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ABSTRACT

ASSESSMENT AND CERTIFICATION OF SAFETY CRITICAL SOFTWARE

Biomedical engineering which consists of combination of various dicipline such
as chemical, biology etc. produces remedies to the challenges facing the globalizing
world. Therefore, it covers a wide range of area from biosensor to surgical robots. Rapid
development of biomedical engineering technology is aimed to research, diagnose and
treatment to modern society for providing improved living conditions. Safety critical
systems are interested with systems whose failure or malfunction could cause death, se-
rious injury, damage to equipment and environmental harm. NeuRoboScope project is a
safety-critical system which navigates the optical-camera system used in the endoscopic
pituitary surgery by tracking the surgery tool that the surgeon uses. This thesis gives
the information of how we scrutinize NeuRoboScope project depending on standards of
medical device which are ISO 14971, IEC 62304, IEC 60601 and DO-178C.
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OZET

EMNIYET KRITIiK YAZILIMLARIN DEGERLENDIRILMESI VE
SERTIFIKASYONU

Cesitli disiplinlerden olusan biyomedikal miihendislik, kiiresellesen diinyanin
kars1 karsiya oldugu zorluklarin ¢oziim yollarini iiretmektedir. Bu nedenle, biyosensdrden
cerrahi robotlara kadar genis bir alan1 kapsar. Biyomedikal miihendislik teknolojisinin
hizla gelisimi, gelismis yasam kosullarinin saglanmasi i¢in modern toplumu arastirmak,
teshis etmek ve tedavi etmektir. Emniyet kritik sistemleri, ariza veya 6liim, ciddi yaralanma,
ekipmana hasar verme, cevreye zarar verebilecek sistemler ile ilgilenmektedir. NeuRobo-
Scope projesi, cerrahin kullandig1 ameliyat aracini izleyerek endoskopik pitituer cerrahide
kullanilan optik-kamera sisteminde gezinen, giivenlik agisindan kritik bir sistemdir. Bu
calisma, ISO 14971, IEC 62304, IEC 60601 ve DO-178C olan tibbi cihaz standartlarina

bagli olarak NeuRoboScope projesini nasil inceledigimizi gdstermektedir.
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CHAPTER 1

INTRODUCTION

NeuRoboScope is important tool to used by surgeon during Endoscopic Endonasal
Transsphenoidal surgery to heal the pituitary tumors. Pituitary tumors and gland are very
common in modern society and affects human life negatively. These are described in
Section 1.1. Endoscopic Endonasal Transsphenoidal surgery is one of the most advanced
new methods. However, there are some problems faced by surgeons due to long-term
use during endoscope use as mentioned Section 1.2. The device of NeuRoboScope is a
solution to this problem that surgeons face. The introduction and extensive information
about the device are described in the following Sections 1.3, 1.4 and 1.5. Model based
requirement verification and model based mutation testing and black box testing with
cause effect graphs of our safety critical system have been performed. Under this scope,
VERTICALS tool has been developed. It will be extremely easy to produce test suites by
specially testing safety critical systems with the this vehicle. It is discussed extensively in

the future.

1.1. Pituitary Tumors and Gland

The pituitary gland is a center located at the base of the brain and produces and
regulates some hormones/chemicals that influence organs and basic body functions such
as Oxytocin, Vasopressin, Adrenocorticotropic hormone (ACTH) and Growth hormone
(GH). The pituitary gland and tumors are shown in Figure 1.1.

The vast majority of tumors that develop from the pituitary gland are benign. It
can be seen rarely in malignant tumors showing cancer. Because of the fact that benign
tumors press on pituitary gland, endocrine system’s is affected directly. For this reason,
the tumor may cause mood changes, sexual and reproductive problems, memory loss,
eating disorders, unusual hair growth and many other symptoms.

Various hormone tests and MR imaging are performed in the diagnosis of pituitary
tumor. The treatment varies according to the size of the tumor. If the detected adenomas

do not secrete hormones, give no symptoms, and are not large enough to undergo com-



pression, they are only followed.

Prolactin secreting pituitary tumor (prolactinoma) is treated primarily with med-
ication. Some medicine are used for this purpose. These drugs reduce both the level
of prolactin and the size of the tumor. Growth hormone secreting tumors also use these

drugs. However, they are not as effective as prolactinomas.

Pituitary tumor
Sphenoid sinus

Septum

Figure 1.1. Pituitary Tumors (Healty-Inside, 2018)

Surgical treatment (surgery) is the first option in some tumors, but not in oth-
ers. This depends on whether the tumor responds to its size and drug treatment. To-
day, pituitary adenoma resections can be performed in three different ways. These are
conventional open skull surgeries, microscopic transsphenoidal surgeries and endoscopic
endonasal surgery.

In the treatment of pituitary adenomas, radiation therapy may be given along with
medication and surgery. However, because of the frequent occurrence of pituitary insuffi-

ciency after radiation therapy, this treatment is being used with caution.

1.2. Problem Statement

Endoscopic Endonasal Transsphenoidal surgery is performed through the sphe-

noid sinus to remove tumours as shown in Figure 1.2. It is the best new emerging method



to allow for minimally invasive and maximally effective procedure for pituitary adeno-

mas.

PITUITARY GLAND

Figure 1.2. Endoscopic Pituitary Surgery (Barkhoudarian, 2015)

Controlling endoscope by one hand during surgery, surgeon operates tools to pro-
vide the visual about operating area. One surgery takes usually 2-3 hours(Laws et al.,
2016; Almeida et al., 2015; Berker et al., 2013). Reserved hand during surgery for endo-
scope reduces moving ability to surgeon. Endoscope is not just one equipment throughout
surgery time, there have been also several tools such as aspirator, curette, drill and lancet,
at the same time. In addition to all, the surgeon gets tired of holding constantly endo-
scope(Schurr et al., 1999). Figure 1.3 shows commonly visible operating scene.

As it can be seen in Figure 1.3, surgeon’s both hands are full. Moreover, surgeon
assistants help to aspriate surgery area. NeuRoboScope, which is also called robot as-
sisted endoscope control, gives opportunity to support endoscopic pituitary surgery. It
gives surgeon a chance to use efficiently surgeon’s both hands during surgery with robot

assistant which can be controlled by surgical tools(Wang et al., 1999; Kim et al., 2004).



1.3. NeuRoboScope

Robot-Assisted endoscope Control that can be controlled by the surgical tools
which is also called shortly NeuRoboScope is a project supported by TUBITAK which is

the leading agency for management, funding and conduct of research in Turkey.

1.4. Subsystem and Subsystem’s Requirements of Surgical System

Surgical system has five main subsystems. These are Passive Balanced Arm
(shortly: PEK (TR: Pasif dEngelenmis Kol))), Active Endoscope Holder (shortly: KEY
(TR: aKtif Endoskop Yonlendirici)), Communication System (shortly: HAS (TR: HAberlesme
Sistemi)), Main Control Unit (shortly: AKS (TR: Ana Kumanda Sistemi)) and User In-
terface (shortly: KAR (TR: Kullanic1 ARayiizii))(Ates et al., 2018).

Figure 1.3. Surgery Picture

The subcomponents of the system and component’s requirements details are men-

tioned in the following sections.



1.4.1. Passive Balanced Arm - PEK

PEK has a balanced mechanical structure that carries the KEY as shown in Fig-
ure 1.4. There will be no actuator systems on it. The surgeon will move the KEY to
desired position with minimal effort during surgery. When desired position and direction
is reached, the movable joints can be mechanically or electromechanically locked to. At
each joint, there will be an encoder for position measurement. This component has 6
degrees of freedom structure. Three of them are on the wrist point and the others are on

arm structure.

W~

Figure 1.4. Passive Arm

1.4.2. Active Endoscope Holder - KEY

KEY is the one of the main part of the robotic arm which has a 3 DoF parallel kine-

matic structure 2R1T (2 revolute and 1 translational) mobile platform motion as shown



in Figure 1.5 (Yasir and Kiper, 2018). It is designed to hold and position the endoscope
according to the commands received from the master system. The actuator systems on the
endoscope will orient the pivot point of the endoscope along the axis of yawing and pitch-
ing and provide linear movement in the direction of advancement. Turning around the
pivot point will be guaranteed with mechanical pivoting (Tr: Mekanizma Yapisi1 ) or non-
mechanical pivoting. The Surgery Zone Button (Tr: Ameliyat Sinir Bolgesi Diigmesi)

(ASB) will be determined by choosing the pivot point. For mechanical pivoting, the

Figure 1.5. Active Arm

pivot point markers must be active when the KEY is locked. They must be inactive when
KEY is active. There must be a manual pivot adjustment system. This pivot point is deter-
mined by the doctor before surgery and the manual adjustment is performed accordingly.
The pivot point is also marked before the start of the operation.

For non-mechanical pivoting, the pivot point is marked prior to the start of the
operation and each exit-entry from the operating area. The pivot point in the global axis
set is defined by the information from the PEK encoders. The pivot point is ensured by
control when KEY is online.

It will only be active in the surgical area. The axes can be braked when requested
and in an emergency. With one brake command all axes will be locked. It can be moved

backwards active or passive. The work area will be limited to F20° for the pitching and



yawing movements. AKS will be able to drive with the motions to be transmitted via
HAS. It will be able to transmit touch information (force feedback) to the AKS via the
HAS. The limits of the power levels of the motors are set at 1001V

1.4.3. Communication System - HAS

This system provide bi-directional data transmission at 10hz with Bluetooth Low
Energy protocol between KEY and AKS. It is able to provide wireless communication

uninterruptedly.

1.4.4. Main Control Unit - AKS

It will allow the surgeon to transmit motion information to the KEY at any time.
It must be sterilizable to provide patient. It consists of two units: ring and foot pedal. The
touch information from KEY will be visually communicated via KAR, which should not

disturb the surgeon’s attention.

1.4.5. User Interface - KAR

This is the key system to provide safety and ease of use. It is a light warning

system which is used to make a user state notification.

1.4.5.1. User Input Buttons and Visual Feedback

User input buttons are described as follows:

1. Surgeon Holds Endoscope ( shortly: CEK (Tr: Cerrah Endoskobu Kavradt)) : De-
pending on the way the surgeon presses this key, the operating scenario will change
and be transmitted to the surgeon with a LED or vibrating element to be placed on
this structure attached to quick-replace. In addition, if the CEK is fully pressed, the

surgeon will be able to separate the endoscope from the robot. When the surgeon



wishes to use the endoscope manually, the surgeon will half press CEK to disable
the KEY.

2. Main Power Button (shortly: AGA (Tr: Ana Gii¢c Anahtari)) : The power to go
through the whole system is over this switch. Since all brakes will be de-energized

when AGA is off, all joints are locked.

3. Manual Control Button (shortly: MKB (Tr: Manuel Kontrol Butonu)): Allows the

system to be driven manually. It works semi-correlated with Emergency Button.

4. Emergency Button (shortly: ADD (Tr: Acil Durum Diigmesi)): 1If the ADD is
pressed, the MKB is activated and the passive arm releases the necessary brakes
so that the surgeon can move the endoscope out of the ASB without removing it

from the system.
Visual feedback LEDs are described as follows:

1. Green Light: The light is on, KEY is online but not active. When the light is

blinking, KEY is active or centering.

2. Red Light: The light is on when the centering can not be done because it is very

close to the patient.

3. Yellow Light: It is on when surgeon excessive force/moment is on the tissue with

slave system.

1.5. NeuRoboScope Operation of Subcomponents

In this section, scenarios have been established for the system.

1.5.1. Shut Down Mode Scenario

It is the mode in which the endoscope is shut down.
1. The AGA is in the OFF state and power is not supplied to the system.

2. PEK and KEY are locked.



3. All lights are off.
4. ADD, MKB, CEK, KBE buttons are inactive.
5. AKS, HAS, KAR are closed.

6. The healthcare team should leave the system in this mode before surgery begins and

after surgery ends.

1.5.2. Manual Mode Scenario

It is the mode in which the surgeon moves the endoscope manually during surgery.
1. The KEY brakes are active, PEK arm released but wrist locked.
2. To switch to this mode, it must be pressed the MKB button.
3. All the lights are off.

4. This mode is also opposite to ADD. That is, if ADD is pressed, the MKB automat-

ically turns ON and it allows the system to operate manually.

1.5.3. Passive Mode Scenario

It is switched to this mode according to the state of the CEK. The CEK switch has
priority over the foot pedal. For this reason, if the CEK key is active, no information will
be transmitted from the ring, even if the foot pedal is pressed. According to the activation

of the CEK, the passive mode operates in two submodes.

1.5.3.1. Endoscope Is Held Mode Scenario

The surgeon move the endoscope backwards of ASB without detaching the endo-

scope.



. CEK is in half-pressed position and LED is active to move robot arm while the

endoscope is attached.

KEY brakes are locked. BO of PEK brakes, except 5 prismatic joints.

. PEK is not balanced, the surgeon is expected to carry an endoscope.

To get out of this mode, the surgeon should release CEK close to ASB. After a short
wait, the system will center and enter Wait Mode in order to be ready to switch back

to Active Mode.

1.5.3.2. Endoscope Is Detached Mode Scenario

It is the mode that the surgeon enters when it separates the endoscope from the

system.

1

CEK is in full pressed state.

. The endoscope is completely disconnected from the system.

. No action will be taken if the endoscope is not connected to the system. In other

words, it is not done when the centering endoscope is not installed. Because we do
not have any information on whether or not the endoscope is attached to the system.
Since the system can not connect structure of quick-replace pin, surgeon can only

see that pin state mechanically.

. KEY brakes and PEK brakes are completely locked.

. The surgeon must attach the CEK to the half-pressed position when the endoscope

is attached the system. On this count, the Endoscope is entered in the Endoscope
is held mode. Before the releasing CEK, it is expected from surgeon to move to a

position close to the ASB.

When CEK is released, the system is ready to switch to Active Mode.

10



1.5.4. Wait Mode Scenario

It is the most common mode of surgery.
1. AGA, ADD, CEK are not active.

2. In this mode, the surgeon knows that the system is ready for surgery and that when
the foot pedal is pressed, the robot arm will move according to the information

transmitted from the ring.
3. KEY and PEK are locked.

4. In the case of entering active mode except for entering from wait mode to active
mode, the system is to check if centering is necessary for KEY before returning
to wait mode. This is particularly important for situations in which the previous

position of the KEY may have reached the limits of the surgical area.

1.5.5. Active Mode Scenario

It is the mode that the system in the wait mode enters by triggering the foot pedal.
The KEY brakes are free, the PEK brakes are fixed with a limited resistance force. This
resistance force should not be affected by small impacts and should be so high as not to
disturb the operation of the KEY and weak enough not to harm the patient under extraor-

dinary conditions. It has two sub modes.

1.5.6. Rotation Mode Scenario

Pressing the pedal once will enable operation in this mode (and held down).Yaw
and pitch motions in the ring enable the endoscope to move forward and backward and to

the right and left in the plane.

11



1.5.7. Dolly Mode Scenario

Pedal is operated in this mode by pressing twice (and held down). The spinning
motion around its own axis in the ring allows the endoscope to go in or out to its position.

CEK brakes are released and PEK brakes are locked.

1.6. Verification and Testing of Safety Critical Software

Verification and Testing of Safety Critical Software is named shortly VERTICALS
which is an open-source web-based software system testing tools which provides gen-
erating test cases to safety critical systems. VERTICALS is developed under scope of
this thesis. It gives an opportunity to establish readable test suites which is created by
UPPAAL. UPPAAL(UPPAAL, 2012) is model checking tool based on timed automata

model.

1.7. Thesis’ Aim and Objectivities

The global medical market has already exceeded 289 trillion dollars. According
to 2016 Top Markets Report Medical Devices which is released by U.S. department of
commerce of International Trade Administration predicts continually growing table about
the next five years.

Producing more new medical device software is inevitable. US Food and Drug
Administration reported that %15 medical devices recall related to software error from
2008 to 2012(Alemzadeh et al., 2013).

Safety-critical medical devices must provide specific system abide by standards
for saving patient’s life, its quality, device’s user and device’s environment. In this thesis,
NeuRoboScope is assessed by scope of ISO 14971, IEC 62304, IEC 60601 and DO178C.

The aim of this thesis is to obtain assessment safety critical software under light
of standards such as DO-178C, IEC 60601-1, ISO 14971. NeuRoboscope which is one of
the safety critical systems scrutinize with these standard applications.

The objectives of this thesis are:

e Assess safety critical software systems and it’s life cycle.

12



Verity NeuRoboScope with model-based testing.

In Vitro Diagnostics (IVD)

% Sales Growth: CAGR 2016-22

Figure 1.6. Analysis on Top 10 Device Areas in 2022, Market Share & Sales Growth

1.8.

(2016-2022)(EvaluatePharma, 2017)

Verify NeuRoboScope with mutation model and specification.
Verity NeuRoboScope with cause effect graph testing.

Verify NeuRoboScope with white box testing.

Outline of Thesis

The organization of the thesis as follows :
Chapter 2 shows related works;

Chapter 3 ”Safety Critical Software” shows how to evaluate the safety critical sys-

tem under the light of standards;
Chapter 4 shows model based verification to NeuRoboScope;

Chapter 5 shows verification of NeuRoboScope with model mutation and specifi-

cation mutation;
Chapter 6 shows verification of NeuRoboScope with black box testing;

Chapter 7 shows verification with white box testing;

13



e Chapter 8 shows the implemented tool;

e Chapter 9 concludes this thesis. It provides a summary and future research.

Figure 1.7. Methodology
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CHAPTER 2

RELATED WORK

There are many works published till today in this domain. Some of are:

Palanichamy, G. (2010), released a white paper about the risk management pro-
cess. In this white paper, the risk management process, which required for determining
the risks in the production of medical devices and bringing them to an acceptable level, is
explained. In addition, FTA and FMEA analyzes are mentioned as inputs to the design.

Alemzadeh et al. (2013) released a study about past medical device accidents
which is published by FDA (Food and Drug Administration). According to this article, the
FDA classifies medical device accidents as computer-related and non-computer-related.
For computer-related accident, the effect of the software has been researched. The soft-
ware effect has been shown to be a major influence on medical device accidents.

Knight, J. (2002) stated in the article that defective software definitions in safety-
critical systems can directly lead to errors. It is stated that the whole system should be
analyzed very well.

Hrgarek, Nadica(2012) released a study about common certification and regula-
tory such as IEC 62304 and ISO 14971. This study represents the relational table of the
requirements of IEC 62304 for Classes A, B and C.

Malm T. et al. (2009) research software safety model for safety critical applica-
tions, this research includes real-time systems protections.

Dan Y. and Shilong M. (2011) interested verification of requirements for safety-
critical software.

Lutz R. R. and Mikulski I. C. (2003) researched requirements discovery during
the testing of safety-critical software.

Pei, J etal. (2001) published an article about PrefixSpan which is one of sequential
patterns mining algorithm. It solves the problem of large projected databases.

Agrawal, R. and Srikant, R. (1994) published an article about Apriori algorithm
to find frequent item sets from a transaction dataset and derive association rules which is
most useful data mining algorithm which finding frequent item set from database.

Behrmann, G. et al. (2004) published a tutorial to use UPPAAL tool which is
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model checker developed by Uppsala University and Aalborg University.

Fraser, G. et al. (2008) studied about mutation operator for timed automata speci-
fications such as Logical Operator Replacement(LRO) and Relational Operator Replace-
ment(RRO).

Aichernig, B.K. et al. (2013) studied about model based mutation such as change
action and change source.

Ayav, T and Belli, F. (2015) published an article that cause effect graph’s test
cases can be generated by turning graph to boolean expression with MC/DC coverage
technique.

Ammann P. et al. (2002) reached model checkers and computational tree logic .
And also they used counter examples of model checkers to test cases.

Chilenski and Miller (1994) reached the modified condition/decision coverage
(MC/DC) and evaluated the advantages and disadvantages.

Kelly, J et al. (2001) reached MC/DC coverage to generate test cases from boolean
expressions. This study shows the types of structural coverage and their criteria.

Chilenski (2001) evaluated three forms of MC/DC with their strengths and weak-
nesses.

Chang J. R. and Huang C. Y. (2007) propose a method which focuses on all con-
ditions of Boolean expression to practice MC/DC and their developed regression testing

tool TASTE(Tool for Automatic Software regression TEsting).
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CHAPTER 3

SAFETY CRITICAL SOFTWARE

The term of safety means the condition of being protected from or unlikely to
cause danger, risk, or injury. Safety critical also known as a life critical system is a
system which failure or malfunction may result in death or serious injury to people, loss
or severe damage to equipment/property or enviromental harm. Safety and quality are

inseparable. To provide safety, quality processes should be carried out.

3.1. Safety Critical Software Life Cycle

In order to develop a safety critical software safe and high quality, it is necessary
to carry out the life cycle under light of standards. At each of life cycle producer keeps
assurance evidence in order to provide evidence that the system is acceptably safe.

The basic steps of life cycle of a safety-critical software during both production

and use includes the following stages:

e Planning: 1t is the first and the most important phase of the life cycle. The basic
needs of the project are identified and feasibility studies and planning are carried
out during this phase. Project Management Plan, Quality Management Plan, Con-
figuration Management Plan, Integration Plan, Validation and Verification Plan and

Safety Plan the most important outputs of this phase.

e Analysis: The system will ensure that all requirement is correctly identified and

recorded.

e Design: High level design (architectural design) and detailed design are realized

after determining the requirements for the system.

e Development: After the design phase reaches a certain degree, the implementation

phase is started.

o Testing and Evaluation: The produced system must be tested all steps of life-cycle

to reduce the cost and error rate.

17



o Implemantation and Maintenance: After all the test steps have been carried out,
the product is shipped to the market in implemantation phase. The deliverable
should include the product, the operating documentation and, if applicable, the ver-
sion differences in the document. Maintenance phase includes different activities

such as problem solutions, infrastructure improvement.

. IMPLEMANTATION '

TESTING AND
EVALUATION
MAINTENANCE

|
|
|

REQUIREMENT

DEVELOPMENT

|
l
I
l

DESIGN THE SOFTWARE

Figure 3.1. Basic Software Life Cycle Steps
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3.2. Safety Critical Software Standards

Safety critical system standards are prepared with the lessons learned from the
accidents that have taken place until today. Basically their principle is "I can not do it
again if I do not write what I do correctly, I make mistakes again if I do not write what
I do wrong.” Therefore standards ensure that the evidence and outputs of the projects
are recorded. The records will be returned in case of an accident to find where the fault
originated.

The standards provide the context of the experience, understanding and opinions
systematically accepted by the producers as content and scope. Safety-critical projects in
the health sector need to specific standards to protect both the patient’s life and quality
of life as well as the environment. It is necessary to determine, provide and manage the
requirements in a systematic approaches(Knight, 2002). In preparation of this device with
DO-178C standard, the control of this systematic process is completed. The monitoring
process must be completed in order to identify the hazards that may occur with the use
of the device, to estimate the risks, to evaluate, to control and to ensure the accuracy of
the controls(RTCA, 2011). ISO 14971 standard aims to ensure that the endoscope device
completes this process correctly(ISO, 2007). The IEC 62304 (IEC, 2006b) standard is
intended to control the software of the endoscopic medical device and the scope of the
software life cycle processes. IEC 60601(IEC, 2005) standard aims to investigate the need
for basic safety and performance requirements that the device must have.

The verification process in the DO-178C light can be summarized visually in Fig-
ure 3.4

Verification and validation scrutinize under light of DO-178C and IEC62304 like
a waterflow model in Figure 3.3 to visualise easily however they are support V model to
life cycle as shown in Figure 3.2.

We need to verify the system and software with static and dynamic analysis of the
standards we have examined in our biomedical device.

Static Analysis: It is used to detect errors and check the features of the software
before compilation. This analysis is very important in terms of safety, quality, operating
performance, functionality and traceability of the system.

Static Code Analysis Using Overhead: The code should be analyzed by direct
eye scan. In terms of safety, the parts that may cause the failure are examined.

Static Code Analysis Using Automated Tools: Code analysis is performed using
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automated tools. It should not be forgotten that the earlier the vulnerability is detected,
the cheaper and faster it can be fixed.

Requirement Coverage Analysis: In our safety-critical system, static verification
aims not only to make the system run smoothly, but also to improve the system by pro-

viding the necessary scope of requirements for security.
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Figure 3.2. Programmable Electrical Medical System Relation to IEC 62304

Test Cases Review: The purpose of testing is to ensure that all requirements can
be verified in actual test cases through actual testing. Our main goal is to ensure that all
test and all requirements are covered correctly.

Dynamic Analysis: It is used to observe how the system works in the context of
changing data and is a test operation using test cases selected from infinite system states to
find cases where the system does not fit the expected behavior. Dynamic tests are used to

perform tests such as structural coverage analysis, performance, compatibility, and stress
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Structural Coverage Analysis: Structural coverage analysis tests the extent to
which a safety critical software can be run in the test cases in which it is generated. With

this analysis, it is aimed to test all the lines of the code.

compliance.
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Observation of how the system behaves under overloads to
It is intended to be tested to show whether the systems are

Compatibility Tests

Figure 3.3. Verification and Validation Under Light of DO-178C and IEC62304
Performance Test

measure its performance.



working as expected in different environments.
Stress Tests: These are tests that are used to determine how the system will behave

in the specified limit exceedances and are usually applied together with performance tests.
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Figure 3.4. Tests To Be Carried Out Under Light of DO-178C

Conformance Tests: Tests are made to verify that the system is being developed
in accordance with the requirements.
Verification Tests: Tests before the new version of the system is released to the

market.
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The necessary measures are taken to ensure that the safety objective is achieved
to reduce the likelihood of unwanted and unacceptable errors to an acceptable level by

creating a system report using the analysis methods described above.
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Figure 3.5. Tests To Be Carried Out Under Light IEC-60601-1

If the safety target has not been achieved, appropriate precautions should be taken,
such as warning lights, pre-defined and user-reported procedures. ISO 14971 standard
states that if there is a risk of serious problems in the system, if the patient’s health is
bad, the use of the device depends on the decision of the patient and the physician by the
expert and experienced physicians with regard to the health of the patient.

Because of the slightest margin of error of our device can cause fatal or serious

injuries to the patient, Our medical device is safety critical. It is Level A according to
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DO-178C standard as shown Table 3.1 and Class C according to ISO 62304 as shown
Table 3.2.(Hrgarek, 2012).

Table 3.1. Level Table of DO-178C

| Level || Effects of Anamolous Behaviour | Explanation \

A Catastrophic Failure cases resulting in
death

B Hazardous Failures that can cause seri-
ous injury and death risk

C Major Situations that cause injury or
risk of injury

D Minor Failure situations that do not
put safety in great danger

E No Effect Fault conditions that do not
affect system or user capabil-
ities

The testing and safety engineering methods under scope of the ISO 14971 can be
summarized visually in Figure 3.7, under scope of the IEC-60601-1 in Figure 3.5, under
scope of IEC-62304 in Figure 3.6, under scope of in Figure 3.4.

WHITE BOX
UNIT WHITE BOX BLACK BOX &BLACK REGRESSION
TESTING TESTING TESTING BOX TESTING
TESTING

MODEL
IEC 62304 BASED FTA FMEA
TESTING

Figure 3.6. Tests To Be Carried Out Under Light of IEC-62304

Safety Engineering: Safety engineering is a type of engineering discipline which
assures that engineered systems provide acceptable levels of safety.

Specific procedures and techniques from safety engineering:
1. Probabilistic risk assessment (PRA),
2. Failure modes and effects analysis (FMEA),
3. Fault tree analysis (FTA),
4. Failure mode, effects and critical analysis (FMECA),

5. Hazard and operatibility analysis (HAZOP),
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6. Hazard and risk analysis,
7. Cause and effect diagrams.

Fault Tree Analysis (FTA) : FTA is a graph representation of the conditions that
cause or contribute to undesirable event (Top event). FTA helps us to minimize risks and
drop the faults at all of steps under development(Palanichamy, 2010). We have two types
of FTA. The first is qualitative and the second is quantitative. Qualitative gives us to
change description failures whereas quantitative gives us to change finding matematically
background of probability occurences of failures. In quantitative steps we must determine
whether events are dependable or undependable. And also we must find correct relations
between each of events using gates. We have so many types of gates. These help finding
detailed graph representations Figure 3.8 shows these gates explanation. FTA is top down
failure modes and effect analysis where each potential failures’s mode may result in an
event or fault leading to the product failure. FTA software programs are already available.
However, these are specific to use. Therefore if we use the tools we must deeply analyze
it. In order to use the fault tree technique efficiently define scope of the analysis, famil-
iarization with design, functions and operation systems, define top event, construction of
the fault tree, analysis of the fault tree logic, report analysis, assessment of reliability im-
provements and trade offs(Malm et al., 2011; Dan and Shilong, 2011; Lutz and Mikulski,
2003).

Table 3.2. The level table according to IEC 62304 and ISO 14971 standard

| Level || Effects of Anamolous Behaviour || Explanation \

A No Effect Failure conditions that can be
overlooked or rarely seen

B Minor Failure situations that are not
caused by serious injuries

C Major Failure conditions that cause
fatal or serious injuries

FTA is specifically has multitude of uses as a toll to determine the pertinent logic
combination of event leading to the top event and potentially their prioritization and in-
vestigate a system under development and anticipate and prevent or mitigate potential
cause of undesired top events, analyze a system, determine reliability, identify the ma-
jor contributors to unreliability and evaluate the design changes, assist probabilistic risk

assessment efforts.
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We can combine FTA and binary decision diagram qualitative analysis. However
it is so expensive and complex. Gates are most suitable for understanding the graphs.
OR GATE infers one or more events cause the intermadiate events or top event. AND
gate infers events with together affect the intermediate events or top event. In my opinion
AND gate more useful to avoid non-tolerated faults and do not know faults, however this
affect directly complexity and determine requirements of each component independently.
Single point of failure and common mode failure must be avoided by FTA at safety criti-

cal systems.

Probablistic Risk Assesment (PRA) :PRA evaluates risks associated with a com-
plex engineered technological entity such as an airliner or nuclear power plant.

PRA answers generally thee basic questions:

e What can go wrong with the studied technological entitiy? or What are the initia-

tors? or What are initiating events that lead to adverse consequence?

e What and how severe are the potential detriments or adverse consequences that the
technological entity may be eventually subjected to as a result of the occurence of

the initiator?

e How likely to occur are these undesirable consequences or what are their probabil-

ities or frequencies?

Failure Modes and Effects Analysis (FMEA) : FMEA is an inductive analytical
methods which may be piece-part level or the functional. Functional FMEA is used to
help of functional block diagram in system or equipment item. Piece-part level FMEA is

used to determine failure modes for each piece-part components of systems.

1SO 14971 RISK PRELIMINARY SRS FAILURE MODE HAZARD AND HAZARD ANALYSIS
AND EFFECT OPERABILITY AND CRITICAL
MANAGEMENT HAZARD ANALYSIS ANALYSIS
TECHNIQUES (FDA) FTA) ANALYSIS STUDY CONTROL POINT
(FMEA) (HAZOP) (HACCP)

Figure 3.7. Tests To Be Carried Out Under Light of 14971

Failure Mode, Effects and Critical Analysis (FMECA) : FMECA includes FMEA

and includes critical analysis. It is used to chart the probability of failure modes against
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Figure 3.8. FTA Gates Explanation (IEC, 2006a)

It is used to represent risks to per-

Hazard and Operability Analysis (HAZOP)
sonel equipment or operation It is carried out by HAZOP team. For example this tech-

nique is used for analysis of nuclear power plant operations and chemical process.

Hazard and Risk Analysis: Hazard means undesirable or unplanned events. Haz-

ards cause an accident or failure. Hazard and risk analysis consider system state to op-
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erating environment and determine failures and malfunctions. Hazard and risk analysis
consists five types of classes and five types of frequencies.

Classes are:
1. Catastrophic: multiple deaths,
2. Critical: a death or severe injuries,
3. Marginal: a severe injury,
4. Insignificant: a minor injury,
5. No effects.
Frequency Categories (events/year) are:
1. Probable 0,01,
2. Occasional 0,001,
3. Remote 0,0001,
4. Improbable 0,00001,
5. Incredible 0,000001.

Cause and Effect Diagram: 1t is used for product design and quality defect

preventation and identifying potential factors.

3.3. Requirement Based Testing

A requirement defines what a product is good at and under what conditions it
needs to be done. The process of determining, defining, reporting, analyzing, validating
and verifying requirements is called requirement engineering. Creating a solution space
by understanding the problem space is a very important process for safety critical systems.

Requirement-based tests allow verification of how well the system is built.
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3.4. Verification and Validation of Safety Critical Software System

The verification and validation system must be applied at every level throughout
the life cycle to determine the flaws of the device system, control the suitability of the
device for production purposes, and determine the value of the device in the market.

Verification checks whether the product is developed correctly; Validation checks

whether the correct product is developed according to user requests.

3.4.1. Model-Based Validation

The model-based validation system is to model a certain part or the whole of the
system by abstracting it and to check whether the product produced is the right product

for the customer.
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CHAPTER 4

MODEL BASED REQUIREMENT VERIFICATION

Model Based Verification (MBV), which is a formal technique to test from ab-
stract models, provides abstraction modelling to a part of system or complete system.
Verification is essentially done with comprehensive state-space searching. For instance,
a non-formal expression of “The temperature of the reactor had better not exceed about
300°C” is one of the most important features of nuclear reactor’s security system. Verifi-
cation of this property of nuclear reactor system can be possible with examination of all
possible situations and providing for each situation demonstration by the property.

Because MBYV is based on comprehensive search, the encountered biggest diffi-
culty is the situation space explosion in very large and complex systems. In this case;
instead of comprehensive verification, test data can be created by using counter example
produced with MBV.

Because of the fact that this issue is outside our study scope, it will not be further
detailed here. In the given following description, Kripke structure is often used to define

MBYV and clarify time based logic.

Definition (Kripke Structure): structure is 4-tuple defined by K = (5, Sy, T, L) . In this

definition,

e S is a finite set of state,

So C S'is a set of initial state,

T C S x S is atransition relation,

e L: S = 24F corresponding to each state and related atomic propositions that are

valid in defining a case the labelling function.

MBV’s strengths are as follows(Baier and Katoen, 2008):

It is useful in a wide range such as software engineering, embedded systems or

hardware design.
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e It supports partial verification. As a result of this the system properties can be tested

independently of each other.
e [t provides information about diagnostic sample and it is quite helpful to debug.
However, the weaknesses of the MBYV are as follows:

e More suitable for control-weight applications and is not suitable for data-weighted

applications.

e [t is only valid for the model of the system, not a real product or prototype system,

as a result of this, it is not as valuable as verification of the system itself.

Since NeuRoboScope is a real-time system, the use of timed automata has been deemed

appropriate to model. The next section describes timed automata.

4.1. Timed Automata

The timed automaton is especially useful in real-time systems expression and de-
sign is a widely used tool. X, is real a finite set of time-valued variables, V' show a finite

set of values with variable real data changes. The condition K is defined by:
K=z0k | z—yOk,
suchthat z,y € X orV.k € Nand © € {<, <, =,>, >}

Definition (Timed Automata). A is a tuple A = (@, qo, X, X, 9, I) where,

e () is a finite set of locations(or nodes),

qo € (@ is the initial location,

X finite set of clocks ,

. is a finite alphabet of actions,

§ C Q x 28 x ¥ x 2% x @ gives the set of transitions,

I : Q — 2" assigns invariants to locations.
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As an above definition, A = ({A, B}, A, {z},0,{(aA,—, 2 > 3,2 = 0,B), (B, —, —,
—,A)}, {B: 2 < 5}) is a sample automata model shown in Figure 4.1.

In this automata with two transitions between the two positions z, is defined as a
clock variable. Initial position A can wait to 5 units of time. Pass from A to B can be

done as long as the clock is greater than 3.

A x>3 B

O "0

x<=5 x=0

Figure 4.1. Sample Example

In this case, clock can change from A to B while the clock is between 3 and 5
units of time. In the B position, any variable is defined and any condition is defined from

B to A at any time. In this case automata can pass from B to A for every time.

4.2. Timed Automata Specification Language

Computational Tree Logic (CTL) is used for model checkers to formal verification
which provides checking safety or liveness property of system with tree-like structure of
modelling of time Timed Computational Tree Logic (TCTL) quantitative extension of
CTL by temporal operators with time intervals which provides verification of safety or

liveness or time-bounded liveness system properties.
Definition (Syntax of TCTL): A TCTL formula ¢ is defined by below grammer:

pu=true|p |- oAp| e | pWUrp.

Where p € Pr is a atomic condition and clock variables, I € Z as for ¢, an element of

set of Interval.

As an above syntax, commonly used in literaturely and given following text(Gabbay
et al., 1994):

301 (Exists Eventually): In some execution path v eventually holds.
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V(1 (Always Eventually): In all execution path v eventually hold.

J00y (Exists Globally): v held through at least one of path.

VY (Always Globally): During all execution path v holds all path.

Y~ ¢ (Always Leads To): In this syntax if ¢) provided, ¢ always holds .

1 ~<; ¢ (Time Bounded Leads-to): After property of ) hold, property of ¢ is to hold

within t.

As mentioned above, some properties are about safety critical properties and the others

liveness properties. In general concept, one safety critical system has three properties:

Safety Critical Properties has these properties: “Any bad situation never happen”. For
instance, as will be explained later, it is absolutely unwanted behaviour to start centering
in surgical region for endoscopic surgery. These type of properties determine reliability

of system.

Liveness Properties has these properties: “Something happens eventually”. For instance,

surgeon is expected to press control unit active button for movements.

Time Bounded Liveness Properties. In real-time systems, the just only liveness properties
are not sufficient and meaningful. Some properties are only meaningful within time limit.

Time bounded liveness properties is shown with time bounded operator ¢ ~<; 1.

4.3. Model Checker Tool Uppaal

UPPAAL, which is developed by Uppsala and Aalborg universities, used all around
the world from academic projects to business projects. It provides facility to test user de-
fined properties, channel synchronization, structure data types and variables(Behrmann
et al., 2004).

4.4. NeuRoboScope System of Timed Automata

In this section NeuRoboScope’s timed automata is presented. Model Checker
tool UPPAAL supports communication mechanism from timed automata networks(Uzun
et al., 2016).
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4.4.1. Preliminary Information

In this subsection, before describing Uppaal Models, brief information about the

channels and variables used in system models mentioned as below.

4.4.1.1. Channels

The channels of models as listed below:

eyb: When CEK key is half-pressed, eyb channel is synchronized,
etb: When CEK key is fully pressed, etb channel is synchronized,
eyk: When CEK key is half released, eyk channel is synchronized,
etk: When CEK key is fully released, etk channel is synchronized,
asb: When pressing the surgery zone button, asb channel is synchronized,

kbe: When main control unit is activated, kbe channel is synchronized,

merkezleme == false merkezleme == false

BASILMADI eyb!  YARIM eth! TAM

merkezleme == false merkezleme == false

Figure 4.2. Surgeon Hold Endoscope Model

kbk: When main control unit is deactivated, kbk channel is synchronized,
mkz: When starting homming, mkz channel is synchronized,
newpos: When endoscope is moved new position newpos is synchronized,
hazir: When homming finish, hazir channel is synchronized,

pildolu: When battery status is full, pildolu channel is synchronized,
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e pilaz: When battery status is low, pilaz channel is synchronized,

o pilbitti: When battery status is empty, pilbitti channel is synchronized,

pildurumu=1
pilaz!

pildurumu=0 i @ - pildurumu=2
pilbitti! pildalu!

Figure 4.3. Battery Status Model

e mkb: When manuel control button is activated, mbk channel is synchronized,

e mkk: When manuel control button is deactivated, mkk channel is synchronized.

4.4.1.2. Variables

The variables of models as listed below:

e ameliyat_bolgesi siniri: The surgeon determines the region of operation where the
endoscope can move and the region where the centering can be done.

e pildurumu: Information on whether the battery status is full or else. It is created as
2 when the battery is full, it is 1 when the battery is low, and it is O when the battery
is empty.

e cek: CEK key information is kept in the variable cek. It is 0 when the CEK key is
released, it is 1 half-pressed and 2 is fully-pressed.

e enc: The encode information stored in the variable enc. The point at which the
variable is farthest from the patient is determined as 0, and the endpoint of the

operative region as 100.
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o pasif kol serbest: Information is kept that the passive balanced arm is released or
braked. If the passive balanced arm is released, it is set to true else if the passive
balanced arm is not released.

o aktif kol merkezli: Knowledge of being active endoscope holder centered or not
centered. If it is true, the active endoscope holder is centered. Else if it is not

centered.

[=>=2 &b t==2 &&
oasif rbest==true && o : t=0 pasif k rbest==false &&
merkezleme==false byl »Q‘ merkezleme ==false

newpos!
t<=6

Figure 4.4. Surgeon Endoscope Movement Model

e manuelkontrolbutonu: Information is kept that whether the manuel control button
is pressed or released. When it is pressed, variable is 1. Otherwise, it will be 0.

e kumandabirimietkin: Information is kept that whether the main control unit is
active or inactive. When it is active, variable is 1. Otherwise, it will be 0.

e merkezleme: Information is kept that whether hooming is taking. When homming
is taking, variable is true. Otherwise, it will be false.

e endoskop _iceride: Information is kept that whether the endoscope is in the surgeon

region or not. When it is inside, variable is true. Otherwise, it will be false.

4.4.1.3. Surgeon Endoscope Holds Model

Initially, the CEK key is started to BASILMADI state (Eng: RELEASED) and cek
is equal to 0. If the surgeon presses the CEK key halfway, the eyb channel syncronized
and state switches to YARIM (Eng: HALF) , and updates cek to 1. In the case of YARIM
state, the surgeon can release the CEK key completely, the etk channel syncronized and

state switches to BASILMADI state and updates cek to 0; or the surgeon can press the
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key more firmly while holding the CEK switch in YARIM state, then the state of TAM
(Eng: PRESSED) is passed to the etb channel syncronise, updated cek to 2. The surgeon

merkezleme==false

pildurumu=0 && 3sh!
R, dakd,
manuelkontrolbutonu==0 &&
kumandabirimietkin==1 && manuelkontrolbutonu==1 &&

merkezleme==false merkezleme==false

I
kbk! milele!

lkumandabirimietlkin=0 manuelkontrolbutonu=0

pildurumu=0 &&
manuelkontrolbutonu==0 && manuelkontrolbutonu==0 &&

false && merkezleme==false
kurmandabirimietkin==0

misk!

lkbe!
' manuelkontralbutonu=1

kumandabirimietkin=1

Figure 4.5. Surgeon Control Model

can release the CEK key halfway, in this case the YARIM state is passed, the eyk channel
is syncronized and the cek is updted to 1. It is assumed that the CEK switch does not
change state when homming is performed. Surgeon endoscope holds model is shown

below Figure 4.2.

4.4.1.4. Surgeon Control Model

The surgeon can control the system in 5 different ways. Surgeon endoscope con-

trol model is shown below Figure 4.5.

e Main Control Unit is active (KBE): Activates the main control unit when the sur-
geon pushes the activation button of the main control unit when main control unit’s
battery is low or full. The manual control button is not pressed and no centering is

required.

e Main Control Unit is inactive (KBK): The surgeon pushes the activation button of

the main control unit to remove the activation of the main control unit when the
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main control unit’s battery is low or full. The manual control button is not pressed

and no centering is required.

o Surgery Zone Button is pressed(ASB): The surgeon sets the surgery zone by press-
ing the surgery zone button. It is assumed that the center of surgery is not pressed

when the center is operated.

ash?

enc!=0

ameliyat_bolgesi_siniri=ReadEncader()

ash?

ameliyat_bolgesi_sinii=ReadEncoder()

ReadEncoder()=ameliyat_bolgesi_sinir

Figure 4.6. Endoscope Region Model

e Manual Control Button is pressed(MKB): The surgeon can use the system man-
ually by pressing the manual control button. It is assumed that the manual control

button is not pressed while centering is being performed.

e Manual Control Button is released(MKK): The surgeon exits manual mode by

releasing the manual control button.

4.4.1.5. Surgeon Endoscope Movement Model

If the surgeon pressed the CEK key halfly, the passive balanced arm is released

and the surgeon can take the endoscope to the new position within 2-6 seconds. Linear
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encoder information is set as 0-100 interval. If the passive balanced arm is not released,
it returns to its initial state to wait for it to be released. Surgeon endoscope movement

model is shown below Figure 4.4.

4.4.1.6. Passive Balanced Arm Model

There are two type of status exists for passive balanced arm. They are mentioned

below list. Passive balanced arm model is shown below Figure 4.9.

o Passive Balanced Arm is braked: The passive balanced arm is FRENLI (Eng:
BRAKED) when system starts. If the CEK key is pressed halfway, eyb? channel
synchronized and the time is reset (t=0). After 1 second, etk? or eyk? channel does
not synchronized, pasif_kol_serbest becomes true and the passive balanced arm goes
to the SERBEST (Eng: RELEASED) status. If the CEK key is pressed, the passive
balanced arm remains FRENLI status. If the CEK switch is released halfly within
1 second of the, the passively balanced arm remains FRENLI status. When manual
control button is pressed, mkb? synchronized and the passive balanced arm goes to

the SERBEST status and the pasif_kol_serbest is updated to true.

o Passive Balanced Arm is released: When the CEK key is half-pressed or the
manual control button is pressed, the passive balanced arm is in the SERBEST
status. If the passive balanced arm is in the SERBEST status and the CEK key is not
held halfway, passive balanced arm status turns to FRENLI when the mkk? channel
is synchronized and the pasif_kol _serbest is updated to false. If the passive balanced
arm is in the SERBEST status and the CEK key is pressed fully, the etb? channel is
synchronized to FRENLI status and the pasif_kol_serbest is updated to false. If the
pasif_kol_serbest is in the SERBEST status and the CEK key is halfly released, the
eyk? channel is synchronized to FRENLI status and the pasif_kol_serbest is updated

to false.

4.4.1.7. Active Endoscope Holder Model

The system starts with ETKINDEGIL(Eng: INACTIVE) status. And firstly the
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system will center in active mode for 4-6 seconds. During the centering, the mkz? channel
is synchronized, the system time is reset (t = 0), the aktif_kol_merkezli variable is updated
to true and the green light is blinking during this time to indicate that the centering has

been done. Once the centering is completed, the hazir channel is synchronized and the

t=0.merkezleme=true

MERKEZLEME_BASLAD (:l .

aktif_kol_merkezli=true , merkezleme=true

merkezleme=false

O

MERKEZLEME_BITTI

Figure 4.7. Active Endoscope Holder Model

green light is turn to YANIYOR status and active endoscope holder is in FRENLI (Eng:
BRAKED) status.

When the active endoscope holder is in the AKTIF (Eng: ACTIVE) status, it will
switches to FRENLI (Eng: BRAKED) status with the cek button half-pressed. When the
active endoscope holder is in the AKTIF status, it switches to the FRENLI status with the
main control unit button pressing.

If the active endoscope holder is FRENLI and the encoder is equal or smaller than

ameliyat_bolgesi_siniri, the mkz! channel is synchronized (green light is starting to blink
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to indicate that centering is taking) and time updated to O (t = 0) and merkezleme turns to
true. When the system is in 4-6 seconds, centering is performed and the aktif_kol _merkezli
variable is updated to true.

By synchronizing the mkz! channel, the green light is continuously blinked. When
the centering of the active endoscope holder is finished, hazir! channel is synchronized
and the green light turns to YANIYOR status and the active endoscope holder passes to
the FRENLI status. Active endoscope holder model is shown below Figure 4.7.

Figure 4.8. Green Light Model

4.4.1.8. Endoscope Region Model

By pressing the surgery zone button, linear encoder value is kept as boundary in-
formation. If encoder information is set to O, the initial state is waited until a new value
is given. If the encoder information is different from zero, the surgical region boundary is
defined as encoder information and the endoscope is brought to DISARIDA (Eng: OUT-
SIDE) status. While the endoscope is out, the surgeon can re-adjust the surgical margin or
enter the nose to ICERIDE (Eng: INSIDE) status. In case of ICERIDE, only endoscopic
encoder information must be larger than ameliyat_bolgesi_siniri. By keeping information
in and out of this way, the center of the endoscope is made only outside without harming

the patient. Endoscope region model is shown below Figure 4.6.
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4.4.1.9. Green Light Model

Initially green light starts in YANMIYOR (Eng: OFF) status. After homming, the
green light goes to YANIPSONUYOR (Eng: BLINKING) status until centering starts and

ends.

if_lcal_serbest=false

pasi

)

if_kol_serbest=false

pasi

=true

f_kol_serbest

SERBEST
pasi

~=1
Trils

t
pasif_kol_serbest

=1

s

—

mikk?

cel!

if_lcol_serbest=false

pasi

Figure 4.9. Passive Balanced Arm Model

Once homming is complete, the green light goes YANIYOR (Eng: ON) to indicate

that the active endoscope holder is active. While the main control unit button is pressed,
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the green light switches to YANIPSONUYOR status. Green light model is shown below
Figure 4.8.

4.4.1.10. Red Light Model

When the system starts to work, it starts in the YANIP_SONUYOR (Eng: BLINK-

ING) status because the asb has not been created.

Figure 4.10. Red Light Model

When asb is created, it goes into YANMIYOR(Eng: OFF) status.
It goes YANIYOR (Eng: ON) with kbk syncronisation. it goes to YANMIYOR

status with hazir syncronisation. Red light model is shown below Figure 4.10.

4.4.1.11. Battery Status Model

Battery status model is shown in Figure 4.3. The battery status is set to 0 when
runs out of battery. In this case the main control unit can not be activated. The battery
status is set to 1 when battery life is reduced.When the battery is fully charged, the battery

status is set to 2. The main control unit can be activated when the battery is low or full.

4.5. Verification of System And Evaluation

A number of queries have been written to test the safety criticality and liveness

properties of the system and a few of the most important ones will be presented. First
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query is specific for UPPAAL to check whether system includes deadlock:

vV U not deadlock

Another important safety critical question is that the endoscope should not start active
endoscope holder centering in any situation while in the surgical region:

vV 0 not (enc > ameliyat_bolgesi_siniri and
aKtifEndoskop Yonlendirici. MERKEZLEME _BASLADI)

While the active endoscope holder is active, main control unit must be active:

vV U not (aKtifEndoskopYonlendirici. AKTIF and kumandabirimietkin==false)
NeuRoboScope’s model succeeded successfully from the above questions. Liveness prop-
erties of the system should also be tested. For example, there must be a situation where
the active endoscope holder is braked:

3 ¢ aKtifEndoskopYonlendirici. FRENLI

There is at least one situation where the endoscope’s surgical region is inside:

3 ¢ EndoskopBolgesi.ICERIDE

Whether or not the active endoscope holder can be centered can be tested with the follow-
ing question:

3 ¢ aKtifEndoskopYonlendirici. MERKEZLEME BITTI

The queries given in the examples above are formally expressed in the TCTL
definition language. The UPPAAL verify receives as an input model to other input queries
and tells whether the system verifies the desired properties.

Failure to verifying any properties can mean two things:
e There is an error in the system requirements, and

e There is an error in the model. Therefore, in such a case, going back and looking at
both possibilities should be done and continued the process until get in an error-free

system / model.

The model-based verification checks whether a system’s requirements behave as

required.
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CHAPTER 5

MODEL BASED MUTATION TESTING

Manifacturers, developers or producers always tend to make mistake. When creat-
ing safety critical system, find out where the mistake is made during production is crucial.
The model based mutation testing provide what steps we can take to prevent possible fault.
Testers expect that test cases are to be enough determine the mutant. The number of mu-
tants killed indicates that the requirements are sufficiently clear. Testers always hope their
test technique goes from killing more mutants with less testing.

The NeuRoboScope system tested using mutual analysis as the counter-examples
generated by the model checker as the test input (Fraser et al., 2007; Aichernig et al.,
2013).

5.1. Verification With Mutation Testing

To verify NeuRoboScope system model, we inject one fault to XML file of genereted
by UPPAAL. There are two type of mutation methods used as metioned belowed Subsec-
tion 5.1.1 and 5.1.3.

5.1.1. Model Mutation NeuRoboScope UPPAAL Model

Model mutation was done relevant with following model mutation operator:

1. Change action (j.,) generates from A a set of |A;| (| Xo]) + |Ao] (| Xo| — 1) mu-
tants, where every mutant changes a single transition in A by replacing the ac-
tion labeling the transition by a different output label. A TAIO M € p.(A),
if M is of the form (Q, ¢, X; , Yo, C,I1,(A\{0}) U {ém}), such that § =
(q, a, g, p, ¢ ) € Aom = (q, am, 9, p, ¢ ), am € Xo and a,, # a.
Example of change action has been shown Figure 5.4 which is orginal model is

shown Figure 4.7. The places marked with yellow indicate changes.
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. Change target(j..;)generates from A a set of |A| (|Q| — 1) mutants, where every
mutant replaces the target location of a transition in A, by another location in A. A
TAIO M € puu(A),if Misofthe form (Q,q, X1, Yo, C,I,(A\{d}) U {dm}),such
thatd = (q, a, g, p, ¢') € A, om = (g, a, g, p, ¢n), ¢y € Qandd,, =

/

q .

Example of change target has been shown Figure 5.1 which is orginal model is

shown Figure 4.7. The places marked with yellow indicate changes.

ETKINDEGIL

ta=4

mkz! ®
t=0, aktif_kol_merkezli=true.merkezleme=true
newpos?
cek==0
kbe?
avb? altif_lkol_merkezli=false
avh?
hazir!
eth? merkezleme=false
aktif_kol_merkezli==f &
enc <=ameliyat_bolgesi_sinir && 9]

cek==0 t=0merkezleme=true
mikz!

MERKEZLEME_BASLADI .
=4 () t<=6

altif_lkol_merkezli=true , merkezleme=true

mkz!

)

MERKEZLEME_BITTI

Figure 5.1. Change Target Mutant Example

. Change source(..s) generates from A a set of |A| (]Q| — 1) mutants, where ev-
ery mutant replaces the source location of a transition in A, by another location
in A. This expresses an implementation fault where a signal can be triggered
from a state where it should be disabled. A TAIO M € u.s(A), if M is of the
form (Q,q, X1, Yo, C,I,(A\{d6}) U {dm}),suchthatd = (q, a, g, p, ¢ ) €
A, om = (¢m, a, g, p, ¢), @m € Qand g = q.
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Example of change source has been shown Figure 5.3 which is orginal model is

shown Figure 4.7. The places marked with yellow indicate changes.

. Self loop () generates from A a set of |A| mutants, where every mutant replaces
the target location of a transition in A, by its source location. The created mutants
are a subset of both the Change target and the Change source mutants, where
the target and source location are equal. A TAIO M € pug(A), if M is of the
form (Q,q, X1, Yo, C,I,(A\{d}) U {dm}),suchthatd = (q, a, g, p, ¢ ) €
A, om = (¢, a, g, p, 9);

Example of self loop has been shown Figure 5.2 which is orginal model is shown

Figure 4.7. The places marked with yellow indicate changes.

te=6

@ ETKINDEGIL

t==4

miz!

t=0, aktif_kol_merkezli=true merkezleme=true

newpos? hazir!

merkezleme=false
cek==0

kbe?

aktif_kol merkezli=false

aktf kol _merkezli=
enc <=ameliyat_bolgesi_siniri &&
celk==0 t=0merkezleme=true

milz!

MERKEZLEMEiﬁAGLADI(:) -

hazir!

merkezleme=false

MERKEZLEME_BITTI

Figure 5.2. Change Selfloop Mutant Example

. Change guard(i.,)generates from A a set of 4 |G| mutants, where every mutant

replaces a transition in A with another one which changes the original guard by

altering every equality/inequality sign appearing in the guard by another one. This
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covers implementation faults with faulty enabling conditions. A TAIO M €
feg(A), if M is of the form (Q,q, X, Yo, C,I,(A\{0}) U {dm}), such that
§ = (q7 a, g, p, q/> € A7 om = (Qa a, Gm, P, q/)vg = /\iEICiOidiagm -
Nierciofds, 0,08 € {<,<,=,2,>},0; # of* for some i € Iando; = o} for all

Jj# i

ETKINDEGIL

]
miz!
=0, aktif kol merkezli=true merkezleme=true

newpos? hazir!

merkezleme=false

cek==0

aktif_kol_merkezli=false

enc ameliyat_bolgesl_sinir &&
cel==0 t=0merkezleme=true
miz!

MERKEZLEME_BASLADI .

aktif_kol_merkezli=true , merkezleme=true

miz!

©)

MERKEZLEME_BITTI

Figure 5.3. Change Source Mutant Example

Example of change guard has been shown Figure 5.5 which is orginal model is

shown Figure 4.7. The places marked with yellow indicate changes.

. Change invariant([..;) generates from A a set of |Z| mutants, where every mu-
tant replaces the invariant of a location with another invariant with multiplying 2
to the right side of the invariant. This mimics an “off by one”-fault allowing to
stay longer in a state than intended. A TAIO M € p.(A), if M is of the form
(Q,q, X1, X0, C,I,, A) and there exists ¢ € @) ,suchthat [ (q) = Ajesc;od;, 0 €
{<. <}, In(@) = Nercio df*,di* = d; % 2 for some i € [,d}* = d; for all

10
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j#iand I(¢) = I, (¢)forall ¢ # q.
Example of change invariant has been shown Figure 5.6 which is orginal model is

shown Figure 4.7. The places marked with yellow indicate changes.

7. Invert Reset(j1;)generates from A a set of |A| |C| mutants, where every mutant
replaces a transition in A, by another transition with the occurrence of one clock
flipped compared to the original set of clocks. This reflects different timing errors,
e.g. the incorrect reseting of a timer. A TAIO M € p;(A), if M is of the
form (Q,q, X7, Yo, C,I,(A\{d})U {0m}),such that§ = (q, a, g, p, ¢) €
A, om = (¢, a, g, pm, ¢), and for some ¢ € C either p,, = p U {c,} if
Cm & p, OF pr=p\{cn}if ¢, € p.

5.1.2. Model Mutation Result

According to model mutant types and counts, the Table 5.1 is created after gener-

ating mutants from UPPAAL XML file.

Table 5.1. Model Mutations Results
] MUTANT TYPE \ MUTANT COUNT \

Change Action 593
Change Guard 35
Change Invariant 4
Change Invertreset 5
Change Selfloop 66
Change Source 88
Change Target 88
| Total \ 879

5.1.3. Specification Mutation NeuRoboScope UPPAAL Model

Specification mutation was done relevant with following operators:

1. AssociativeShiftOperator(AS0): Change the association between variables

Example of NeuRoboScope Model Real Query:



3 ¢ (PasifdEngelenmisKol. FRENLI and aktif_kol_merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

Example of NeuRoboScope Model Mutant Injected Query:

3¢ (PasifdEngelenmisKol. FRENLI and aktif_kol_merkezli==false ) and aKtifEn-
doskopYonlendirici. AKTIF

ETKINDEGIL

t==4
mkz!
t=0, aktif_kol_merkezli=true.merkezleme=true

hazir!

newpos?

merkezleme=false

cek==0
kbe?
alktif_lkol_merkezli=false

aktif_lol_merkezli=
enc <==ameliyat_ba
celk==0 t=0.merk

milz!

MERKEZLEME_BASLADI C
=4

altif_lkaol_merkezli=true , merkezleme=true

MERKEZLEME_BITTI

Figure 5.4. Change Action Mutant Example

2. ConstantReplacementOperator(CRO): Replace a constant with a syntactically valid

different constant
Example of NeuRoboScope Model Real Query:

3¢ (PasifdEngelenmisKol. FRENLI and aktif kol _merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

Example of NeuRoboScope Model Mutant Injected Query:
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3¢ (PasifdEngelenmisKol. FRENLI and aktif kol _merkezli==true and aKtifEn-

doskopYonlendirici. AKTIF)

3. ExpressionNegationOperator(ENQ): Negate sub-expressions.

Example of NeuRoboScope Model Real Query:

3 ¢ (PasifdEngelenmisKol. FRENLI and aktif kol_merkezli==false and aKtifEn-

doskopYonlendirici. AKTIF)

Example of NeuRoboScope Model Mutant Injected Query:

[ iniri &8
cek==0 t=0merkezleme=true
mkz!

MERKEZLEME_BASLADI (
aldif_kol_merkezli=true , merkezleme=true

milz!

MERKEZLEME_BITTI

hazir!

merkezleme=false

hazir!

merkezleme=false

Figure 5.5. Change Guard Mutant Example

vV U not (PasifdEngelenmisKol. FRENLI and aktif_kol_merkezli==false and aK-

tifEndoskop Yonlendirici. AKTIF)

4. LogicalOperatorReplacement(LRO): Replace a logical operator with another log-

ical operator.

Example of NeuRoboScope Model Real Query:
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3 ¢ (PasifdEngelenmisKol. FRENLI and aktif_kol _merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

Example of NeuRoboScope Model Mutant Injected Query :
3 ¢ (PasifdEngelenmisKol. FRENLI or aktif kol merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

5. MissingConditionOperator(MCQO): Remove a single condition from a decision.
Example of NeuRoboScope Model Real Query:

3¢ (PasifdEngelenmisKol.L FRENLI and aktif_kol_merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

@ ETKINDEGIL

tm=4
mikz!

t=0, aktif_kol_merkezli=true merkezleme=true

newpos? hazir!
merkezleme=false
cek==0
lkbe?
aktif kol _merkezli=false

aktif kol merkezli==fa
enc <=ameliyat_bolgesi_siniri &&
cek==0 t=0merkezleme=true

milz!

MERKEZLEME_BASLADI (
t>=4

hazir!
merkezleme=false

altif_lcol_merkezli=true , merkezleme=true

mikz!

MERKEZLEME_BITTI

Figure 5.6. Change Invariant Mutant Example

Example of NeuRoboScope Model Mutant Injected Query:

3¢ (aktif_kol_merkezli==false and aKtifEndoskop Yonlendirici. AKTIF)
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6. RelationalOperatorReplacement(RRO): Replace a relational operator with another

relational operator
Example of NeuRoboScope Model Real Query:

3 ¢ (PasifdEngelenmisKol. FRENLI and aktif_kol_merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

Example of NeuRoboScope Model Mutant Injected Query:
3 ¢ (PasifdEngelenmisKol.FRENLI and aktif kol _merkezli!=false and aKtifEn-
doskopYonlendirici. AKTIF)

7. SimpleExpressionNegation(SNO):Negate an atomic condition in a decision.
Example of NeuRoboScope Model Real Query:

3¢ (PasifdEngelenmisKol. FRENLI and aktif_kol_merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

Example of NeuRoboScope Model Mutant Injected Query:
3 ¢ ( not PasifdEngelenmisKol. FRENLI and aktif kol _merkezli==false and aK-
tifEndoskop Yonlendirici. AKTIF)
8. StuckAtOperator(STO):Replace a condition with true or false.
Example of NeuRoboScope Model Real Query:

3¢ (PasifdEngelenmisKol. FRENLI and aktif kol merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

Example of NeuRoboScope Model Mutant Injected Query:

3¢ (PasifdEngelenmisKol. FRENLI and 1 and aKtifEndoskop Yonlendirici. AKTIF)
9. VariableReplacementOperator(VRO):Replace a variable reference with a refer-

ence to another variable of the same type.

Example of NeuRoboScope Model Real Query:

3¢ (PasifdEngelenmisKol. FRENLI and aktif kol merkezli==false and aKtifEn-
doskopYonlendirici. AKTIF)

Example of NeuRoboScope Model Mutant Injected Query:

3¢ (PasifdEngelenmisKol. FRENLI and aktif kol merkezli==false and Endoskop-
Bolgesi.ICERIDE)
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5.1.4. Specification Mutation Result

According to specification mutant types and counts, the Table 5.2 is created after
generating mutants from UPPAAL XML file.

Table 5.2. Specifications Mutations Results
| MUTANT TYPE | MUTANT COUNT |

ASO 9
CRO 13
ENO 116
LRO 18
MCO 31
RRO 17
SNO 22
STO 46
VRO 513
| Total 785

5.2. Examination Uppaal Outputs

There is possible to create shortest trace,fastest trace or some trace using UPPAAL
tool. In this study, we chose fastest way to trace. Therefore we used following terminal

code:

Jverifyta  —u  —y —1t2 Suppalzmlfilename.xml >

$my filename.doc 2 > &1

Uppaal outputs starts with a STATE and ends with a STATE. A transition links between
STATES. If we visualize one trace, we can draw Figure 5.7.

An example UPPAAL output of a State:

(CerrahEndoskopK avrama. BASILM ADI
CerrahKontrol._id3
CerrahEndoskopSurme._id4
PasifdEngelenmisKol. SERBEST
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aKtif EndoskopY onlendirici. KT KINDEGIL
EndoskopBolgesi._id7

KumandaPil.1d23

Kirmizilsik.Y ANIP_SONUYOR
Yesillsik.Y ANMIY OR)

rt <=6, rt — CerrahEndoskopSurme.t <=0,

rt — PastfdEngelenmisKol.t <=0,

rt — aKtif EndoskopY onlendirici.t <=0,

rt — EndoskopBolgesi.t <=0,

rt — KumandaPil.t <=0,

rt — Yesillsik.ty <=0,

rt — #tau <= 0, CerrahEndoskopSurme.t <=6,
CerrahEndoskopSurme.t —rt <=0,

CerrahEndoskopSurme.t — PasifdEngelenmisKol.t <=0,
CerrahEndoskopSurme.t — aKtif EndoskopY onlendirici.t <= 0,
CerrahEndoskopSurme.t — EndoskopBolgesi.t <=0,
CerrahEndoskopSurme.t — KumandaPil.t <=0,
CerrahEndoskopSurme.t — Yesillsik.ty <=0,
CerrahEndoskopSurme.t — #tau <= 0,
PasifdEngelenmisKol.t <= 6,

PasifdEngelenmisKol.t —rt <=0,

PasifdEngelenmisKol.t — CerrahEndoskopSurme.t <=0,
PasifdEngelenmisKol.t — aKtif EndoskopY onlendirici.t <= 0,
PasifdEngelenmisKol.t — EndoskopBolgesi.t <=0,
PasifdEngelenmisKol.t — KumandaPil.t <=0,
PasifdEngelenmisKol.t — Yesillsik.ty <=0,
PasifdEngelenmisKol.t — #tau <= 0,

aKtif EndoskopY onlendirici.t <= 6,

aKtif EndoskopY onlendirici.t — rt <=0,

aKtif EndoskopY onlendirici.t — CerrahEndoskopSurme.t <=0,
aKtif EndoskopY onlendirici.t — PasifdEngelenmisKol.t <=0,
aKtif EndoskopY onlendirici.t — EndoskopBolgesi.t <= 0,
aKtif EndoskopY onlendirici.t — KumandaPil.t <= 0,
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aKtif EndoskopY onlendirici.t — Yesillsik.ty <=0,
aKtif EndoskopY onlendirici.t — #tau <= 0,
EndoskopBolgesi.t <= 6,

EndoskopBolgesi.t — rt <=0,

EndoskopBolgesi.t — CerrahEndoskopSurme.t <=0,
EndoskopBolgesi.t — PasifdEngelenmisKol.t <=0,
EndoskopBolgesi.t — aKtif EndoskopY onlendirici.t <=0,
EndoskopBolgesi.t — KumandaPil.t <= 0,
EndoskopBolgesi.t — Yesillsik.ty <=0,
EndoskopBolgesi.t — #tau <=0,

KumandaPil.t <=6, KumandaPil.t —rt <=0,
KumandaPil.t — CerrahEndoskopSurme.t <=0,
KumandaPil.t — PasifdEngelenmisKol.t <=0,
KumandaPil.t — aKtif EndoskopY onlendirici.t <= 0,
KumandaPil.t — EndoskopBolgesi.t <=0,
KumandaPil.t — Yesillsik.ty <=0,

KumandaPil.t — #tau <=0,

Yesillsik.ty <= 6,Yesillsik.ty —rt <=0,
Yesillsik.ty — CerrahEndoskopSurme.t <=0,
Yesillsik.ty — PasifdEngelenmisKol.t <=0,
Yesillsik.ty — aKtif EndoskopY onlendirici.t <= 0,
Yesillsik.ty — EndoskopBolgesi.t <=0,

Yesillsik.ty — KumandaPil.t <=0,

Yesillsik.ty — #tau <=0,

#tau <= 6, #tau — rt <=0,

#tau — CerrahEndoskopSurme.t <=0,

#tau — PasifdEngelenmisKol.t <=0,

#tau — aKti f EndoskopY onlendirici.t <=0,

#tau — EndoskopBolgesi.t <= 0,

#tau — KumandaPil.t <=0,

#tau — Yesillsik.ty <= O0ameliyat_bolgesi_sinirt = 100
pildurumu =2 cek =0 enc=0 manuelkontrolbutonu = 1
kumandabirimietkin =0  pasif_kol_serbest = 1

merkezleme = 0  endoskop_iceride = 0
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aktif _kol_merkezli =0
An example UPPAAL output of a Transitions:

CerrahKontrol.;d3 — CerrahKontrol.;d3

{manuelkontrolbutonu == 0 && merkezleme == false,

mkb!, manuelkontrolbutonu =1}

PasifdEngelenmisKol. FREN LI — PasifdEngelenmisKol.SERBEST
{1, mkb?, pasif _kol_serbest := true}

An example UPPAAL output of a Clock:
rt >=6

So we convert UPPAAL outputs to Excel files. Our three of test suites as shown

in Appendix B.

c1 c2 c3 ca
T1 T2 T3
(o) (o)
Figure 5.7. One Path Example

We examined all counter example to convert readable format. Figures B.1, B.2
and B.3’s first column shows clock of system; second column shows state cases which
are initial state, intermediate state, and fail state; third column shows transition and fourth
column shows state.

However, there are many trace to test. It takes lot of time search all traces. In
literature it called state explosion problem. We try to solve this problem following Sub-
sections 5.3, 5.3.1, 5.3.2 and 5.3.4.

After examining all the states,transitions and clocks, there is possible to gave them

unique names like S1 (for state), T1(for transition), C1(for clock).
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5.3. Solving State Explosion Problem

The state space can be infinite or very large which is one of the most serious
problems with model checking in practice is the state explosion problem. In terms of

limited recources of time and memory, it is impossible to explore the entire state space.

5.3.1. Apriori Algorithm

Apriori algorithm is used for frequent item set mining and association rule learn-
ing over transactional databases. We can explain this approach as “bottom up”. In this
approach, frequent subsets are extended one item at a time (a step called as candidate gen-
eration), then group of candidates are tested against the data. If there is no more successful
extensions are found, the algorithm terminates(Agrawal and Srikant, 1994).

In the first step, Apriori counts item sets then it generates candidate item sets
of length ’k” from item sets of length ’k-1". Then, the algorithm eliminates the “non
frequent” candidates. After from this process, with using non-frequent candidates, the
algoritm generates "k+1” items and then the algorithm runs with the same logic which
is explained from the first step until now. The algorithm terminates when no further

successful extensions are found.

5.3.2. Prefix Span

In this section, we introduce PrefixSpan algorithm which is a pattern-growth method
for mining sequential patterns. In this method, the projection is based only on frequent
prefixes because any frequent subsequence can always be found by growing a frequent
prefix(Pei et al., 2001).

1. Step 1: Find length-1 sequential patterns;
2. Step 2: Divide search space;

3. Step 3: Find subsets of sequential patterns by constructing corresponding projected

databases and mine each recursively.
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5.3.3. Apriori and Prefix Span Results

We expect that the results of test cases of the model mutants will not fail if the
requirements are determined correctly. Therefore, we run our original NeuRoboscope
model xml to create 1000 outputs. After that converting excel files, we produced transition

from one possible state to another state as shown in Figure C.2 and C.1

o
@3@3@- 8

NOT FAIL

Figure 5.8. Expected Result Example

Figure 5.8 visualize what we expect after an execution test case.

5.3.4. Greedy Heuristic Approach

Greedy Heuristic approach which chooses locally optimal solutions in order to
approximate a globally optimal solution.

We used this approach to generate test cases that will decrease number of resets.
By help of this, testers can gain a speed-up on the test execution of test cases.

For example Figure 5.9 shows an example of test cases.While applying greedy
approach we choose the states with highest number of occurences from beginning and
ending then we combine these two states we continue this process until we cover of all of
the test cases.

Result of Figure 5.9 are:

o F1,E2,E6, E4
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o 3 E8
o N9 E7

e 5

For example, we will read these output from E'1, £2, E6, E4 If there are no faults
in the any steps, these testcases can be combined without reseting. So our new test case is
S1,71,52,72,53,T4,54,T75,55,73,51,T1,52,7T2,53,T4,T5,55,13,56,76,S53.

In this example, number of test cases drops to four with our combined test cases.

TestCase ID

Test Case Steps

El

(51),(T1),(52),(12),(53),(T4),(54)

E2

(54),(T5),(55),(13),(51),(T1),(S2)

E3

(51),(T6),(53),(T4),(54)

E4

(54),(T5),(55),(T3),(56),(T6),(S3)

ES

E6

(52),(T72),(53),(T4),(54)

E7

(51),(T6),(57),(T8),(54)

E8

(S4),(T5),(S5),(T4),(S4)

ES

),
),
),
(S2),(T2),(S3),(T4),(S4),(T5),(S1)
),
),
),
),

(S1),(T4),(54),(73),(51)

Figure 5.9. An Example of Test Cases
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CHAPTER 6

VERIFICATION WITH BLACK-BOX TESTING

Black box testing technique is to check whether the requirements is sufficient only
through inputs and outputs. In this techinique, the system’s internal flow is unknown.
The cause-effect graph test, one of the dynamic black box testing techniques, has been
identified as one of the most suitable techniques for verifying the NeuRoboScope system
following the literature review. Cause effect graph test provides the demonstration of
logically based relationships of inputs and outputs and the creation of test cases.

The basic operations were used to construct the logical based cause effect graph

as in shown Figure 6.1.

Identity
)
’@ ‘And"
(=)
©

OF
V4
®

S

Figure 6.1. Basic Operations Which Is Used When Creating Cause Effect Graph

Some environmental constraints are required while analyzing and graphing system

requirements. The following contraints are used in the notation as shown Figure 6.2:
e E (Exclusive-OR) means that, at most, one of a and b can be true.

e I (Inclusive-OR) states that at least one of a and b must be true.
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e O states that one and only one of a and b must be 1 (True).

e R states that for a to be 1, b must be 1, in other words, it is impossible for a to be 1
and b to be O (False).

e M is used to describe the relations among effects. It states that if effect e is 1, effect

f is forced to O.

Exclusive
Inclusive
o o
i I\.I
R Y
1 ¥
() (o)
Requires Masks

Figure 6.2. Contraints which is used when creating cause efect graph

6.1. Unique MC/DC

Unique MC/DC is an approach of MC/DC techniques. In shortly MC/DC, set of
test cases to show that changing the cause’s value for each particular changes the outcome
of the effects independently from the values of the other effects.(Chilenski and Miller,
1994; Chilenski, 2001)

A test set conforming to MC/DC consists of test cases that guarantee that(Kelly J.
et al., 2001):

e Every point of entry and exit in the model has been invoked at least once,
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e Every basic condition in a decision in the model has been taken on all possible

outcomes at least once, and
e Each basic condition has been shown to independently affect the decisions outcome.

For example £3 = (C'1 Vv C2) A C3: The truth table is given in Table 6.1.

The independence pairs for the variable C1 is (2,6) (C1 changes from O to 1, the
other variables remain the same, the outcome changes from 0 to 1) The independence pair
for the variable C2 is (2, 4) and the independence pair for the variable C are (3,4),(5, 6)
and (7, 8).

The test set for MC/DC is a subset of the test cases of the different independence
pairs. This subset has to be chosen in such a way that for each variable (at least) one in-
dependence pair is covered (in general, there are multiple valid subsets). For the example
we have the test set for MC/DC consisting of {2, 3,4} plus one test case of {5,6,7,8}.

The number of test cases for /N conditions is /N + 1.

Table 6.1. Example Test Set
| Test Case Number | C1 [ C2 | C3 | E1 |

0| | O\ | | W D] =—
—t| | | O O O ©
— OO O = = OO O
— O = OO = O
= OO OO O

6.2. NeuRoboScope Cause Effect Graphs

To examine the project, the light-related and safety-related graphics were scruti-

nized separately.



6.2.1. Preliminary Information

Firstly drawing NeuRoboScope cause effect graphics, we analyse the system re-

quirement to determine causes, effects, internal nodes and constraints.

6.2.1.1. Safety-Related Cause Nodes

Safety-Related cause nodes as shown below list:

e C1: CEK is fully pressed.

e (C2: CEK is half pressed.

e (C3: CEK is released.

e C4: KBE is released.

e C5: KBE is pressed.

e C6: MKB is pressed.

e C7: MKB is released.

e C8: ASB is created.

e C9: Endoscope is outside.

6.2.1.2. Light-Related Cause Nodes

Light-Related cause nodes as shown below list:

e C10: Excessive force/movement on tissue.

Cl11: KBE is released.

C12: KBE is pressed.

e CI13: Homming is taking.



e Cl14: Asb is not created.
e C15: Endoscope is outside.

e C16: Homming is needed.

6.2.1.3. Safety-Related Effect Nodes

Safety-Related effect nodes as shown below list:

e E1: PEK is released.
e E2: KEY is released.

e E3: Homming is taking.

6.2.1.4. Light-Related Effect Nodes

Light-Related effect nodes as shown below list:

E4: Yellow light is on.

ES: Green light is on.

E6: Green light is blinking.

E7: Red light is blinking.

E8: Red light is on.

6.2.1.5. Safety-Related Internal Nodes

Safety-Related internal nodes as shown below list:

e [1: OR,
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e [2: AND,
e [3: AND,

e [4: AND.

6.2.1.6. Safety-Related Constraint Nodes

Safety-Related constraint nodes as shown below list:

e O: C1,C2,C3,
e O: C4,C5,

e O: Co6,CT.

6.2.1.7. Light-Related Constraint Nodes

Light-Related constraint nodes as shown below list:

e O:Cl11,C12,
e M: E5 E6,

e M: E7,ES.

6.2.2. Safety-Related NeuRoboScope Cause Effect Graphic

After determine safety-related causes, effects and internal nodes, we draw graph

with desktop application Gephi(Gephi, 2016) as in shown Figure 6.3.
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6.2.2.1. Safety-Related NeuRoboScope Cause Effect Graphic

Mathematical Transformation

Effect nodes, Intermediate nodes and Cause nodes mathematical transformation

list is as follows:

o F1: [1&I2

E2: 13&14

o E3: (C3& CT& C9)

I1: (C2C6)

12: (IC1 & 103 & 1CT)

I3: (C3& C5 & CT7& CB)

14: (102 & 106 & 1C4 & 1C1)

The mathematical transformation of the safety-related cause effect graphic result-

ing from the placement of intermediate nodes is as follows:

o E1: (02| C6) & (IC1 &C3 & IC7)

o B2: (C3& C5& CT & C8) &(102 & 106 & 104 & 1C1)

o E3: (C3& CT& C9)
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6.2.2.2. Reading of Safety-Related NeuRoboScope Cause Effect

Graphic Mathematical Transformation

PEK is released when CEK is half pressed or CEK is fully pressed. PEK is braked
when CEK is fully pressed or CEK is released or MKB is released. KEY is released when
CEK is released, KBE is pressed, MKB is released and ASB is created.

Figure 6.3. Safety-Related NeuRoboScope Cause Effect Graphic

KEY locked when CEK is half pressed or MKB is pressed or KBE is released or
CEK is fully pressed. Homming is taking when CEK is released and MKB is released

and Endoscope is outside.

6.2.2.3. Unique MC/DC Test Suite of Safety-Related NeuRoboScope
Cause Effect Graphic

Using with Safety-Related NeuRoboScope Cause Effect Graphic Unique MC/DC

Test Suite is generated as shown in Table 6.2.
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Table 6.2. Test Suite For Safety Related NeuRoboScope Requirement
| Test Case Number [ C1 [ C2[C3 [C4 |C5[C6 [C7T[C8|C9|EI |E2]|E3|]

OO == OO OO O
e e B e e B R ) B B
OO O —| OO OO O
O O F=| =] b= = =] = | —
O =] =] =] =] =] = = OO
OO O OO OO O
OO OO O = O | — O
O OO O = = = O] O

1
1
1
1
1
0
0
1
1
1

a‘\ooo\loxu].hmm»—
ellelololeleielle Rl
| | O O] | | | | | D
ellelolele et e fol )

6.2.3. Light-Related NeuRoboScope Cause Effect Graphic

Light-Related NeuRoboScope cause effect graphic is shown Figure 6.4 which is

draw with Gephi after determining light-related causes and effects.

6.2.3.1. Light-Related NeuRoboScope Cause Effect Graphic

Mathematical Transformation

Effect and Cause nodes mathematical transformation list is as follows:

o E4: C10
o £5: C11
o E6: (C12] C13)
o E7: Cl4

o £8: (C15 & C16)
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6.2.3.2. Reading of Light-Related NeuRoboScope Cause Effect

Graphic Mathematical Transformation

Yellow light is on when excessive force/movement is on tissue. Green light is on

when KBE is released. Green Light is blinking when KBE is pressed or during homming.

C10 E4

cH

ES5
0
M
ct2
E6
c13
E7
c14
M
c15 E8

C16

Figure 6.4. Light-Related NeuRoboScope Cause Effect Graphic

Red light is blinking when asb is not created. Red light is on when endoscope is

outside or homming is needed.

6.2.3.3. Unique MC/DC Test Suite of Light-Related NeuRoboScope
Cause Effect Graphic

Using with Light-Related NeuRoboScope Cause Effect Graphic Unique MC/DC

Test Suite is generated as shown in Table 6.3.
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Table 6.3. Test Suite For NeuRoboScope of Light Requirement

[ Test Case Number | C10 [ CI1 [ C12 [ CI3 | C14 [ CI5 [ Cl6 | E4 | E5 | E6 | E7 | E8 |

1 1 0 1 0 1 1 0 1,0, 110
2 1 0 1 0 0 1 0 110|100
3 1 0 1 0 0 1 1 10| 1]0]1
4 1 1 0 0 0 1 1 1| 1]0]0/1
5 1 0 1 0 0 1 1 10| 1]0]1
6 0 0 1 1 0 1 1 o0 1|01
7 0 0 1 1 0 0 1 oOo,0 1,00
8 0 1 0 0 0 0 1 0O|1]0,0]O0

6.2.4. GraphML Files

After drawing graph with Gephi, we exported .grapml file. GraphML file is a type

of XML file which attributes mentioned above.

Important nodes attributes to define in gephi:

grade: Given depth to visualition,
label: Given name of nodes,
type: Type of node such as CAUSE, EFFECT,

relation: Relation between nodes such as AND, OR,

Important edge attributes to define in gephi:

source: ID for start node of edge,
target: ID for end node of edge,
edgeid: Specific ID of edge,

neg: Negation of edge.
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CHAPTER 7

VERIFICATION WITH WHITE-BOX TESTING

The most general description of this test technique is that looking inside the code.
The tester checks that the input-output, code design, and whether the code work correctly.

This testing type provide more comprehensive tests to development stage and op-
timize the codes and also gives change to removing extra lines of codes. And also it is
possible to find out fault and error from codes before user interface tests. These tests
include testing the system’s source code with elements such as statements, control flows,
and so on.

To make this test technique, the coding information must be at a upper level.

Because the test will be done directly at the code level, not at the user interface level.

Table 7.1. Required Coverage Depends on Safety Level

Level A | Level B | Level C | Level D
Statement Coverage X X X
Decision Coverage X X
Modified Condition/DecisionCoverage X

Advantages of White Box Testing: It forces the test developer to reason carefully
about implementation. It reveals errors in hidden code. Besides it spots the dead code or
other issues with respect to best programming practices.

Disadvantages of White Box Testing: It is expensive and spend so many time and
money. It does not determine all possibility errors. It may miss few lines accidentally .
For using this technique, tester should know in-depth knowledge about the programming
language to perform white box testing.

There are several sub technique for white box testing:

Statement Coverage: This technique is used for exercising all programming state-
ment with minimal test.

Branch Coverage: This technique is running number of tests to ensure that all
branches are tested at least once.

Path Coverage: This technique related to testing all possible paths which means
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that each statement and branch is covered.

Modified Condition/Decision Coverage: In particular, it is an important way to
test at a sufficient level for critical software in terms of safety. As a result, if a choice
can be made, there is a technique for testing all possible decisions that contribute to that
option(Chang and Huang, 2007).

Since NeuRoboScope is Level A as previously mentioned Section 3.2, the mc / dc
coverage and unique mc/dc coverage scope has been chosen to examine the device as can
be seen from Table 7.1.

MC/DC = Decision coverage + additional requirements

1. Every point of entry and exit in the model has been invoked at least once,

2. Every condition in a decision in the program has taken all possible outcomes at

least once,

3. Each condition in a decision has been shown to independently affect that decision’s

outcome.

With all other conditions constant, changing the truth value of the condition changes

the result of the decision.

Algorithm 1 Example Algorithm For MC/DC Coverage
Input:

A: One of Example Input;

B: One of Example Input

Output: C: Example Output

1: if A > 10 and B == 0 then
2: C=A+B;
3. end if

You can use test suite for MC/DC coverage:
Test Suite:(7,7) , (T, F), (T, F)

Unique MC/DC: A > 10 and B == 0 : The truth table is given in Table 7.2 for
Algorithm 1 .

The independence pairs for the variable A > 10 is (1,3) (A > 10 changes from
T to F, the other variables remain the same, the outcome changes from T to F) The inde-
pendence pair for the variable B == 0 is (1,2) (B == 0 changes from T to F, the other

variables remain the same, the outcome changes from T to F)
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The test set for unique MC/DC is a subset of the test cases of the different inde-
pendence pairs. This subset has to be chosen in such a way that for each variable (at least)

one independence pair is covered (in general,there are multiple valid subsets).

Table 7.2. Example Algorithm Test Cases

Test Case No | A>10 | B==0 | A>10 and B==
1 T T T
2 T F F
3 F T F
4 F F F

For the example we have the test set for unique MC/DC consisting of {1, 2, 3}.

The number of test cases for NV conditions is N + 1.
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CHAPTER 8

IMPLEMENTED TOOL

VERTICALS which is an open-source web-based software system testing tools
which provides generating test cases to safety critical systems.

VERTICALS generate test cases with different testing methods:

1. Cause Effect Graph Testing,

2. Model Based Testing.

The basic steps to generate results with using VERTICALS are as follows:
1. Select preference testing methods from menu,
2. Select the file users want to analyse,
3. Wait for producing test cases,
4. Save the results.

VERTICALS includes home page, cause effect testing page, model mutation page,
specification page, test suite generation page and also help page and their figures added
in Appendix A.

Home pages give information aims and purpose of tool and creators as shown
Figure A.1.

Cause Effect Testing pages produce test cases from grapML file as shown Fig-
ure A.2. To produce test cases from cause effect graph, users can upload graphML file
with browse and press “Generate Test Cases” button. After generating test cases saving
Unique MC/DC Tests cases and all test cases is possible. Example graphML file also
downloadable from tool.

Model based testing examined three menus. One of them is model mutation menu
which is used for generating model mutants as shown Figure A.3. First of all users select
model mutation from menu. After this step users select a XML file which is generated by
UPPAAL and then press ”Generate Mutants” button to produce mutants then save the mu-

tants. The other menu is specification mutation whic is used for generating specification
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mutants as shown Figure A.4. It includes the same steps as the above-mentioned menu.
As well as these menus, there is test suite generation menu as shown Figure A.5. After
selecting test suite generation menu, users can be able to upload csv file of id if they want
convert readable format to UPPAAL model ids. This step can be skipped by users. Then
users select the file a zip file which is consists of UPPAAL verification result documents
and press “Unzip Files” button to for generating test suitesand then save the results.

Help page also gives information how to use VERTICALS as shown Figure A.6.
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CHAPTER 9

CONCLUSION AND FUTURE WORK

In this thesis, the model of the NeuRoboScope system is created then model based
verification of NeuRoboScope system was carried out. In the system, which is developed
in this project while these entries are gathered with the help of a control arm in the lit-
erature, a movement system is systematically created so that the movement information
does not unnecessaryly effort during the surgery and does not take surgeon’s sight from
the surgical region. The system is modeled using with timed automata, the created model
is verified against to system properties and system verifies all queries. Model verifica-
tion studies will be performed immediately after the design is implemented in the system.
Although the model based testing can not replace observing the device, model based ver-
ification provide the speed, quickness and assumptions of the experiments, and lightening
of the material burden. Finally, it is planned to use the model checker in the test phase
when the system is complete.

NeuRoboScope Uppaal model mutants have been produced and from these mu-
tants the sufficient test cases for the system have been made readable and ready for testing.

The requirements of the device were drawn from the gephi tool using cause effect
graph and graph exported file of .graphml. Unique MC / DC test suite were produced with
VERTICALS which convert graph relations to boolean expression to create test cases.

Since a device at Level A needs to be examined with the MC / DC coverage
technique, white box testing technique with Unique MC / DC coverage has been added to
generate test cases to VERTICALS.

In order to use our VERTICALS tool in the sector, it will be opened on the internet

and it codes will be shared.
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APPENDIX A

SAMPLE SCREENSHOTS OF VERTICALS
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Figure A.1. Sample Screenshot of VERTICALS Home Page
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Figure A.2. Sample Screenshot of VERTICALS Cause Effect Graph Testing Page
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Figure A.3. Sample Screenshot of VERTICALS Model Mutation Page
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Figure A.4. Sample Screenshot of VERTICALS Specification Mutation Page
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Figure A.5. Sample Screenshot of VERTICALS Test Suite Generation Page
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Figure A.6. Sample Screenshot of VERTICALS Help Page
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APPENDIX B

EXAMPLES OF TEST SUITE PRODUCED BY

VERTICALS
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Figure B.1. First Picture of Example 1 of Test Suite produced by VERTICALS
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Figure B.3. Third Picture of Example 1 of Test Suite produced by VERTICALS

90



F=<H [ HOANNOSAINVANEIIS3A HOANNOS dINVA MISIZILIM EEPI IJEPUBLIMY /PI 1585/08d04S0PUT LLPI DUIPUBIUC AJONSOPUSIIHE
NI 1oysiwuapBuIppsed ypi 3uunsdoySopuIyeLaD P I0UOHUBLISD |QYIN TISYE BWEBIAEYOYSOPUIYBLSD )

3IU0AJOXSOPUTITHE

2EIS
3jeIpawIa|

O=lZaxiaw [0y JIMe Q=2pl=2d1 aoxmoucmm SU2ZaMI2aW 0= ms_mm 0¥ tmmn_
0= cgm_E:_umucmE:x 0=NUOINGJOIUON2NUEL 0=2U3 =422 z=nwnnpyd go L=uus_1sabjog 1eAawe g==AMIS|IS?A-NEL ‘0=>1IdBPUBLLIMY
-nex ‘p==1"1sabjogdoysopug-neyt f=>11uIpuIuo AdoySOpUZIME-NELE 0=>TI0MSIWuaRbUIDIISE4-NE: “0=] auunsdoysopugyelsan
el O=>HHNERE O==NERE ‘0=>NER- A NISISaA, 0=V IdepuBWMmA-A1ISIISaA 0=>F1sabjogdoysopuz-AIsiisas, 0=>1 DuIpuSUo AdoysopuIHEE
-AMSIISaA O==1 10MsiuuRiabugplised-A MiIsiisas ‘o=>1 auunsdoysopugURLRO-AIMISIISRA T=>U-A1HB(IS3A ‘O==A1 HIS|ISRA
‘O==NERE] IdBpUBLUINY O==A1HIS|IS2A-] [IJBPUBLLMY “0==]1s26j0gdoysopu3-1 |IdBpUBWIMY 0=2 pUR{UO Ad0YSOPUZITHE-] IdBPUBLUMY
‘0=>1 [0xsIlUR[R0UZRISES-T IHEPUBLLMY ‘9==] 3UUNSAdoNSOPUTIUBLED-1 IdEPUBLUMY D=>1-1 IJEPUBLLMY ‘0=>]IJEPUBLINMY ‘0=>NEl#
-I1saBjogdossopuz ‘g=>AAs|I5a 41153608 do)sopuz ‘0=>1 ligepuewny- 1sablogdoysopu3 ‘0=>1PuUIpusuo AdoysopuzlTye-1 sablogdoysopus
‘0==TI10Msiwuzabuzpised-1sabjogdoysopus ‘g=>1awmngdoysopuzyeua)-1sabogdoysopus ‘g=>11-1s2bjogdoysopu3 ‘g=>1sabjogdoysopus
‘0=>NER} DUIPUBUO AJCHSOPUTIIHE 0=>A1IS IS A DUIPUSIUO AO}SOPUSJITHE ==} |IEPUBLLINY-} DUIPUSIUO ADOXSOPUSIINE
‘0==11526pgdoysopuz-1 pupuauo AJoMSOpUTLITYE 0=>1 [0MSIWuaRBUIplISEd-T DUpURUo AdoySOpUTTHE “g=+1 auunsdoysopugyelsas
-1 DUIPUB|UC A OXSOPUTITHE ‘0=>11-] 10UIPUS|UO A d0YSOPUTITHE ‘9=">] DUIPU3|UD AJoXSOpUIJITME ‘0=>Nel-TI0xsIwuaRiugplsed
‘O==MNISISA AT IOMSIWUREBUTPIISEY D=1 IdEPUBWLINY-TIOMSIWUaREUTplISEd “0=>11526/0gdoyso pug-TIoMsiwua2Bug plised
‘0==1"PuIpuauo AdoysopuIlTye-1 EMsIWuaREuIpISEd ‘g==>1 auunsdoysopuzuelao-ToxsiwusBuzplsed ‘o=>1-TIoMsiuuz2busplsed
,muvﬁ_oxm_:._cm_mmcm_@_mmn_ .N.uvsm.&.ﬂmE_ijoxmoUcm_cmtmu .N.uvﬁ.xm mm.k.ﬂ.mEL:wnoxmoccm_cmth ‘Z-=>1lIdBpUBLIMY
Jauunsdoysopu3yela) ‘Z-==11526pgdoyso puI- aungdoyso pUgUB LAY ‘Z-=>110UIpUAU0 AdOXMSOpUTLITHE- 2uunSdoySopugue IR
.N.uvﬂEV_m_Er_m,mmcm_E_mmn_.u.mEgjmaoxmoccm_cmth "N.uvt.ﬂmctjmaoxmoucm_cmtmu "wuvA.mEgjmnoxmoQLm_cmth ‘D=>NER-U .Duv_.ﬁ.x_m_:mm}
-Y0==Y n_mucmij -1 ‘p==115abjogdoyso puz-y ‘g=>1DUIpUa|U0 Ado)SopUTITME-U ‘D==T10MsSIWuaRBuZ pIISed-1 “g=+1 auunsdoysSopugyeLIaD
-U 9==U ‘Z=<NER Z= A\ﬁ HISINISAA Z=<V [IJEPUELLIMNY Z=<] mom_om_noxmo_ur_m_ £== ucm,co.‘rnoxmogmc:v‘_m = AH._oxm_Ecm_mmcm_E_mmn_

“Z=<U ( HOAINNYAMISIISIA HOANNOS dINVA HISIZIW EZDI

IIJEPUBIMY 2Dl 1530108 d03S0pUT TISIANIMLI 1PUIPURIIO AONSODUTLIHE
NI joysiwuRBuIplsEd yPI 2UUNSdoyS0pUTIYRLED P I0UCHUBLID IOVINTISYE BUBIAEYdOYS0PUTYELRD )

Tu =11"NE} ‘3s|e) =
Sl2[ZaMI2W g 25|EL
==1520125_ |0y _Jised

99 E=<11ppi AWl
3maoxmo_ur_m_cmtlmUA

-FpI 2w
kjmngmoocucmtmo

2BS
2IeIpaLulau|

D=IZaMIaW 03 e 0=3pliadi do¥sopua

0=2WIEZI3W 0=15202s 0§ JISed O=Un]2IWLIGRPUBLINY J=NUOJNQI0QUCH2NUBW )=0U3 =422 z=nwrnp)id golL=mus 1sabjog 1eA2we
0==A1MBIISAA-NEIE 0==1IdBPUBLLNY-NERE O=>115230|0gd 0SOpUT-NEIE ‘0=>] DUIPUIOAdONSOPUTNTHE-NEE ‘0=>] 0MSIuaaBug plIsed-ne
‘D=1 2uunsdoySopuIURLISD-NERE “0==1FNBRY ‘0=>NEJ# ‘O=>NER-ATHISIISAA 0==1 IdepuBlns-A IS IsaA 0=>T1s26logdoysopuz-A1yIs|IsaA
dlv.ﬁ_u:_c_.._m,co}aov_moucmp:v_m a.v__m_:mm.k 0= vu._ov.‘m,Ecm_mmcm_E,mmn_ E.x_ IA 0= vﬂ.mEEmnoxmoocm_cmth a.v__m ISIA “0=>1~ _.ﬂ.v__m_ ISTA
‘a==>A1MBIISAA O=>NER-T IdEPUBLINY Q==A"YIS|IS3A-T [IdBPUBLIMY ‘== Blogdoysopuz-1 IdepuBLIny ‘g=>1 EEmEPEB._mDu:m_Ev_m
-TlidepuelUny 0==>11 _ov_m_Ecm,mmcm_E_mmn: JEPUBLLMY ‘0= vﬂmEijn_oxmo_ucm_cmth T IIJERUELUNY ‘0=>U-1 IJERUELUNY ‘0=>1|IdBPUELIMY
152411520108 d0XS0PUS ‘0=>1 IdEpUBWIN-} 152010800350 PUT "0=>1 1UIPUDIIO AdONSODUSLIHE
-11safjogdoysopul ‘0=>TIovsIWUREUTpNISES-1 1sa6logdoysopul ‘p=>1awinsdoysopuayeual-1isablogdoysopul ‘g=>U

-yisablogdoysopus ‘g=>11520|08d0350pUT ‘0=>NEL] DUIDUR|UC AJONSODUZIIHE "0=>A1 MISIISIA-Y IDUIDUSIO AdONSODUSIIME ‘0=>1 IdBpUBWINY

¥ DUIPU3IUO AdoXSOpUTIE ‘0=>) 1536|108 d0}S0PUS -} DLIPUSIUO AJOYSOPUZHIME ‘0=>} 0XSIUUSIBUSPYISE-) 1DUIPUSIUO AdONSOPUT e

‘0= vﬂm:tjmn_oxmoucm_cmtmoﬂ uEEmEo}noxmoocmc_gm ‘0=>U A.,u:_o_._m_co.‘raoxmoucmc:v_md =1 :_U_.._m,coaﬁoxmoucm_p:v_m

0= vzmﬁioXm,Ecm,mmcm_E,mmn_ Dlv\ﬁ.x_ mm?.u.,ov_m_Ecm,m@Lm_E,mmn_duv mocmEjv_g_ov_m_Ecm_mmcm_E,mmn_ 0==1 _mmm,omaoxmonr_m_

-1 _QXm_Ecm,mmcm_E,mmn_ O==11 U:ﬁcmEo}noxmochL:v_m :ov_m,Ecm,mmcm_otmmn_ 0= vﬂmEEmn_oxmoucm_cmth :ov‘_m_Ecm,mmcm_E_mmn_ 0==U
.A.,QXm_Ecm_omcm_E_mmn_ 0=>1" ,ov_m_Er_m_omcm_E_mmn_ Dlvsmﬁﬂmgjmnoxmoccm_cmtmu Dlv\ﬁx ICEPN m_ijQoxmoucm_r_mth 0=>1"1ldERUELLMY
.ﬂ.m:tjmaoxmoucm_cm‘_._mu nDuv.&mm@omn_ox.mo_ur_m_.ﬂmE._jWQmeo_ucm_cE._mUduvﬁ :,Em_co\rnoxmoucm_p:v_m.ﬂmE.Smn_ox.moucm_cm._._mo
._uuvﬂ_oxm,Ecm_mmr_m__E,mmn_.ﬂm_Ejmnoxmoocm_cEkmU duv:.ﬂmctjmaoxmou_.._m_cmtmo nmuvA.mEgjmnoxmoccm_cmth ‘O=>NERU duv_.ﬂ.x_m_:mm.‘r

-1 ‘0=>1 lIdepuelny-1 ‘p==11s26jogdoysopuz-u ‘o= va_u,.__ucm_cc>acxmcucm:§m - p==T10MsiwuaRbuzpiseg-u ‘0==1swnsdoysopugyelsn
-U'g=>U ( HOAINNYAMISIISIA HOANNOS dINVA MSIZILIR £Z01 IdEpUBWT /oI 1526108do¥S0pUs TIS3ANDLT 1DUIDUSIUC ADOHSOPUTLILE
NI 10vsiwuRbugpISEd 7P 3uUNSdoySOpUIYELE] £ I0IUCHUBLISD IOVIN TISYE BUBIAEYCOYSOpUSURLED |

SIBYS [BlIU|

==

Figure B.4. First Picture of Example 2 of Test Suite produced by VERTICALS
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Figure B.5. Second Picture of Example 2 of Test Suite produced by VERTICALS
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Figure B.6. First Picture of Example 3 of Test Suite produced by VERTICALS



APPENDIX C

EXAMPLES OF APRIORI AND PREFIX SPAN

o]

1D ITEMS

El (s1),(T1),(52),(T2), (83 ), (T4),(54)
EZ (54),(15),(55) L[S1),[TL)(52)
E3 (51),(T6),(52) ,[54)

E4 (54),(T5),(55),(T3),(56), (T8}, (53)
E5 (52),(12),(53), (T4),(54),(T5),(51)
E6 [52),(T2),(53),(T4),(54)

MiN_SUPPORT =4 ﬂ

GEMERATE 1- ITEM CANDIDATES AND COUNTING

[0 [ fs2) | (s3] [ fs4) [ (SS[ is6F [ M| M) [ W)/ [12) | 37 | (M6
L& [+ 15 [s T A[ATZTATZ] =+ 1A21Z

Y

ELIMIMATE MON FREQUENT

[ 1] | 52] | 521 | fs4] | i) |
s s s e s
GENERATE K+1 ITEMS CANDIDATES AND COUNTING ELIMINATE NOM FREQUENT
TTEMSET SOFFORT
TETLET & TTEMSET SUPFORT
T=TLIE3T El
TETIIS T T=TLIEA ]
=TT E] pAEIRREI ¥
== /5 =253 L)
TSZITEAT 7 e
TS /‘ =3I ]
T35 5 AL ¥
T=3LTTAE ¥
=ALTTA]E 2]

1

GENERATE K+1ITEMS5 CANDIDATES AND COUNTING
ITEMSET SOFFORT
T2 TTEMSET SOPFFORT
T=TLI= =0 El
W= TLISZLTE T3 ¥
LEREIREEY
UETRESLIF
TR
2. =305
2L AL
LRI

=

e G 0] o i

Figure C.1. Apriori Example



DB

D

SEQUENCE

El

[51),(T1),(52),[T2), (53], [T4]),[54)

E2

(541,(T51,(55),(T3), (51, (T1) {52

E3

[51),(T8), 53], (T4), [54)

E4

[54),(T5),[s5),(T2), (S6). [T6), [53)

ES

[52),(T2),[53), [T4),(54),(T5),[51)

=]

[52),(12), 53], (T4),. (54

MiN_SUPPORT =4

Find Length-1 Sequential Patterns

(=0 [ is2) | (s3] [ (s4) | WSS[ (s6F [ (LY M2

Y

[ W) 4 [ )
[~ 1 | A~

[+ [« |5 s | A]A 2 [A
PREFIX
<[5 Frojected <52 Frojected <53 Frojected <THF =TdF
DB DE DE EFE?JMM Projected
TITTS2R2N PRI RAE S TTATTSA) DB
MESATL TTSZT, TS TSI TS5ITTY, =
SRy (54 (51).070).(52) ‘
v 2L =3 (T) (T3.15% LRI RLESD =T
TTeJTSINTTa] (54).T3)51) (56).(T8).(53) ’
(54 (T2 IS3NTaL, (=3 TELEET) TTFST] TSATTBN
54
TTaLT=A] =y
Find Subsets of Sequential Patterns
JE1] [ [54] [ T3] [ 5] |
1 [ 4 | 1 | 1 |
T e <[SILTAR [ 537 [ 551 ] 57|
rol Projected DB A 1A 1A ]
EDREAH —
v &
=47
(TSLIST]
— (s3).(Ta).(sa)

Figure C.2. Prefix Span Example
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