Illustration of top-down testing.
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The sequence displayed in Figure 15 is only one example of a possible top-down
testing path. The order of integrated and tested modules is dictated only by the rule
that requires that at least one of the modules calling modules ought to have been tested
earlier. Top-down testing requires stubs, or so-called dummy modules, to replace lower
level modules, which are not yet available when performing unit or integration tests.
Stubs are used to simulate the functionality of modules, which have not yet been developed. [25, p. 110] [26, pp. 185] For example, in Figure 15 in stage 2, the testing of
module 8 requires that modules 1 and 2 are substituted with stubs to enable the testing.
Figure 16 displays an example testing sequence with a bottom-up strategy. Testing
is done in four phases and it starts from the bottom modules. In stage 1, modules 1
to 7 are unit tested and in stage 2 modules 1 and 2 are integrated with module 8 and
integration test A is performed. In stage 3, modules 3, 4, 5 and 8 are integrated with
module 9 and modules 6 and 7 are integrated with module 10. Two integration tests, B
and C, are executed. In the final stage 4, B and C are integrated with top-level module
11 and a system test is performed. [26, pp. 182-183]

Figure 16: Illustration of bottom-up testing.
Like in top-down testing, the order of tested modules can vary. The only rule that
needs to be followed is that all the modules called from the tested module need to
have been tested earlier. In bottom-up testing, driver modules, like stubs in top-down
testing, are needed to substitute higher-level modules that are not yet developed or
available. Drivers contain test inputs, call the tested modules and handle the module’s
output. [26, pp. 182-185] [25, p. 116-117] For example, in stage 2 in Figure 16, module
9 needs to be substituted with a driver module when testing module 8.
Both incremental testing strategies have their advantages and disadvantages. Bottomup is considered to be easier to perform as top-down requires the development of multiple stubs, which can be quite complicated modules themselves. Driver modules are
usually much simpler and thus require less work. The biggest disadvantage of bottomup testing is that the functionality of the entire program cannot be tested and displayed
until the late stages of the testing, although this might not be as crucial if most flaws
occur toward the bottom of the program hierarchy. On the other hand, the biggest
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advantage of top-down testing is that the main program functionality can be demonstrated in a very early stage after the upper-level modules have been completed. It is
not often clear which strategy should be preferred and used. Usually the best way is to
weigh the pro and con factors against the requirements and needs of a particular software. Many developers also determine the strategy based on the chosen development
method, being either top-down or bottom-up. [26, pp. 185-186] [25, p. 118-119]

4.4. LTE UP SW Integration
LTE UP SWi in Nokia Networks is a low level integration testing phase in which the
LTE UP software components are integrated. Integration is done with a ‘big bang’
approach, where all LTE UP software components are integrated and coupled together
at the same time to form the LTE UP software part of the eNodeB system. However,
the tested software does not include all components of the full eNodeB system. For
example, the LTE CP software is not included and instead, the CP functionality is
replaced with the testing equipment and software. Some eNodeB software components
are not included in the software build at all and some are replaced by component stubs
to provide enough functionality to enable the LTE UP software testing. The complete
eNodeB software with all software components is integrated and tested at a higher
testing level. The integration testing of the whole eNodeB software is done using a
bottom-up testing strategy with multiple sub-system integration phases, LTE UP SWi
being one of them. LTE UP SWi often includes both black- and white-box testing.
Testing in LTE UP SWi is automated in a CI environment using a Jenkins CI server.
All control messages and build and test scripts are stored in a Subversion (SVN) source
control repository. The test environment consists of multiple workstations, which are
all paired with real production hardware. UE functionality is simulated with a UE
simulator hardware. Figure 17 presents the LTE UP SWi test environment.

Figure 17: The LTE UP SWi test environment.
The eNodeB system is controlled by eNodeB control messages. In normal operation,
these control messages would be sent by L3 CP software. However, as the L3 CP and
higher layer software and functionality are absent in the software builds used in LTE
UP SWi, the control messages are sent by a testing tool. The control messages are used
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to configure the eNodeB to a specific testing scenario with a specific parametrization.
There are three types of control messages: request, response and indication. Requests
are messages sent to the eNodeB, to which the eNodeB replies with a response message. Every request message has a corresponding response message, which contains
data specific to the request. Response messages also indicate if the sent request data
and structure was valid. Together with different kinds of system logs, data from the
response messages is used to verify the functionality of the eNodeB. The eNodeB test
setup is displayed in Figure 18.

Figure 18: eNodeB test setup.
The main component of the test environment is the test PC, which hosts the test
scripts and runs the testing software tool, referred to in this document as Automated
Testing Tool (ATT). The ATT is internally developed and maintained by Nokia Networks and intended for BTS software and hardware testing. It includes a framework
for creating and executing test scripts, commanding the UE simulator and sending
eNodeB control messages. It utilizes its own proprietary scripting language and format for the control messages. The format of the control messages is explained further
together with the interface specification in subsection 4.4.1. All communication between the devices is done via Ethernet. The ATT replaces the L3 RRC functionality of
the eNodeB software.
4.4.1. Interface Specification and Adaptation
In LTE UP SWi, the eNodeB functionalities, features and interfaces are tested by using
eNodeB control messages. Every component in the system has an application programming interface (API), which is specified in an interface specification (IFS). Interface
specifications are Nokia internal documents, in which the component API is explained
and available control messages and their contents are defined.
Messages consist of a header and a payload. The header contains information about
the receiver, sender and metadata about the message, for example message type. The
payload part includes the actual content of the message. The content of the message is
based on the IFS, where the message is specified.
The ATT utilizes message templates, which are defined in its own custom format.
As the actual messages are just bit sequences, message templates provide a more user-
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friendly way for the tester to interpret and manage the control messages. When a
message is sent, the ATT creates an actual eNodeB control message from the message
templates and vice versa when a message is received. The ATT message template
format is presented in Listing 4.1.
Listing 4.1: The ATT message template format
parameter1 (size) = value
parameter2 (size) = value
parameter3 (size) = value
parameter4 (size) = value
parameter5 (size) = value

Each row of the message template represents one parameter field. The row consists
of parameter name, parameter size in bytes and the parameter value in hexadecimal
format.
Message specifications can also include dynamic arrays. A dynamic array is a set of
parameters that can be included in the message n times, n being the value of a certain
message parameter. The format in which dynamic arrays are presented in the ATT
message templates is displayed in Listing 4.2. Listing 4.3 displays an opened dynamic
array.
Listing 4.2: Dynamic array format in the ATT message template
parameter1 (size) = value
parameter2 (size) = value
arrayCount (size) = value
@dynamic(arrayName, arrayCount)
@arrayName
arrayParameter1 (size) = value
arrayParameter2 (size) = value

Listing 4.3: An opened dynamic array in the ATT message template
parameter1 (size) = value
parameter2 (size) = value
arrayCount (size) = 2
arrayParameter1 (size) = value
arrayParameter2 (size) = value
arrayParameter1 (size) = value
arrayParameter2 (size) = value

35
The ATT message templates are stored in text format in the LTE UP SWi SVN
repository. Different parameter sets for the message templates are stored in commaseparated values (CSV) files, which mirror the structure of the message templates. For
each message template there is a corresponding CSV file. The CSV files are also stored
in the SVN repository. The message templates and the parameters from the CSV files
are read by the ATT and the parameter values can then be applied to the messages. Test
scripts have also references to parameters read from the CSV files to allow reading or
modifying of the parameters during a test case. Example of the used CSV file structure
is displayed in Listing 4.4.
Listing 4.4: Example of the CSV file structure
MessageName_firstParameter,0,0,0,0,0,0
MessageName_secondParameter,1,0,1,0,1,0
MessageName_thirdParameter,FF,FF,FF,FF,FF,FF
MessageName_parameterWithSameName,0,0,0,0,0,0
MessageName_parameterWithSameName_2,A,A,A,A,A,A
MessageName_parameterWithSameName_3,4C,2A,CC,EF,7,2

Each row in the CSV files represents one parameter and its values. First field contains the message and the parameter name joined with an underscore. The rest of the
fields contain the parameter values in hexadecimal format. The amount of values depends on the type of the message and the amount of different scenarios stored in the
CSV. Each column of parameter values represents one parameter set.
As the IFS and message structures are changed, the changes need to be taken into
account in LTE UP SWi. This means that the message templates, the structures of the
CSV files and test script references in the ATT library have to be updated to reflect the
changes in the specification.

4.4.2. Automation
Most of the testing in LTE UP SWi is automated. The automation is handled by a CI
server Jenkins. The CI server monitors changes in the production code and integrates
and builds the software every time a change is detected. Every software build is tested
with a quickly executed basic test set to ensure that the build is functional. A longer
set of general tests also run periodically parallel to the commit tests to verify the basic
functionality to a greater extent. Separate test cases and sets are created and run for
specific functions and features of the eNodeB. These test cases are run in regression to
ensure and maintain their correct behavior as the eNodeB software is developed further.
Some test cases require a special scenario or a condition, which cannot be effectively
automated. For example, these scenarios might require the use of additional simulators
or signal generators, which might not be automatable.
The biggest hindrance of the test automation has been the manual interface adaptation process. When the interface specification is modified and the changes are included in the latest software, the test scripts and control messages need to be changed
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accordingly. Testing of the latest software cannot continue until the test environment is
updated to comply with the interface specification. This process, which has been done
manually and is very laborious and prone to mistakes, has many times taken days to
complete and verify. The solution introduced and developed in this thesis is aimed to
solve this issue by automating the interface adaptation process completely.
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5. AUTOMATION TOOL IMPLEMENTATION
This thesis introduces solutions to two problems in the automation process in LTE UP
SWi. First, an automated system was created and developed to handle the interface
message change adaptation process. Secondly, a new software tool named Scenario
Configurator was developed to address the issue of complex test case parametrization
and creation. Both implementations aim to reduce the amount of manual work and
unautomated processes in the CI testing environment. Main goals and benefits of the
improved automation level are a shorter test feedback cycle and fewer human mistakes.

5.1. Project Description
All implementations during this thesis were developed in Scrum mode in a timespan
of five months, which was divided into five month-long sprints. All work was split into
tasks and subtasks, which were stored in a backlog. A total of 42 tasks and subtasks
were created for the thesis implementation with an average length of 10.6 hours, the
shortest item reaching completion in one hour and the longest in 81 hours. Completion
status, spent hours, target sprint, start date and end date were logged in the backlog for
every item.
Majority of the interface adaptation automation development was done during the
first sprint in October 2014 and the last sprint in February 2015. The three sprints
from November 2014 to January 2015 were focused on the development of Scenario
Configurator. All implementation work accounted for 405 work hours during the five
sprints.

5.2. Used Languages and Tools
This section presents the programming languages and tools used during the development process. The test environment of implementations is also described.
Implementations were programmed in Python using the TDD method. They are executed in both Unix and Windows environments using Bash shell scripts. Unit testing
and code coverage checking are done automatically in the CI server Jenkins. The interface adaptation automation system is also executed by Jenkins. All scripts and source
codes are stored in a Subversion (SVN) source code repository. The top level software
environment is displayed in Figure 19.

Figure 19: Top level software environment.
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5.2.1. Python
Python is a high-level programming language, which utilizes dynamic typing and supports effective object-oriented programming. It is comparable to such programming
languages as Perl, Ruby or Java. It is an interpreted language instead of compiled,
which enables good support for scripting and quick application development. Python
interpreters are also available on multiple platforms. Python has a large built-in standard library that supports various common programming tasks. [29] [30]
Tkinter is a graphical user interface (GUI) package for Python. It is the de facto
standard for Python GUIs and is included in the standard Python library. Tkinter has
multi-platform support, which means that software using Tkinter can be run on different operating systems, such as Linux and Windows. [31]
Python was chosen as the used programming language, because it has good multiplatform support and an extensive standard library. Implementing code using the TDD
method is well supported and Python also has native support for CSV file handling
and the JavaScript Object Notation (JSON) format. The Linux and Windows operating
systems, both of which are used in LTE UP SWi, are also supported by Python. Also
Tkinter was chosen to be used as the GUI package for Scenario Configurator for having
cross-platform support. PyCharm was used as the IDE to develop the software and
run unit tests locally. PyCharm includes Python code editing features such as syntax
highlighting, code auto-completion, an integrated unit tester, debugger and integration
to various version control systems [32].
5.2.2. Bash
Bash is a shell for Unix operating systems. A shell is a command line user interface to
the system that interprets the users’ commands. Many different shells are available as
the shell is a separate program. Shells can be thought of as layers around the operating
system, taking input from the user and translating it into instructions that can be understood by the operating system. The shell then forwards the command results from
the operating system to the users. Figure 20 describes the relations between user, shell
and the operating system. [33]

Figure 20: Relations between user, shell and the operating system.
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5.2.3. Subversion
SVN is an open source version control system made by Apache. Version control systems are used to manage files and directories and all changes made to them in a software project. This enables developers to revert erroneous changes or recover an older
version of the code. It also allows the users to view the history of the code and how it
has changed along the project. SVN operates across a network so that many users can
work on the code at the same time and commit changes to the SVN repository. Using
a version control system such as SVN reduces the fear of committing erroneous code
as the previous working version can always be recovered and restored. [34]
SVN is widely used in Nokia Networks as the version control system. During this
thesis, the source codes of the implementations were stored in the LTE UP SWi SVN
repository. Development was mostly done in the main branch of the repository. A
side branch was used to make significant changes to the ATT test script library before
merging the changes back to the main branch. Around 330 commits were made for
this thesis work.

5.2.4. Jenkins
Jenkins is an open source CI server software. A CI server is used to automate the
integration process. It continuously polls the version control repository for changes
and automatically runs an integration build when a change is detected. [20, pp. 81] As
many other CI servers, in addition to result emails, Jenkins provides a dashboard view
for the build and test results. Jenkins is also configurable and manageable via a web
interface. [35] All automated testing in LTE UP SWi is done in Jenkins.
Jenkins was used in this thesis for automatic execution of unit tests and code coverage measurements every time a commit was made to the repository. In addition, the
finished interface adaptation automation implementation runs on Jenkins and is triggered every time a Jenkins job execution detects an interface change. Test executions
of test cases made with Scenario Configurator were also verified by running them in
regression in Jenkins.

5.3. Interface Adaptation Automation
The interface adaptation automation process aims to remove the manual work phases
from the adaptation process and therefore to allow testers to focus on higher value
work. Automating the interface adaptation also aims to reduce the testing downtime
and CI feedback cycle length. Figure 21 presents the manual process used before the
thesis implementation.
The automated process creates and updates the ATT message template files and CSV
files used in LTE UP SWi according to the latest IFS. The specifications are provided
in extensible markup language (XML) files, which contain the message header and
content descriptions and definitions. The XML files are inputted to a conversion tool,
which creates base message templates for the ATT in text format. All parameters in
these templates have a zero value as the IFS does not specify values for the message
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Figure 21: Manual interface adaptation process.
parameters. The acceptable parameter values and value ranges are described in other
specification documents regarding component functionalities. In LTE UP SWi, the
parameter values are derived from those specifications, requirements for a test scenario
and the testing environment limitations. Default parameter values are stored in the
existing message templates and CSV files in the SVN repository. In addition to the
zero parameter values, the base message templates do not contain the dynamic arrays
in the ATT supported format. Instead, the dynamic arrays are written open one time
by default in the message templates as the parameter related to the amount of each
dynamic array is not explicitly defined in the IFS.
Two new software tools, Message Template Parser (MTP) and CSV Updater (CU),
were implemented during the writing of this thesis for the interface adaptation automation. Figure 22 displays the interface adaptation automation process in high level.

Figure 22: Interface adaptation automation process.
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Previously, the base message templates created from the XML files were not used
in the testing process, and were only used as a reference when manually updating the
existing message templates. Now, in the automation process, the base templates are
used as an input for the MTP. The tool compares the new base templates, which are
formed according to the latest IFS, and the existing templates from the SVN repository.
The MTP fills the new base templates with existing LTE UP SWi default parameter
values and forms the dynamic arrays based on the existing messages from SVN. The
modified message templates that differ from the existing ones are then committed back
to the SVN repository automatically. If one or more message templates are modified
by the MTP, the CSV file updating process is executed. If no templates are found to
differ, the CSV updating process is skipped. This can be the case as sometimes the
interface specification changes do not have an impact on the messages used in the LTE
UP SWi environment.
The CSV file updating process is done by the CU. The CU compares the structure
of the existing CSV files from the SVN repository to the new message templates from
the MTP. The CU processes the CSV files by mirroring the parameter structure of a
specific message template to the corresponding CSV file. The modified CSV files are
then committed back to the SVN repository automatically.
The automated system generates an email report of the committed changes and it is
sent to all team members. This report can also be read in Jenkins. The report includes
the new interface specification revision, a list of message templates and CSV files that
were committed to the repository and the revision numbers of the commits. Links to
results and the console log in Jenkins are also included. Figure 23 presents an example
of the produced email report.

Figure 23: Example of an email report produced by the automation process.
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5.4. The Message Template Parser
The Message Template Parser (MTP) is a software tool programmed in Python. It
executes the first of the two tasks in the interface adaptation automation process. As
the name of the tool suggests, the purpose of the MTP is to parse and update the
ATT message templates after an interface change has occurred. The tool is used via
a command line interface to enable automated usage and it has no GUI. The MTP is
executed by a Bash script, which handles the whole interface adaptation process, which
again is run by CI.
The software has two main tasks regarding the ATT message templates:
1. Filling the default parameter values from existing ATT message templates to the
new base templates.
2. Creating the dynamic arrays in the ATT message format.
As displayed in Figure 22, the MTP takes two inputs. The message template bases
from a conversion tool and existing LTE UP SWi message templates in .txt file format
are used as an input. Updated and ready-to-use message templates with dynamic arrays
and values are outputted from the tool in .txt file format after the processing is finished.
Figure 24 presents the inputs and outputs of the tool.

Figure 24: Inputs and outputs of Message Template Parser.
Parameter values from the existing message templates are written to the new base
templates. The MTP also forms the dynamic array in the ATT message template format based on the existing message template. Listing 5.1 presents an example of the
processing done in the MTP.
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Listing 5.1: Example of the base template processing done by Message Template
Parser
parameter1 (4) = 00000000
parameter2 (1) = 00
arrayCount (4) = 00000000
arrayParameter1 (2) = 0000
arrayParameter2 (2) = 0000
parameter3 (4) = 00000000

parameter1 (4) = 0000AF3C
parameter2 (1) = AE
arrayCount (4) = 00000001
@dynamic(arrayName,arrayCount)
@arrayName
arrayParameter1 (2) = 0001
arrayParameter2 (2) = FFFF
parameter3 (4) = 000000FE

(a) Before processing

(b) After processing

5.4.1. Process Description
The message templates from both inputs are read to memory. The MTP then compares
the base message templates with the existing message templates of corresponding messages one by one to find matching parameters. Two types of parameter matching are
used. First, the parameters are matched straightforwardly by checking if the names and
sizes of the parameters are equal. If not all parameters are matched in this comparison,
the unmatched parameters are matched by using a comparison based on the Levenshtein distance. Levenshtein distance is a metric, which can be used to determine the
similarity between two strings. The similarity is calculated from the minimum amount
of operations that is required to change one string into the other, an operation meaning
a deletion, an insertion or a substitution of a single character. [36]
Once all parameters are matched, the MTP checks whether the existing template has
a dynamic array. If it has, the MTP maps the parameters belonging to the dynamic
array to the parameters in the base template. After the mapping is done, the ATT
formatted dynamic array is created in the base template, replacing the corresponding
parameters.
The ATT formatted dynamic arrays in the message templates have originally been
created manually. They enable the usage of different amounts of opened dynamic
arrays in the ATT using a single message template. However, the dynamic arrays
are not required by the ATT by definition. For example, one could use a message
template with nine opened dynamic arrays or a message template with an ATT message
format dynamic array with nine as the value of the array count parameter. Albeit the
functionality in these situations would be the same, the ATT dynamic array format is
superior as a single message template can be used in multiple situations and scenarios.
After the initial manual creation of the ATT dynamic array format in the message
template, it is always recreated by the MTP in the new base template when the MTP
process is executed.
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Statistics including the percentage of matched parameters and the results of dynamic
array processing for each base message template are then written to a log file. Once
all parameters are processed, the values from the existing templates are written to the
parameters in the base templates. Finally, the newly formed message template files are
created along with updating a few ATT specific configuration files. Figure 26 presents
the MTP process in a UML activity diagram.
Utilizing data from the existing templates means that the values stored in the files in
the SVN repository are always preserved and transferred to the new templates. This
also enables the team to have the ability to easily modify the values. As value changes
are made and committed to the message template files in the SVN repository, they
will remain in the circulation as the MTP reads the values from the existing message
templates.

Figure 26: Activity diagram of the Message Template Parser process.
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5.4.2. Challenges
The MTP process relies on the fact that all parameters can be matched between the two
input templates. The matching is straightforward and simple, if the parameter names
are equal as every match is absolutely sure. This was not initially the case in LTE UP
SWi, because not all of the message template parameter names were equal to the names
specified in the IFS documents. Some parameter names were written using a slightly
different notation and some names were completely different. Parameter names in the
ATT message template format do not have a functional meaning in the actual eNodeB
message, and they are used only as identifiers in the test scripts.
This problem was addressed by using the Levenshtein distance as a measuring metric for the similarity of two parameter names. Even after finding a good threshold for
confirming a match by trial and error, some parameter names could not be matched
automatically. These parameter names were then matched by comparing their relative position in the template. These matches were then verified by a manual check.
After the first execution results were committed to the SVN repository, mismatching
parameter names removed and the parameter names made equal, the issue became
nonexistent. Listing 5.2 illustrates an example of this problem. Parameters in bold
text could be matched by equality, parameters in italic with Levenshtein distance and
parameters in underlining with relative position.
Listing 5.2: Example of the mismatching parameter names
oneParameter (4) = 00000000
secondParameter (1) = 00
ueConfiguration (4) = 00000000
cellParameter (2) = 0000

oneParameter (4) = 0000AF3C
scndParam (1) = AE
bearerThreshold (4) = 00000001
cellParameter (2) = 0001

(a) Base template

(b) Existing template

A second problem was caused by a limitation in the ATT. The ATT message template
format specifies that parameter size can be one, two or four bytes. However, the base
templates from the conversion tool contained parameters also with sizes of three and
eight bytes. This was solved by splitting these parameters into two parts. Parameters
with size of three bytes were split to two and one byte parameters and an eight byte
parameter to two four byte parameters. Listing 5.3 illustrates the solution.
Listing 5.3: Example of the invalid parameter size problem
firstParameter (2) = 0000
secondParameter (3) = 000000
thirdParameter (8) = 0000000000000000

firstParameter (2) = 0000
secondParameter (2) = 0000
secondParameter (1) = 00
thirdParameter (4) = 00000000
thirdParameter (4) = 00000000

(a) Base template

(b) After MTP processing
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5.5. The CSV Updater
The CSV Updater (CU) is a software tool programmed in Python. It handles the latter
of the two tasks in the interface adaptation automation process. The purpose of the
tool is to update the parameter value storage CSV files used in LTE UP SWi testing
according to the changed specification. Like the MTP, the CU is operated via a command line for automation purposes and it has no GUI. CU is executed by the same CI
script that runs the MTP and the whole interface adaptation automation process.
The tool’s task is to modify the structure of the CSV files based on the occurred
interface change. The CU checks the changes from the newly updated ATT message
templates in .txt file format, which are used as an input to the tool. Existing CSV
files from the SVN repository are used as another input for the comparison with the
ATT message templates. The CU outputs the updated CSV files after the processing is
finished. The inputs and outputs are displayed in Figure 29.

Figure 29: Inputs and outputs of CSV Updater.
The CU mirrors the structure of the message template in the corresponding CSV
file. If parameters are added to the message in an interface change, they are also
added to the CSV file with a zero value. The same process applies also to removed
and renamed parameters. Listing 5.4 presents an example of the CU process. In this
example scenario, one parameter is added to the message template UESetup. When the
CU compares the message template with the existing CSV file, the difference is noticed
and the CU adds the new parameter to the output CSV file. The added parameter is
displayed in bold text.
5.5.1. Process Description
The CU reads both inputs, message templates and CSV files to memory in the beginning of the processing. All inputted CSV files are then processed. A corresponding
message template is selected for each CSV file. The selection is done based on the
message name.
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Listing 5.4: Example of the CSV updating process done by CSV Updater
oneParameter (4) = 00000000
secondParameter (1) = 00
ueConfiguration (4) = 00000000
cellParameter (2) = 0000
bearerSetup (1) = 00

UESetup_oneParameter,1,1,1
UESetup_secondParameter,0,0,0
UESetup_ueConfiguration,A,A,A
UESetup_bearerSetup,0,0,0

(a) UESetup message template

(b) Existing CSV file

UESetup_oneParameter,1,1,1
UESetup_secondParameter,0,0,0
UESetup_ueConfiguration,A,A,A
UESetup_cellParameter,0,0,0
UESetup_bearerSetup,0,0,0
(c) Updated CSV file

After a template-CSV-pair is selected, it is then processed. First, the CU checks
whether the message template has a dynamic array. If one is detected, the CU writes
the dynamic array open 16 times. The amount of 16 times is selected based on the CSV
file structures, which contain the dynamic array parameter values for 16 different sets.
By writing the dynamic array open 16 times in the message template, the comparison
of the parameter structures between the template and the CSV file is easy as every
parameter can be mapped uniquely.
The comparison between the message template and CSV file parameter structure
is done next. Comparison is done by simply checking the equality of the parameter
names. CSV parameters with the same name have a running index with an underscore
and an index number starting from the second same name parameter. These indexes
are removed temporarily before the comparison to allow direct matching with the parameters in the message templates, which do not contain indexing for parameters with
the same name.
If the CU finds that the structures of the template and CSV file differ, the changes
are applied to the CSV file. New parameters in the template are added to the CSV file
and deleted parameters are deleted from the CSV file. Once the changes are made, the
parameter counts are recalculated in the CSV file and the indexing is rewritten to the
parameters with the same name. Finally, the CSV file data is written to a file. Figure 31
presents the CU process in a UML activity diagram.
Similarly as the MTP, the CU utilizes the existing CSV files from the SVN repository, meaning that the values stored in the CSV files are retained in the automation
process. The values in the CSV files can be modified and committed back to the repository freely and they will be included in the updated files processed by the CU in the
future iterations.

48

Figure 31: Activity diagram of the CSV Updater process.

5.5.2. Challenges
Similar problems were faced in the implementation of the CU as with the MTP. Before
this thesis implementation, the CSV file parameter names were not perfectly matched
to the parameter names described in the IFS documents. This led to problems when
matching the newly created templates from the MTP to the existing CSV files in the
SVN repository. This problem was solved by creating a JSON-formatted data structure, which matched and paired these parameters by utilizing the Levenshtein distance
metric used in the MTP. A small script that uses this data structure was then written in
Python to convert the parameter names in the CSV files to the parameter names defined
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in the IFS. After this script was run one time and the results were checked manually,
the CSV files were committed back to the SVN repository. This processing allowed
the CU to directly compare the equality of the parameter names without any deeper
comparison. It also ensured that the CSV file structures were now fully aligned with
the message template structures.
The processing also led to a large refactoring and modification of the whole ATT
test script library to correct the parameter name references in the script commands.
The refactoring was done by creating a parallel branch of the main branch in the SVN
repository and by creating a script, which modified the scripts automatically based on
the data structure created earlier. After the changes were made to the parallel branch
and they were verified, the changes were merged back to the main branch.

5.6. The Scenario Configurator
The Scenario Configurator (SC) is a desktop application for creating and configuring
test scenarios and generating ATT test cases in the LTE UP SWi environment. The
application has a GUI for user-friendly usage as well as a command line interface for
automation support. Users can create test scenario files in the GUI, which contain
configuration and settings for a specific test case. These scenario files can be used
to automatically generate ATT test case scripts either via the GUI or the command
line interface. The test scripts can then be executed by the ATT as such, although
modifications and additions can be made manually afterwards.
The SC is designed to ease the process of creating a new test case script in the ATT.
Due to the limited functionality of the ATT script syntax and complex parametrization
of the eNodeB, the creation of a new test case in the ATT is often a complicated task
and requires the tester to specify possibly hundreds of different parameters. The SC
introduces a new philosophy and practice for creating the test cases. Whereas the ATT
utilizes blank message templates and applies parameter values to them in the various
scripts executed during a test case, the SC creates ready-made message templates,
which contain all parameter values according to the test scenario specified by the user.
These messages can then be sent to the eNodeB as such. Custom value settings can
however be still applied to the messages in the generated ATT test case script.
The planning of the software was done by presenting the idea of the tool to the testing
team members and interviewing them afterwards to collect requirements. All ideas and
requirements that came up in the interviews were documented and then prioritized. Use
cases were then derived from the prioritized requirements. The use cases were divided
into two mandatory and optional categories.
The SC is programmed in Python and uses the Tkinter GUI package. The tool is
designed to work in both Windows and Linux environments, which is achieved by the
cross-platform functionality of Python and Tkinter. Figure 32 displays the main screen
of the GUI in a Windows environment.
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Figure 32: Screenshot of the Scenario Configurator GUI main screen running on
Windows 7.
5.6.1. Requirements and Use Cases
The requirements for the software were devised from the necessities of the basic functionality and from the LTE UP SWi testing team personnel, who are the user group
of the software. Eight people were interviewed, one person at a time, for roughly 30
minutes. All persons had been briefed of the idea of the software by email several days
beforehand to allow familiarization and contemplation of the idea.
The interviews were conducted by using a brief slide show presentation. The presentation summed up the core functionality of the planned software and highlighted
the difference in the way of working with the new software compared to the status
quo. After the quick induction from the presentation, the user was asked what features
one would want to have in the software. Ideas that came up in the conversation were
documented.
After the requirements were collected, they were prioritized by dividing them into
three categories. The first category consisted of requirements that were considered
essential for the software. The second category included requirements that could be
implemented if there were enough time, which would be good to have. The third and
last category had the requirements that could be excluded from the implementation
immediately for being too time-consuming, complex or too far out of the core scope
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of the software, and could be considered as possible future improvements. Table 1
displays the prioritized requirements for the SC.
Table 1: Prioritized requirements for Scenario Configurator
ID
R-1
R-2
R-3
R-4
R-5
R-6
R-7
R-8
R-9
R-10
R-11
R-12
R-13
R-14
R-15
R-16
R-17
R-18

Requirement
Ability to create a basic scenario as proof-of-concept
Implementing two configurable basic LTE features
Tool must be expandable to allow simple future development
Ability to change a parameter value in a scenario
Human-readable and standard scenario file format is needed
Application must have standard parameter values in place by
default
Ability to use previous scenario as a template for a new scenario
Support for adding and modifying LTE features to a scenario
Cross-platform support for the application
Ability for the user to select sent eNodeB messages and to
alter their order
Including safeguards to prevent users of inputting erroneous
parameter values
Ability to configure a test scenario only partially with the tool
and leave rest of the configuration to the ATT
Having a field in the GUI to force parameter values to a message
Backwards compatibility of the scenario files
Ability to set boundary test values for parameters
Ability to compare two scenarios for differences
Ability to vary the timing of eNodeB message sending
Sending eNodeB messages straight to the BTS without using
the ATT

Category
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Good to have (2)
Good to have (2)
Good to have (2)
Good to have (2)
Future improvements (3)
Future improvements (3)

These requirements were then converted to use cases. Similarly to the requirements,
the use cases were divided into two categories. The first category includes the essential
use cases and the second category consists of the optional use cases. Table 2 presents
the use cases for the software.
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Table 2: Use cases for Scenario Configurator
ID
UC-1

UC-2
UC-3
UC-4
UC-5
UC-6
UC-7
UC-8
UC-9
UC-10

Use case
User can configure a basic capacity test scenario with varying
bandwidth, amount of users, transmission mode and throughput
configurations
User can expand functionality of the application by adding new
feature information
User can override parameters in a scenario via command line
arguments and/or JSON-formatted configuration file
User can edit scenario configuration files manually in a text editor
User can select what messages will be sent in the test scenario,
and alter their order
User can configure and run a test scenario only partially and
leave some steps to ATT execution
User can forcefully set parameter values in the GUI
User can set a parameter boundary test scenario
User can compare two scenarios and see their differences
User can vary test cases by varying the timing of sent messages

Category
Essential (1)

Essential (1)
Essential (1)
Essential (1)
Essential (1)
Essential (1)
Optional (2)
Optional (2)
Optional (2)
Optional (2)

Functionality for all essential use cases except UC-2 was implemented. During the
implementation process, the functionality for UC-2 was deemed too time-consuming
and was not essential to reach the proof of concept state of the software. Functionality
for the optional use cases were mostly not implemented in the software although users
can do functions described in UC-7 and UC-9 in the ATT test scripts generated by the
SC.

5.6.2. The User Interface
The SC has both a graphical and a command line user interface. The GUI is the main
interface and it includes all of the functionality in the software. The command line
interface is included to enable the generation of a test case from a test scenario file in
the ATT or manually.
The GUI is comprised of six sections and a log view. The sections contain configuration options by which the user can set up the scenario. The menus accessible from
the top of the window include file options, settings and the actions to generate the test
case. Figure 33 shows the different GUI sections.
The first section includes all of the available messages that can be added to the test
scenario. Users can also define message blocks, which include multiple messages and
can be added to the scenario as one entry. Managing the message blocks is done via
the edit menu. The second section displays the selected messages in the test scenario.
Message order can be rearranged and messages can be deleted via the provided buttons
or by using mouse gestures. The third section displays the message content when a
message is selected from the selected messages section. The fourth section contains
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Figure 33: GUI sections of Scenario Configurator.
basic configuration settings for a test scenario. The user can configure the values for
the most common LTE features and, for example, the amount of UEs by interacting
with the GUI elements and inputting values to the fields. The fifth section is reserved
for the configuring of various LTE features in the scenario. The section is currently
empty, because the use case UC-2 functionality has not been implemented at this time.
The sixth section displays a summary of the scenario configuration in a text form. The
log view displays log messages from the users’ actions in the GUI.

5.6.3. Process Description
The user creates the test scenarios in the GUI. The created test scenarios are saved
in JSON-formatted files, which contain all configuration information for the scenario.
New test scenarios can be created and existing ones loaded in the GUI. Listing 5.5
displays an example of a scenario file content.
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Listing 5.5: Example of a test scenario .json file
1

{
"name": "5mhz 1ue",
"num_of_cells": 1,
"trans_mode": "Open-loop dynamic MIMO",
"rlc_mode": "AM mode",
"ue_setup": "Random Access Procedure",
"num_of_drbs": 1,
"num_of_srbs": 1,
"cells": {
"1": {
"bandwidth": "5 MHz",
"cell_mode": "A",
"nondrx": 1,
"drx": 0,
"volte": 0,
"nondata": 0,
"sched": 1,
"rrcconn": 1,
"dl_tput": 30,
"ul_tput": 20
}
},
"messages": {
"1": "LMGTT_ResetReq",
"2": "Single cell setup",
"3": "RACH user setup",
"4": "User delete",
"5": "Single cell delete"
}

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

}

First, the message template and CSV folder locations have to be defined in the settings. When the message template folder is set, the SC loads the available messages
to the first GUI section, listing the messages in a tree structure. The user then selects
and adds the wanted messages to the scenario and sets the configuration values in the
basic configuration section. The SC also offers an option to automatically select the
messages to the scenario. The automatically selected messages are based on the user’s
basic configuration such as user setup method and the number of users and cells, which
have an impact on the message selection. After everything is set, the user can save the
scenario to a JSON-formatted file and generate the test case. Figure 34 presents a UML
activity diagram of the usage of the software.
In the beginning of the generation process, the SC checks whether the scenario contains message blocks defined by the user. If it does, the message blocks are expanded
into individual messages. The SC then reads the needed message templates and their
corresponding CSV files into memory. The configuration of the scenario is then read
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Figure 34: Activity diagram of the usage of Scenario Configurator.
from either the GUI elements or the scenario file, depending on whether the scenario
is generated from the GUI or from the command line.
Next, all messages are looped through in the order defined in the scenario. The SC
expands the possible dynamic arrays in the message templates by using an applicable
configuration parameter from the user configuration. If no user defined configuration
specifies the dynamic array amount, the default value is read from the CSV file.
Parameter values are applied to the message template first from the CSV file and then
from the user configuration. User configuration is applied last to overwrite the default
value from the CSV file. CSV files provide default values for all message parameters
and more specific user-defined parameters are applied over them to customize the test
case.
Lastly, the message template is written to a file. Once the last message in the scenario has been processed, the SC creates the needed ATT test scripts for the test case.
Figure 35 presents the generation process in more detail in a UML activity diagram.
This process is presented as the node “Generate the scenario” in Figure 34.
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Figure 35: Activity diagram of the scenario generation process.
The test case can also be generated on-the-fly during an ATT test list execution. This
can be done by using the command line interface of the SC. The output directory and
the existing scenario file paths are given as the arguments to the tool. The generated
test case can then be executed in the ATT immediately.
The core idea of the ATT test execution is to go through all of the messages in the order specified in the scenario and send them to the eNodeB without modifications as all
of the needed parameters are written by the SC. This differs greatly from the traditional
way where all of the parameters are applied to the blank messages in ATT scripts. Also
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the ATT test scripts can be executed as such, but they contain defined locations where
the user can expand the functionality in the ATT. This functionality includes executing
additional ATT scripts at specific times in the test case sequence, setting parameters to
the request messages and reading values from the response messages.

5.6.4. Challenges
The implementation of the software turned out to be quite an extensive task. With
the size of the software nearing 12 000 lines of code, bugs were sometimes difficult to
pinpoint and find even considering the usage of the TDD method. The development
of the GUI was done first and it was rather slow due to limited experience in GUI
programming and Tkinter. Many of the classes and code sections could be reused
with minor changes from the other tools created during this thesis, which helped a lot
timewise. All in all, no major obstacles were encountered during the implementation
of the SC.
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6. RESULTS AND DISCUSSION
The work presented in this thesis is intended to increase the level of automation in
eNodeB software integration testing. Two separate improvements are introduced, both
aimed to solve or alleviate a certain problem in the LTE UP SWi area. The interface
adaptation automation tools were developed to remove manual work from the process
thus shortening the CI feedback cycle length and reducing the amount of errors generated. The Scenario Configurator was developed as an alternative way of creating test
cases, aiming to make test case scripting easier and less complex. This chapter presents
the results and findings of the work produced in this thesis.

6.1. Implementation Status
The implementation of the software consisted of two distinct entities: interface adaptation automation tools (MTP and CU) and the test scenario configuration tool (SC).
In its current state, the MTP fulfills its requirements completely. No known software
bugs exist at the time of writing. 1343 lines of code were written for the software,
including the testing code. The unit test suite of the software consists of 42 test cases,
which all pass. A code coverage check for the unit tests indicates a 91 percent line
coverage of the production code. No future improvement possibilities are stated at the
time of writing.
The implementation of the CU is finished and no bugs are known to exist at the time
of writing. 1364 lines of code were written for the software, including the testing code.
The unit test suite of the software consists of 30 test cases, which are all passed. A code
coverage check for the unit tests indicates a 93 percent line coverage of the production
code.
The implementation of the SC in its current state fulfills most of the essential requirements set in the planning phase of the project. The software can be used to create
fully working test cases from the test scenario configuration. This meets the main requirement that the tool can be used to create a proof of concept basic test scenario to
demonstrate the new philosophy for creating test cases. Several test cases generated
by the SC were executed in regression on a LTE UP SWi test line to verify the correct
functionality. 11 602 lines of code were written for the software, including the testing code. The unit test suite of the software consists of 102 test cases, which are all
passed. A code coverage check for the unit tests indicates a 93 percent line coverage
of the production code.

6.2. Findings and Impact
The automated interface adaptation tools have been in use since October 2014. Since
that time there have been 108 changes in the interface specification that have had an
effect on LTE UP SWi test scripts and files. All of these interface changes have been
correctly processed by the developed automation tools with no manual interventions
needed. The average processing time for the automation process has been observed to
be roughly 10 minutes. Before the automated process, the interface adaptation work
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was done manually and could consume the work effort of multiple people for many
days, during which the normal testing process was halted as new software builds could
not be tested. The manual work often even left bugs in the test scripts and message
templates, which were hard to find and pinpoint. The bugs often meant that some control messages sent to the eNodeB were still aligned to the old interface specification or
were otherwise misformed. Sending erroneous messages caused unexpected behavior
with miscellaneous symptoms and often it was not evident what the source of the errors
was.
Compared to the previous way of working, the automated process is a significant
improvement. Manual involvement is no longer needed, adaptation is done quickly
and automated tools remove the risk of human errors. No erroneous output files were
detected after any interface change and no tests encountered problems that could be
explained by test script or message template errors caused by the interface adaptation
system. The automated process allows the testers to concentrate on more valuable
tasks and testing of the latest software builds is never interrupted due to interface misalignment. The automation tools meet their requirements as the feedback cycle in CI
testing is now significantly shorter than before in the case of an interface change.
The idea behind the development of the SC was to create a proof of concept software
for an alternative way of creating test cases in the LTE UP SWi environment, which
would require less complex test script writing and manual parameter setting than before. This was achieved by creating a GUI in which the tester could select the desired
features and settings for a specific test case and then generate the ATT test script from
the users’ selections. In the end it was possible to create basic test scenarios, generate
the test case scripts and run them either manually or in CI with a minimal amount of
manual test case writing. Now, a tester would set up a test scenario in the SC and
a small ATT test script, which would initialize the test parameters in the ATT environment and generate eNodeB control messages in the SC. The SC was successfully
tested in periodic CI testing during the end of the development with several different
test case options. It was proven that it is possible to use pregenerated ATT test scripts
and eNodeB control messages in LTE UP SWi testing. As the proof of concept state
of the software was achieved, the work fulfills its requirements.

6.3. Limitations
There are a few limitations regarding the interface adaptation automation tools. It
was observed that if the LTE UP SWi SVN repository is unresponsive or very slow, the
automation process might exit prematurely and the adaptation would be left unfinished.
In such a case the only solution is to restart the automation process manually. Another
limitation concerns situations where the new interface specification is not yet used in
the latest eNodeB software builds. However, the automation process commits files
adapted to the newest interface specifications immediately, regardless of the revision
used in the software builds. This means that testers have to wait until the newest
interface specification is used in the software build before updating the interface files
on the test lines’ working copies.
SC functionality demonstrated that it is possible to set up LTE UP SWi test cases by
automatically generating the scripts and eNodeB control messages from the settings
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selected by the user. In the current state, the functionality is limited to a very basic
set of configurable features in the test case. More extensive test cases still have to be
created manually using ATT scripting. The GUI approach in its current state does not
allow test case customization beyond the presented settings, which is often necessary.
However, test cases can still be customized by editing the generated ATT test scripts
manually. Furthermore, programming all possible variations and functionalities to the
SC would be very laborious and keeping the test case generation in the SC up-to-date
with all changes in the eNodeB software would require lots of work.

6.4. Future Work
Many features and functionalities in the SC were discussed and pondered, which were
not included in the implementation in the thesis scope as the main goal was to make a
proof of concept tool for a new way of working. The most important functionality that
was left out from the implementation is the capability to set, configure and add LTE
features to the tool and to the scenarios. The idea is that the user could select desired
features to be either enabled or disabled in a scenario and configure the parameters
connected to that feature. This functionality was described in the requirements R-3
and R-8 and the use case UC-2. The most common features that were necessary to
implement to make the basic test case were implemented and the configuration can be
done in the basic configuration section of the GUI.
More features can be added by implementing the functionalities described in the
optional use cases, and good-to-have and future improvement requirements. The SC
could replace the ATT completely by implementing the ability to send and receive
eNodeB messages straight from the tool itself without resorting to the ATT scripts.
This feature would require an extensive amount of work, but the tool would be less
custom built for the LTE UP SWi environment and, as a stand alone software, would
possibly enable wider use of the tool.
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7. SUMMARY
The objective of this thesis work was to improve LTE eNodeB User Plane (UP) software integration (SWi) testing by increasing the level of automation in the continuous
integration (CI) environment. Automating manual work processes reduces the amount
of human mistakes, shortens the CI feedback cycle delay and allows people to do more
higher-value work. Fast and automated testing is essential in agile software development and CI environment as software is developed in small increments and new builds
are created frequently.
Two different issues in the test automation were addressed; interface specification
adaptation and test case configuration. A system of two programs, Message Template
Parser and CSV Updater, was implemented to automate the interface specification
adaptation. For automatic test case configuration, Scenario Configurator, a software
tool with a graphical user interface, was developed.
Interface adaptation in LTE UP SWi testing requires keeping the eNodeB control
messages and the environment configuration updated to the latest interface specification. The Message Template Parser modifies and updates the control message templates and the CSV Updater updates the test environment parameters in existing CSV
files. The system is triggered automatically in the CI environment whenever an interface specification change occurs.
The Scenario Configurator introduces an alternative way to create test cases in the
LTE UP SWi environment. The software allows testers to configure test case scenarios
and messaging sequences in a graphical user interface. Test case scripts with corresponding parameters can then be generated automatically by the program from the
scenario.
The interface specification automation system has been in use for over a year and it
has handled over 100 interface changes. The system has worked as intended and all
interface changes have been correctly processed with an average execution time of 10
minutes. This is a significant reduction as manual process often took many hours or
even days to complete. In addition, no errors have been observed in the resulting files
and parameters.
The Scenario Configurator meets its target as a proof of concept software for an
alternative approach for creating test cases. At the end of the development during the
thesis work, the software reached a point where basic test cases could be configured
and generated and the test scripts could be executed correctly. However, further development is still needed to allow more detailed configuration of the test scenarios.
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