MULTI-LEVEL REQUIREMENT MODEL AND ITS IMPLEMENTATION
FOR MEDICAL DEVICE

by
Hua Wang

A Thesis
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Master of Science in Mechanical Engineering

Department of Mechanical and Energy Engineering
Indianapolis, Indiana
August 2018



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Jie Chen, Co-Chair

Department of Mechanical and Energy Engineering
Dr. Shuning Li, Co-Chair

Department of Mechanical and Energy Engineering
Dr. Hamid Dalir

Department of Mechanical and Energy Engineering

Approved by:
Dr. Sohel Anwar

Head of the Graduate Program



ACKNOWLEDGMENTS

There are some people that contributed to the progress of my research work who I would like
to thank:

| would like to address my deepest gratitude to my advisor Dr. Shuning Li, Assistant Professor
of Engineering and Technology for her kindly help about my work. Dr. Li also shared her
experience about research. For this, | am always thankful.

I would like to thank Dr. Jie Chen, Professor of Mechanical Engineering and Energy and
member of my thesis committee, for his helpful advices about my thesis.

| would like to thank Dr. Hamid Dalir, Associate Professor of Mechanical Engineering and
member of my thesis committee, for his helpful advices about my thesis.

I would like to thank Mr. Galen Shi, and Mr. Tagore Somers, for sharing the information of
auto-injector.

Finally, | would like to thank my parents for their support during my work and for giving me

a chance to study abroad.



TABLE OF CONTENTS
LIST OF TABLES ...ttt bbbttt sttt st s ne et Vi
LIST OF FIGURES ...ttt sttt sttt e e et e e e snb e e e nnb e e e nnbeeenneees vii
y N S 2 ¥ N USRS IX
INTRODUCTION ...oiiitiiiiietse sttt sttt sttt re bt e s e be st et eneabeneeneabenrenes 1
ProbIEm STATEMENT.......ccuiiiiieieie bbbttt bbb reenes 1
LITEIatUIE REVIEW ...ttt sttt ettt et e b e be e s e eneenbeetesneesbeenne s 3
Requirements ENgineering MOGEIS............coiiiiiiiiiiee e 4
Goal-oriented Requirement MOGEN ...........coooviieiieie e 4
Model for Requirement ENQINEEring PrOCESSES. ......ccvevuviieiieiieiie s esie e ste et 5
SysML (System Modeling LanQUAaQJE) .......cc.ecveieriririiieieie ettt 7
Requirements Data ManagemeNT........c.ooueieieiiiireiieeee e 8
KNowledge ManagemENT .........coieiiieieieerie ettt 9
Requirements Management with Software TOOIS...........ccccecvveiiiic i 9
ODJECLIVES ...ttt s b et e e et e et e e se e s be et e e ae e e reeteenneara e teeneenneenas 10
OFQANIZALION. ...ttt bbbttt b bbbt b e bt b e st et e et et nbe b e sbeene s 11
METHODOLOGY ..ottt s et e et e e et e e et e e et e e et e e snte e e snteeesnteeennaeeenneees 12
Requirements DeVEIOPMENT..........ooiiii et 13
Goal-oriented Model to Define the ReqUIrEMENtS.........cc.eveeiiiiieiieiece e 13
MOdElS USING SYSMIL ..o 14
Steps on Defining REQUITEMENTS ........coiiiiiiieieereee e 16
MUIEI-IEVEL IMOEL ... et ne e 22
Model IMPIEMENTALION. ..........ciieiiiicce et re e 25
L0704 0 ST 27
Maintenance Of the MO ...........ccui e 28
Excel and TC IMPIemMENtatiONS. .......cuioiieiie e 29
RESULTS .ottt sttt b et s ettt et st et e s e e b e st et e se e b et e neebe e e neenenre s 36
REQUITEMENTS DALA SOUICE.......cviitiitiiiiiiieiieie ettt bbbt 36
IMPIEMENTALION ... ettt nb bbb 38



Teamcenter IMPIEMENTALION ........c.ooiiii e 41
Comparison between TWo IMplementations...........cccccvevveiieiieenecic e 45
Benefits of the Multi-level Requirement Model and its Implementation..............c.ccoccevrenene. 47
Avoiding Potential PitfallS ..o s 47
Increasing the Number of Reusable ReqUIreMeNts..........ccccvevieiiiiiiiiece e 48
DISCUSSIONS ...ttt b ettt st s et e b e s e e b e st et e sesbe st e neebe st eseene e s 49
CONGCLUSIONS. ...ttt e et et e s be s beebeebeese e st e st e seenbesbesteaneareas 52

REFERENGCES ... .ot b e nne e 53



Vi

LIST OF TABLES
Table 1: An Example of Reusing Requirements with "Copy and Paste™ Practice .............c.ccceeu... 3
Table 2: Examples of Different Level Requirements for an Auto-injector ...........cccecevevvrvnnne. 23
Table 3: Avoiding Potential Pitfalls with New Reuse Approach ..........c.ccocvvviiieieniicinnenee 47

Table 4: Statistics of Requirements NUMDEN ..........cccoooiiieiiiii e 48



vii

LIST OF FIGURES

Figure 1: Models for Requirements Engineering Process(Boehm, 2000) .........cccccvevvevvereeieeseeenne. 6
Figure 2: SysML Requiremment Diagrams(Michel dos Santos Soares, 2007) .........cccocovrerirennns 8
Figure 3: ReSEArCh APPIrOACH.......couiiiiiiii e 12
Figure 4: Goal Model Fragment (Alvaro E. Arenas, 2015)........cccccoevveieiiieneeie e esee e 14
Figure 5: Requirement Diagram iN SYSML ......ccooiiiioiiie e 15
Figure 6: Use Case SYMDOI IN SYSIMIL.......cuiiiiiiiieiieieee e 16
Figure 7: Steps of Defining REQUITEMENTS.........coviiiiiiiiiiieieiee e 17
Figure 8: 1dentify the ACLOT ........cvi it esre e 17
Figure 9: 1dentify the USE CaASE ......cc.ciiiiicieiic ettt re e esne e 18
Figure 10: Refine Use Cases in Goal-oriented ThinKing.........cccooeveiiiininininceeese e 18
Figure 11: Elicit Requirements from USE CaSE .........cooeiiriiiiiiieiesic et 19
FIQUre 12: Create DIAGIAM. ... ...coi ittt bbbttt et b bbb 20
Figure 13: Cho0se Use Case DIAgIaM ........c.ccveiuiiiieiieieeieseeseeteseests e staes e eseessaesseessesseesseensens 20
Figure 14: Create the Actor and INPUL itS NAME ........ooiviiiiieiece e 21
Figure 15: Create Use Case and INPUL itS NAME .........ccoiiiiiiiiiieee e 21
Figure 16: Create Requirement Diagram and Input its CONtent ............ccocvvvvivieiene s 22
Figure 17: MUII-IEVE] SKEICN .......oeiiieeee et 24
Figure 18: Multi-level Requirement Model Development Workflow............cccccoooeiiiiciieiienns 28
Figure 19: Create the TOP Part........cccoiiiiiiiiee e 31
Figure 20: WINAOW OF Part SEHING ........ceiiriiiiieie i 31
Figure 21: Input Information of TOP Part .........cccooviiioiicc e 32
Figure 22: Create USEr NEEU..........ccviiieicie sttt et e e e ste e sneesae e e 32
Figure 23: Input Information 0f USEr NEed ..........cccooeiiiiiiiiiiieese e 33
Figure 24: Set the Level 0F USEI NEBU.........cuiiiiiiiieie e 33
Figure 25: Create REQUITEMENT ... ..c.uiiiiieiie ettt ae e b e e e e e teesne e 34
Figure 26: Input Information of REQUIFEMENT ..........cciviiiiiiiiiccie e 34
Figure 27: Set the Level 0f REQUITEMENT........ccociiiiiiiiiiiiiieee e 35
Figure 28: OULPULS OF EACH STEP ... .oiuiiiiiiiiiceeee e 36

Figure 29:

Use Case and Derived ReqQUIFEMENTS ........ccoviiiieiiieiieeiie et siee e eree 37



Figure 30: Part of Multi-level Requirement Model ............ccooeiieiiiiiiiie e 38
Figure 31: Part of TemPpIate Tabl ......c.ccoviiiiieee e 39
Figure 32: Part of Automatically Generated Requirement Report in EXcel .........ccccoovniiiinnnne 39
Figure 33: Relation REMINAET ..ot 40
Figure 34: Partial Detail of Relation ReMINUEr ...........cccoevviiieieeie e 40
Figure 35: Search Level 3 in TEMPIALE.........ccceeiiiieiieiice et 42
Figure 36: Part of the Requirements Report Automatically Generated in Teamcenter................ 43
Figure 37: Multi-level Requirement Model Development Workflow in Teamcenter .................. 44
Figure 38: Requirement Change Workflow in TeamCeNter.........c.ccevveieiieieeie e 45

Figure 39: Percentage of Requirements Number in each Level ..........c.cccoovvvviiiiiiiccc e 48



ABSTRACT

Author: Wang, Hua, MSME

Institution: Purdue University

Degree Received: August 2018

Title: Multi-level Requirement Model and Its Implementation for Medical Device.
Major Professor: Jie Chen, Shuning Li

Requirements determine the expectations for a new or modified product. Requirements
engineering involves defining, documentation and maintenance of requirements. The rapid
improving of technologies and changing of market needs require a shorter time to market and more
diversified products. As an important and complex task in product development, it is a huge work
to develop new requirements for each new product from scratch. The reusability of requirements
data becomes more and more important. However, with the current “copy and paste” approach,
engineers have to go through the entire set of requirements (sometimes even more than one set of
requirements) to identify the ones which need to be reused or updated. It takes a lot of time and
highly relies on the engineers’ experiences. Software tools can only make it easier to capture and
locate the requirements, but won’t be able to solve the problem of effective reuse of the existing
requirement data. The overall goal of this research is to develop a new model to improve the
management of requirements and make the reuse and reconfiguration of existing requirements and
requirement models more efficient.

Considering the requirements data as an important part of the knowledge body of companies, we
followed the knowledge categorization method to classify requirements into groups, which were
called levels in the study, based on their changing frequency. There are four levels, the regulatory
level, the product line level, the product level and the project level. The regulatory level is the most
stable level. Requirements in this level were derived from government and industry regulations.
The product line level contains the common requirements for a group of products, the product line.
The third level, product level, refers to the specific requirements of the product. And the fourth
and most dynamic level, the project level, is about the specific configurations of a product for a
project. We chose auto-injector as the application to implement the model, since it is a relatively
simple product, but its requirements cover many different categories. There are three major steps

in our research approach for the project. The first is to develop requirements and classify them for



our model. The development of requirements adopts the goal-oriented model to analyze and
SysML, a system modeling language, to build requirements model. And the second step is to build
requirements template, connecting the solution of the problem to the information system,
standalone requirements management tool or information platform. This step is to find a way to
realize the multi-level model in an information system. The final step is to implement the model.
We chose two software tools for the implementation, Microsoft Office Excel, a commonly used
tool for generating requirements documents, and Siemens PLM suite, Teamcenter, a world leading
PLM platform with a requirement module.

The results in the study include an auto-injector requirement set, a workflow for using the multi-
level model, two requirements templates for implementation of the model in two different software
tools, and two automatically generated requirement reports. Our model helps to define the changed
part of requirements after analysis of the product change. It could avoid the pitfalls of the current
way in reusing requirements.

Based on the results from this study, we can draw the following conclusions. A practical multi-
level requirements management model can be used for a medical device—the auto-injector; and
the model can be implemented into different software tools to support reuse of existing
requirement data in creating requirement models for new product development projects.
Furthermore, the workflow and guideline to support the application and maintenance of the
requirement model can be successful developed and implemented. Requirement
documents/reports can be automatically generated through the software tool by following the
workflow. And according to our assessment, the multi-level model can improve the reusability of

requirements.



INTRODUCTION

Problem Statement

Requirements describe how the products should be built and the functions of the products should
be achieved. While requirement engineering refers to the processes of requirements being
analyzed, documented and managed throughout the life cycle. It is a fundamental piece in product
development. (Aybike Aurum, 2005)

Requirement engineering is a complex task, which demands a tremendous amount of work and an
enormous cost.(Doig, 2015, October 8) It begins with discovering and elicitation of requirements
from all kinds of sources, then continues to test and validation of these requirements, and finally
creates requirements documents. (MITRE, 2015, August 20) However, rapid developing new
technologies and fast changing customer needs require the companies to provide new products to
market as fast as possible and make the product diversified enough to satisfy different customers.
Instead of developing a new product, reconfigurations to an existing design become more and more
common. Increasing design reuse rate is a proved effective approach to reduce time to market and
improve the quality of a new product. As the designs are more and more often reconfigured and
reused, related requirements often get reused, too. However, how to effectively reuse existing
requirement data remains an unanswered question. Some companies are using “copy and paste” to
reuse the requirement documents. This is sometime a very time consuming work, since the
product/system/requirement engineers need to go through the entire requirement documents to
identify necessary modifications. It is also a practice which is highly rely on the experiences of the
engineers. Other companies are using an information system, either a standalone requirement
management tool or a module within a larger information platform (for example, a PLM or ERP
platform), to management requirements data. There are two different approaches to use software
tools to management requirements: manage requirement documents and manage requirements as
structured items in database. Using software tools to manage requirement documents can only help
to locate the right document easier and ensure that the right one is copied and pasted, but cannot
avoid the reusing pitfalls. It still needs to review entire documents for reusable requirements. It
will be much more effective to manage requirements as structured items within the software

database. The question now becomes what the best way is to model these requirement items to



make reuse and reconfiguration of the requirement data easier, and get full benefits from the
software tools.

We choose a product (an auto injector) from the medical devices industry as an application for
implementation. An auto-injector is a kind of medical devices to deliver a dose of the drug for
patients’ self-treatment. Most of the auto-injector is spring-loaded syringes. Their syringe needles
can be inserted automatically, and then the drug is delivered. We choose it for the following three
reasons:

1. Requirement management is critical for medical devices industry. Food and Drug
Administration (FDA) has clear and strict definition on requirements and requirement
management and deliverables.

2. The auto-injector is relatively simple but refers to inter-discipline collaboration and has a
lot of branches. Its structure and mechanism are uncomplicated, but its requirements
cover to all different categories, including regulatory requirements, functional
requirements, interface requirements and human factor requirements.

3. Our interviews with industry experts showed that more than 50% of the auto-injector
product development projects were reconfigurations of existing products. Most common
reasons for reconfigurations include a new drug, a particular patient population, and a
new market with different regulations. The high rate of product reconfiguration makes

the reuse of requirements critical for auto-injector projects.



Table 1 showed an example of how the reuse of requirement data works with the current “copy

and paste” practice and the potential pitfalls with in the process.

Table 1: An Example of Reusing Requirements with "Copy and Paste" Practice
Steps # | Description of the Step Potential Pitfalls

1 When an auto-injector is chosen as the delivery | ¢  Wrong product, the product

may not be the one that is the

closest related to the new

needs to find the requirement document of a project.

e Right product, but wrong
version of the document.

mechanism for a drug, the product engineer

similar product. Then copy the document for the

new project.

2 Review the entire file to identify the reusable | ¢ Miss identifying reusable
requirements

e Longer time to go through
requirements, and the ones that need to be the entire documents

ones, for example, the regulatory related

updated or removed, for example, requirements

related to needle gauge and labeling.

3 Revise the non-reusable ones and add new ones | ¢  Revised or newly added
requirements contradictory
or duplicate to the existing
ones

as needed.

It is very important to develop new approaches to reuse the requirement data in order to keep up
with the increasing reuses and reconfigurations in product development and avoid the potential

pitfalls.
Literature Review

Requirements define why the system is needed for every stakeholder and what the system should
do to satisfy the stakeholders’ needs. The stakeholder includes anyone who is using the system or
benefiting from it. All of the users, customers, and suppliers are stakeholders of a system.(Jeremy
Dick. Elizabeth Hull, 2017) According to the definition from IEEE-STD-1220-1998,
requirements, expressing operational, functional or design characteristic or constraint for a product

or process, are derived into the natural language to make them easy to understand. (IEEE, 1998)



Requirements engineering is about the processes of development, documentation, and
management of requirements.

Requirements are critical for every project. It guides the project direction and configures the steps
for developing a marketable product. Since 1994, Standish group starts producing the CHAQOS
report, which focuses on the failure and success factors of projects. Its study shows that the
incompleteness of requirements is the most critical reason for project failures, which is responsible
for about 13.1% of all failures.(Standish, 2014)

Owing to the importance of requirements, it is essential to develop complete requirements and to

document and manage the requirements well for a successful project.
Requirements Engineering Models

Requirements Engineers adopt Model-Based Engineering (MBE) to build requirements. Model-
Based Engineering (MBE) is a trend in system design. It is applied in order to define the functional
specifications, systems modeling, the traceability criteria for the system, with the benefit of
providing a wide communication process through a common language.(Chanaka Aluwihare, 2014)
It is an approach intends to raise the level of abstraction through the use of models in systems
development activities.(Fabiola Goncalves C. Ribeiro, 2017)

Several basic models were currently used in requirement engineering focusing on developing good
requirements. The goal-oriented model helps to analyze and organize the requirements logically;
while the models for requirement engineering process, including the waterfall model, the spiral
model, and the VV and W model, are trying to optimize the development process and reduce the
risk of mistake. There are also efforts to standardize the modeling language. SysML is a system
modeling language. It is the most widely used to standardize and visualize the pattern of
requirements. Models built based on SysML represents requirements clearly and improves the
traceability of requirements.

Goal-oriented Requirement Model

In Requirements Engineering, goal-oriented requirements models are structured by answering
questions: why is the system needed, what should the system do, who is the operator, and how
does the operation carry out? (Alvaro E. Arenas, 2015) Then requirements come out. Goal-oriented

requirements models are structured into different sub-models: a goal model which is the driving



model (the WHY), an object model to structure the domain description (the WHAT), an agent
model to capture responsibilities (the WHO) and an operation model for specification level (the
HOW).(Davoud Mougouei, 2016; Jennifer Horkoff, 2016; Tan Bui-Thanh, 2007)

A goal-oriented model possesses some advantages. Primarily, it will find the relationship between
a system and its environment. This gives the reasons why a system is needed and its original goal.
Then the process of goal specifications guide engineers to consider “why”, “how” and, “how else”.
Consequently, the requirements are determined. This process generates requirements, which
reduces the risk of missing or over-specifying of requirements analysis. Due to the process, goal-
oriented models also allow large goals to be analyzed into elementary requirements, which are
specific and realizable goals. It can reveal divergent relationships between requirements, especially
the conflicts that appear because sometimes achieving one goal can interfere with achieving other
goals. In addition, this model makes it possible to measure requirement completeness. By using a
goal-oriented model, requirements can be discerned the completeness, their fulfiliment of all the
goals.(Alvaro E. Arenas, 2015; Davoud Mougouei, 2016; Jennifer Horkoff, 2016; Tan Bui-Thanh,
2007)

The goal-oriented model provides a logical thinking to analyze requirements based on the scenario

of system operation. It will help us in developing the requirement data source for the project.
Model for Requirement Engineering Processes

Several approaches are used to specify processes of requirement engineering. The Waterfall model
is one of the most commonly used process models, in which requirements model development
moves steps by steps from requirements development, requirements documentation to
implementation and maintenance of requirements, like a waterfall flowing from top to
bottom.(MITRE, 2015, August 20) For auto-injector, the process starts from the development of
auto-injector requirements. Then documented them for implementation in product. And engineers
should maintain the requirements during the life cycle. The Spiral model is an updated version of
the waterfall model. Each phase in spiral model contains design and review. Instead of a waterfall,
the processes will be repeated moving in a spiral way. The repeated processes reduce the risk of
the system.(Boehm, 2000)

V model consists of the system analysis, sub-model analysis and development and the system

integration.(Kevin Forsberg, 2005) Following the VV model, auto-injector should be refined into



sub-systems, components. Engineers develop requirements for each component and sub-system.
Then requirements could be integrated for the whole auto-injector. Every time moving to the next
step, verification is needed. If any problem is found, the development should go back to the last
step. Because of the shape of the processes, it is called V model. W model is an improved model
based on the V model. Comparing with the V model, a new process named virtual integration is
added to the W model.(Christophe Ponsard, 2015; Giacomo Barbieria, 2014; Robert Darimont,
2016) The process is just like doing a simulation in software after parts design to check the
assembly of parts instead of checking by real parts. The project starts with system analysis and
then continues with sub-models analysis. Before detailed development, a virtual integration makes
preliminary validation. If problems are found, the process should go back to analysis. Otherwise,
the process moves forward to detailed development. Ultimately, system integration makes
practical validation.

The following figure 1 is a demonstration of these models.
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These models focus on the development process of requirement engineering. They are trying to
reduce the risk by designing a perfect development process and to make engineers find problems

before actual operation, saving time and cost.
SysML (System Modeling Language)

SysML is a general-purpose modeling language for system engineering application.(Balmelli,
2007) Researches use SysML, modeling requirements graphically, to improve specifications,
organization, and traceability of requirements engineering. SysML standardizes a pattern to
represent a requirement showing its all properties, in tabular or diagram. The SysML requirements
diagram allows several ways to represent requirement relationships, including defining the
requirements hierarchy, deriving requirements, satisfying requirements, verifying requirements
and refining requirements. (Shiva Nejati, 2016) The following are parts of a requirement model
named Traffic Management, which is built to manage the road traffic. For the visualization, it is
based on SysML to help trace the requirements development. Figure 2 shows two SysML
requirement diagrams containing theirs names, descriptions, and Ids. The description is the content
of requirement. And the arrow shows the relationship with another requirement. These two
requirements define two based functions of the traffic management system. TM12 showing in
figure 2 is derived from another requirement TM13. TM 13, evolving from object management
towards task and scenario management, enables TM12 that the system must provide means for
expressing a wide range of tasks and scenarios, which is not only the management of traffic object,
but also the interactions between traffic managers and objects. For example, the system must
provide means for expressing the scenarios of controlling a set of traffic lights in an area, instead

of individual lights in a crossroad. (Michel dos Santos Soares, 2007)
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Figure 2: SysML Requiremment Diagrams(Michel dos Santos Soares, 2007)

Model based on SysML is built by all requirement diagrams connecting each other with the
relationships arrow. In SysML, requirements are mapped visually, properties showing in diagram
and relations showing by arrows. It improves the traceability of requirements.

Using these graphical diagrams, Requirements and their relationships are mapped explicitly. It
improves visualization of requirements, and at the same time helps to trace requirements. (Michel
dos Santos Soares, 2007)

The SysML requirements diagrams improve the organization of requirements and, meanwhile,
they can show the relationships explicitly between different requirements. There is also another
advantage in using these diagrams that it helps to standardize the requirement specification due to
the pre-defined semantics of SysML.(Michel dos Santos Soares, 2007; Shiva Nejati, 2016)
However, these previous efforts are all focused on developing new requirements and requirement
models. They can help analyze and specify requirements well. But, there is no studies on reusing
and managing requirement data to our knowledge. There is a clear lack of knowledge on how to
manage the significantly increasing number of requirements and requirement models and how to

reuse and reconfigure them to satisfy the fast paced changing market and customer needs.
Requirements Data Management

Requirements, as a critical part of a company’s knowledge body, can be managed using knowledge

management methodologies, like knowledge classification. Companies can also take advantage of



software tools and information systems to manage their requirement data. Following sections will
start with discussing knowledge management and knowledge classification, and followed with

examining the advantages and disadvantages of the requirement management software tools.
Knowledge Management

The requirements data is an important part of knowledge to any companies. Thus, knowledge
management approaches can be applied to manage requirements.

Knowledge Management is the process of creating, sharing, using and managing the knowledge
and information of an organization.(John Girard, 2015) Davenport and Prusak said knowledge
management is trying to make knowledge visible and show the role of knowledge in an
organization, to share knowledge and offer knowledge proactively, and to build knowledge
connections among people.(Maryam Alavi, 2001) The purpose of knowledge management is
reducing the risk of knowledge loss and the cost of knowledge transfer under the circumstance that
knowledge is stored only in the individual.

Categorizing knowledge into groups has been identified as one of the key activities in knowledge
management in several studies. It is considered as an effective approach to simplify the searching,
sharing and creation of knowledge. There were several studies using different criteria to classify
knowledge based on their goals. Andreu & Sieber identified knowledge based on three
perspectives: information, technology and the culture of firm.(Lloria, 2008) G. Hedlund’s model
distinguishes knowledge between three aspects of knowledge: skills, knowledge embodied in
products, and well-defined services or artifacts. (Hedlund, 1994) Knowledge category models
were created by Boisot and Nanoka & Takeuchi to categorize knowledge into ontological levels:
individual, organizational and inter-organizational.(Lloria, 2008) However, there is no study

specifically designed for classify requirements data for reuse purposes.
Requirements Management with Software Tools

Many companies start adopting software tools to manage their product related data, including
requirements. The software tool can be a standalone tool just for requirement management, like
IBM Rational DOORS and Dassualt Reqify; but more often a module or a function within a larger
information platform, which will provide a better solution to connect requirement data with the

other critical product development related information. Several top information systems provide a
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tool for requirement management. Siemens PLM software, Teamcenter, provides a requirements
management solution which can help the companies capture and communicate requirements from
every source to product decision-makers. Teamcenter could connect requirements with project
plan, and make the impact of change visible. With the Teamcenter requirements management
solution, requirements can be traced and maintained across organizations.(Siemens) Oracle PLM
solution, Agile, also provide functions for customer need management. Agile enables users to
collect all the innovation inputs, like requests, from various sources into a single sharable
application. It connects engineering, design partners and sales together for collaboration. And
Agile could link approved product proposals to actual items.(Oracle, 2018)

Software tools can provide support for the storing and searching of the requirement data. Many of
them also help to improve the traceability and change control of the requirement data, which are
essential for requirement management. However, these tools won’t be able to answer the question
of how to model the data and how to control and maintain the data after importing them into the
tools. Significant efforts are needed to build the data model, and also define workflows and rules

on how to manage the requirement date within the tools.
Objectives

The Overall goal of this research is to develop a new model to improve the management of
requirements and make the reuse and reconfiguration of existing requirements and requirement
models more efficient. Our proposed model can help simplify the identification of the changing
part of requirements by classifying them into different levels based on their changing frequency.
A workflow was also developed to support the use of the model. A medical device application
with two implementations was chose to verify the model and the workflow.
The specific objectives of this research were to:
e Develop a multi-level reusable requirements management model for a medical device
product.
e Develop a corresponding workflow, and maintenance guidelines to support the
effective use of the model.
e Implement the model and the workflow in two different software tools, an
independent interface, and in a commercial platform.

o Assess the benefits of the multi-level requirement model.
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Organization

The remainder of this thesis contains four chapters. Chapter 2 captures the methods using in this
study, which includes the development of requirement data source, the building requirement
template, and the implementation of model. The application we used in study, and the way we
used in building requirement model are also discussed in this chapter. Additionally, Chapter 2
stated the general workflow and the maintenance guideline for the multi-level model. Chapter 3
present the results of the methods in Chapter 2. The results contain the multi-level requirement
model, the templates for two software, the specific workflow for each template, and the
requirements reports generated by each template. Chapter 3 also contains the comparison of two
implementations and the reusability assessment of multi-level model. Chapter 4 discusses the
importance of the multi-level model, and the future work. Lastly, Chapter 5 concludes the results
of this study.
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METHODOLOGY

There are three major steps in our research approach for the project. The first is to develop
requirements and classify them for our model. The development of requirements adopts the goal-
oriented model and use case to analyze requirements and SysML to build requirements model.
And the second step is to build requirement template, connecting the multi-level requirement
model to the information system. This step is to find a way to realize the multi-level model in an
information system. The final step is to implement the model. We chose two software tools for the
implementation, Microsoft Office Excel, a commonly used tool for generating requirements
documents, and Siemens PLM suite, Teamcenter, a world leading PLM platform with a

requirement module. The research approach was shown in the following figure 3.

Develop ‘ Build Requirements ‘
Implement Model

Requirements Template

Figure 3: Research Approach

To avoid confusion, we made the following definitions which were used in the rest of this thesis.

e Requirement data (source): This is the original group of requirements developed by
using requirement development process.

o Classified requirements: These are the requirements with extra level/class
information.

e Requirement template: This is the base requirement model which will be
implemented in a software tool. The template for different tools may have different
appearance.

e Requirement model: This is the model created for a particular product development
project based on the requirement template.

e Requirement report/document: This is the document containing all the requirement data

for a particular project, normally an Excel or Word file. We still generate requirement
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report, since this remains the most popular approach for requirement management in
many companies. The reports/documents are usually used for communicating with
persons/organizations outside of the information system, for example, vendors,

suppliers, etc.
Requirements Development

The requirement data were developed by using the goal-oriented model to define the use case,
which is used to elicit requirements, and following the decomposition process to allocate the
requirements. The requirements were then created by applying System Modeling Language
(SysML).

Goal-oriented Model to Define the Requirements

The goal-oriented model provides a logical thinking to analyze requirements based on the scenario
of system operation. Goals may refer to functions system provided or to the quality of system
needed to achieve. Agents are active components, such as humans, devices, that play some role
towards goal satisfaction. Some agents thus define the software whereas the others define its
environment.

In the goals’ organization, goals in higher-level are integrated into general strategic, that these
goals are overall and involve more agents. Relatively, goals in lower-level focus on technical
details, which are more specific and involve fewer agents. That is to say, in this organization, that
the development in AND way refines a goal into a set of sub-goals. In another word, AND-
refinement means that it is necessary to achieve all sub-goals to make the upper goal satisfied.
Whereas, in OR way, development refines a goal into a set of alternative sub-goals. OR way means
that an upper goal could be satisfied by a sub-goal or another sub-goal. A requirement is an
expression of a goal and how the goal could be achieved by the corresponding agent. [7-10] Figure
4 is a schematic diagram showing a part of a goal-oriented model for a business continuity plan. It
is about an after-sale repair system, from the original goal contract fulfillment to the sub-goals,
“repair request received”, “repair request satisfied” and “repair invoice sent and paid”. These are
refined in AND way. To fulfill contract, all these three sub-goals have to be satisfied. The sub-

goal, repair request satisfied, is refined into three alternative sub-goals in OR way, “equipment
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2% <¢

repaired within 4 days”, “equipment repaired within 1 day” or “request no satisfied”. To achieve

the sub-goal, repair request satisfied, only one alternative sub-goal is necessary to achieve.

/Production/Expedited Contracts Fulfiled /

AND-refinement g\
/

Repair Request / RepairRequest / / Repairlnvoice /
Received Satisfied SentAndPaid

A
Q\

Equipment Equipment /Request not// InvoiceSent \&
Repaired within [ | Repaired B

4 Days within 1 Day / InvoicePaid/

Figure 4: Goal Model Fragment (Alvaro E. Arenas, 2015)

We defined the use case by using the goal-oriented thinking. Use case, which is a kind of diagram
in SysML, is used to decribe the interaction between actor and the system. Regarding to satisify
the user need as a goal, several sub-goals are refined by asking how to achieve the goal. Then the
goal and sub-goals could describe as actions, which are use cases. After that we elicit requirements
according to the scenario describing by use cases. Detailed example are described in the following

scection, steps of defining requirements.
Models Using SysMI

Models using SysML can represent requirements clearly and improves the traceability of
requirements. It will help us in our requirements development. So we analyzed scenario of the use
case in Goal-oriented thinking to elicit requirements. And our requirements are built based on
SysML. These methods help to develop a good requirements model.

The SysML is a general modeling language. Requirements diagram is a unique function of
SysML.(Jeremy Dick. Elizabeth Hull, 2017) As above stated, SysML standardizes a pattern to
present requirements. And it also enables Use Case to help requirements elicitation. A Use Case

is made of scenarios to describe the activity, which is acted by an external actor in order to achieve
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a stakeholder’s need. (Williams, 2004) The stakeholders’ needs can be developed into sub-goals
in goal-oriented thinking. With the help of SysML, not only the requirements and their relationship
are visually mapped, but also their related experts are demonstrated. Therefore, we derived use
cases by analysis user needs in goal-oriented thinking, elicited requirements according to the use
cases, and represented requirements by SysML requirement diagrams.

A requirement in SysML is a diagram, which contains some text, and can be associated with any
other diagrams. It visualizes the property of requirement. The text states each requirement, its ID,
name, and description. As for the association, it refers to the relations between requirement and
another element, including other requirements or use cases. The following figure 5 shows three
requirement diagrams in SysML, and the bottom two requirements diagrams are derived from the

upper one.

grequirements
Storage and Portability
Id ="UN1"
Text="
x i\
| |
|«deriveReqts | ieriveReqts
| |
| |
erequirements I
Packaging Configuration erequirements
Id="2.110" Product Protection
Text = "The product ghall be Id="3.1.11"
suppliedina 1 pack, 32 Text = "The packaging shall
pack and 3 3 pack for both protect the product during
autoinjector and prefilled shipping and storage.”
syringe presentations”

Figure 5: Requirement Diagram in SysML

In SysML, a use case is represented by an oval with its name. There is also an actor symbol, which
is not a part of the system, but it interacts with the system. The actor is an agent to carry out goals.
It is represented as a stickman. The following figure 6 shows part of the scenario that an actor,

Delivery system, interact with a system Distribute Product. And there are three use cases. The



16

direct acting use case is Distribute Product which includes two use case, Packaging Configuration,

and Product Protection. It is like a goal is refined into two sub-goals.

«blocks

Distribute Product
72 4
: Py /
\T> _aes g ( Packaging Configuration
., €includes
/ SR N
K" — X
Délive System \
ry Sy \

N o
\¢|nclude»

( Product Protection

Figure 6: Use Case Symbol in SysML

Steps on Defining Requirements

We developed requirements based on use case. There are three steps to define requirement. First
is identifying the actor of use case. Second is identifying the use case. Then, based on the use case,

we can elicit requirements. The process shows as following.
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|dentify the Actor -' Identlg\;ie Use —' Elicit Requirements

Figure 7: Steps of Defining Requirements

1. ldentify the actor.

To start the requirements development, the first step is to identify the actors of the system. A whole
set of use case model should contain every actor, which is everyone needs to interact with the
system, and every use case refined to achieve the stakeholder’s need for this system.(Williams,
2004)

The actors often in the answers to the following questions. Who uses the system? Who gets
information from/provides information to the system?

For auto-injector, one of the user need is “safe and easy to handle”. Obviously, the actor is target

patient. So we identified the actor as following figure 8.

Target Patient
Figure 8: Identify the Actor

2. ldentify the use case.
The development of requirements by use cases is based on scenarios. So after identifying the
actors, the process comes to define the use case. The questions continue as what operation will the
actor do to the system, or what functions the actor needs from the system.(Barbara Gallina, 2007;
Williams, 2004) Use case could have relationships with another use case. When a use case provides

information to another use case, the relationship is communication relationship, showing as an
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arrow. When a use case includes other functionalities, the relationship between use cases includes
relationship. In SysML, the include relationship is represented by an arrow and labeled with
<<include>>.

What operation will the target patient do to auto-injector? Then we can define the interaction

between target patient and auto-injector as “handle product”. The use case shows in figure 9.

::' Handle Product !
\_Rx—

—

Target Patient

Figure 9: Identify the Use Case

While identifying the refined use case, we analyze in the goal-oriented thinking. In order to achieve
the user need “safe and easy to handle”, product has to be used effectively and be handled safely.
We can refine two sub-goals in AND way, “to use effectively” and “to minimize use error”. Then
we can transfer these goals into interactions. So we can get that the use case “handle product”

include two use cases, “use effectively” and “minimize use error”, showing in the figure 10.

F s

{ Use effectively /
P \er\ﬁ\__/

( gincludes . —

~.,

( Handle Product )
~— Z _
T = — _sincludex»

e

~ -y —

Target Patient ( Minimize use eer

Figure 10: Refine Use Cases in Goal-oriented Thinking
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3. Elicit Requirements.

When it is done with identifying use case, represent it in SysML symbols to visualize the system.
And it will easier to understand what will happen and to derive a textual sequence of the use case.
The sequence is so-called flow-of-event. The flow-of-event is a description of what the system
should do, and how the system does it. Then requirements come out by the expression of the event
in natural language.

According to the refined use cases, we can derive two child requirements from the user need “safe
and easy to handle”, showing in the figure 11. One is that the forces and torques required to operate
the product shall enable safe and effective use. Another is that the product shall minimize or

eliminate the likelihood of use errors for target patient as determined by risk management.

wreguirements
Force and Torque
B B d="1"
— T __ |Text="The forces and
C Use effectively N torques required to operate
—~ \,k / the product shall enable
( ™\ aincludes _ — T safe and effective use.”
—:’ Handle Product /
e
— ™~
’ S I — _«_II'ICEUEN erequirements
L a— Safe Handling
Target Patient [/ Minimize use error 1 ld="2"
— — — — Text="The product shall
—_— minimize or eliminate the
likelihood of use errors for
target patient as determined
by risk management”

Figure 11: Elicit Requirements from Use Case

We process the above steps in Cameo System Modeler. The Cameo System Modeler, which
provides the environment of SysML, was chosen to build our requirements. Cameo Systems
Modeler is an industry software providing Model-Based Systems Engineering (MBSE)
environment to define, track, and visualize all aspects of systems in the most standard-compliant
SysML models and diagrams.

The detailed steps demonstrate as following.



1. Create diagram.
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Figure 12: Create Diagram

2. Choose use case diagram.
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Figure 13: Choose Use Case Diagram
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3. Create the actor and input its name.
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Figure 14: Create the Actor and Input its Name

4. Create the use case and input its name.
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Figure 15: Create Use Case and Input its Name
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5. Create requirement diagram and input its content.
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Figure 16: Create Requirement Diagram and Input its Content

Multi-level Model

Requirement classification is a helpful way to manage requirement data. A clearly defined
classification schema is critical to the success of requirement classification and management.
Considering the reusability of requirements model as the main goal, we categorized requirements
into groups based on their changing frequency.

There are four different groups in our classification schema, called four requirement levels: the
regulatory level, the product line level, the product level, and the project level.

The regulatory level contains the most stable part of requirements. The product line level is about
the basic requirement for main features of a product family. The product level contains more
specific requirements for a single product. The project level refers to the requirements of
configuration. The first level, we use the government and industry regulations as the foundation.
Requirements in this level set the basic necessity for the product design, which is the most stabled
for the requirement model. It is unnecessary for the basic level to be updated in every project. Next
level is the product line requirements. It is a set of products, which have common features. These
requirements in this level are set to define the basic functions that the product family should

provide. Table 2 showed examples of different level requirements for an Auto Injector.
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Table 2: Examples of Different Level Requirements for an Auto-injector
Level Example Requirement

Regulatory ID: 1.18.1, Name: Specified Requirement Servicing, Text: the FDA
stipulates that each manufacturer shall establish and maintain

instructions and procedures for performing and verifying that the

servicing meets the specified requirements, where servicing is a

specified requirement.

Product Line ID: 2.7.1, Name: Auto-Injection, Text: The device shall deliver the

dose by auto-injection

Product ID: 3.7.4, Name: Container Type, Text: The Delivery System shall be
designed to function with a pre-filled 2.25ml round flange syringe

with Rigid Needle Shield (RNS) as its container closure.

Project ID: 4.7.5, Name: Needle Gauge, Text: The Delivery System Container

Closure shall use a 27-gauge thin wall or smaller needle.

Figure 17 is a structural demonstration of the multi-level requirements model. We number the ID
as following rules. The first number is requirement’s level. The second number is the number of
user needs which the requirement derived from. The latter numbers describe the location of the
requirement in the development process. Different levels of abstraction allow a separation of
concerns among domains of experts. The specific group of users has access to the corresponding
level of requirements. The manager can access the high level, but the parts designers only have
low-level access. When the change happens, it is easy to determine the affected contents. By multi-
level model, the corresponding part of knowledge in requirements engineering is connected to
certain people. And the role of knowledge will be defined when the requirements are classified

into levels.
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Figure 17: Multi-level Sketch

The multi-level requirements model is just like to assemble requirements as the parts assembled,
from fundament to alternative branches. As a result, it makes the recombination to build a new
requirement model easier, disassembling alternative requirements and adding new requirements,

when product reconfiguration happens. Similarly, an instance for the reconfiguration, Arvid
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Butting and his group in 2016 did a modeling for reusable robot assembly processes. They divided
the assembly into the process level, task level, and skill level. Using skills fulfills the task, and
tasks go through the processes. Different levels are designed by different domains experts.(Arvid
Butting, 2016) The modeling can still work well with the same skill level when the process
changes. Thus, same as our multi-level requirement model, different level refers to the different
part corresponding to specific domain experts. Similar to the car models, manufacturers cannot
design a new engine for every new model. The styling varies, while the engine remains. Therefore,
we make the core of our model stable and make the lower levels changeable. Our requirement
model classifies the requirements from high-level industry regulation to the lowest level
configuration requirements of a specific version of the product.

There were three main advantages of the multi-level model.

1. In order to reuse, the multi-level requirements template for a product will be stored.
So the most of requirement knowledge for this product, will be stored in the
organization. The requirements data could be shared with other people who have
access. The knowledge won’t be lost even if the related experts leave.

2. Multi-level model helps to locate the corresponding groups of requirements when a
change happens. Rebuilding work of requirements can reuse requirements by groups.
In consequence, a multi-level requirements model is demanding to improve the
reusability of requirements model and to help in knowledge management.

3. There is also another advantage of multi-level requirement model. Under normal
condition, it makes the requirements easy to build, manage and maintain. During the
building of the requirements model, level classification helps analysis. Building the
model with derived requirements from high-level to low-level increases the

completeness and reduces the risk of missing requirements.
Model Implementation

The model was then implemented into two different software tools, Microsoft Office, Excel and
Siemens PLM, Teamcenter. There are two main reasons for the implementation: first, it can help
to test the feasibility of the model, and second, a good implementation strategy is critical to the
success of the model. Without a good implementation, the stakeholders won’t be able to see the

advantages of the model and may cause more errors and confusions in the future. We want to use
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the two implementations in these two different software tools to provide guidelines and best
practices on implementation strategy. The choice of the two software tools were carefully
considered. These two tools represented two different requirement management approaches and
two different information system mature levels. Excel is the currently most commonly used tool
for requirement documentation. The implementation with Excel can be used as a standalone tool,
but also can easily be adapted as a middleware or an interface to another information system or
software tool. While Teamcenter represented the highest level of integrated requirement
management within an enterprise level information system with much more sophisticated data
structures and functions. The Teamcenter implementation will provide an example of using the
model in a complexed information environment and take full advantage of the capability of the
information platform.
There are several challenges and important questions in the implementation of the requirement
management model.
1. How to align the multi-level management model with the requirement model built based
on requirement decomposition?
Requirement decomposition provides a hierarchy view of the requirements, and also makes
the tractability between different requirements become clearer and more intuitive. It is the
most comment method to organize requirements. We want to remain this top down tree
view of the requirements to make it easier for the engineers to accept our implementation,
but also want to include the level information to support the reuse of the requirements. We
end up choose two different approaches for the two implementations. For Excel
implementation, we add an extra digit in the first of requirements’ coding schema to
represent the level information. While for Teamcenter implementation, we add the level
information as a new attribute to each requirement items. This new attribute can be used as
one of the querying criteria and also can be used for access control and configuration
management.
2. How to create new requirement models after the implementation?
A workflow is needed to provide guidelines on how to use the requirement templates after
they were built in the software tool. This workflow should cover different product
development scenarios, and need to be modified for different software tools.

3. How to maintain the requirement template to ensure its accuracy and validity?
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The requirement template is not a static item, but a dynamic one. This means that the
template needs to be understand continuous reviews and updates. An obsolete template will
not bring any benefits, but rather cause troubles and even disasters. There has to be clearly
defined and documented processes and guidelines on the maintenance of the template.
The details on the two implementation and how these challenges were addressed will be discussed

in the following sub-sections.
Workflow

For the reusability of requirement model, we need to take advantage of the existing template and
minimize the changes. Therefore, it is necessary to analyze the change of product first, to determine
which part of requirements is needed to change before moving on developing the requirement
model for the new product.

Based on an original requirements template, when a new product design is presented, the workflow
becomes as the following. We can only change the configuration part of the requirements if the
new product is a reconfiguration of the original one. The requirements model has to change all the
corresponding requirements of this type of product if the new product is a new category product.
If the new product belongs to another field, it has to rebuild a whole requirements model. Figure
18 shows the workflow of the change of requirements. When changes happen, the first is to define
which part is needed to change. Then keep unaltered levels and remove undesired levels. After
that, process and complete the new requirements model. Instead of making a fresh new
requirements model, the requirements can be changed simply if the reconfiguration happens. In
the workflow, the first step is defining the change of the product. If it is a new field of product, the
requirements should start with the regulatory to build a whole requirements model. If the product
is a new category but in the same field, the industry regulations are same, but it needs new product
line requirements. So the regulatory requirements remain and the steps continue with the
specification of level 2 (product line requirements), and then move to lower level until finish the
whole requirements system. If the product is just a new configuration, the steps directly start with
the specification of configuration requirements, keeping the level 1, 2 &3 (regulatory, product line

and product requirements).
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Figure 18: Multi-level Requirement Model Development Workflow

Maintenance of the Model

After releasing a requirements model for a project, the following job of requirements engineering

is the maintenance of this multi-level requirements model. It is critical to making the model

dynamic, in order to keep it most suitable for the current projects. There are two kinds of

maintenance, regular maintenance, and need-based maintenance.

The first is regular maintenance, which is periodically reviewing all the requirements of the

template and the changes happened in previous projects. The purpose of the reviewing is to define

if there are any changes significant enough to change the template permanently. For instance, some

requirements may be not necessary anymore. They will be deleted after maintenance. And there

may be some new stable requirements appearing after a period of time. So that template will add
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new requirements during maintenance. Or some critical information of requirements has to change
permanently. In a word, the regular maintenance is reviewing documented information, based on
the frequency of changes, to update the template.

To execute the permanent change, every change happening for every project has to be documented.
And the collection of these changes will be reviewed by a specific group of experts regularly.
Then, experts will define if the change is stable enough to be changed in the template. Therefore,
according to the assessment of experts’ review, the requirements template has to be updated
periodically.

The second maintenance is based on the need. It will be triggered once a significant event happens,
for example, an FDA regulation change or a major recall. Similar team of experts need to be
included in the review and change control meetings to ensure the changes are addressed properly
and the templates are updated correspondingly.

Excel and TC Implementations

We chose Excel as one of the tools to implement the multi-level model. There are two main reasons
for this choice. First, it is a very widely used tool and many companies are currently using it for
requirement documents. An implementation in Excel will be easier for engineers, without much
training, to understand and use. Second, an implementation in Excel can also be used as a
middleware to interface or integrate into other information systems.

Besides, Macro in Excel enables us to program functions for the convenience of implementation.
In the Excel table, the same level’s requirements can be listed in one section, in order to make the
levels of requirements obvious to be located. The checkbox in Excel can be linked with each
requirement in the table to make the requirements selectable by click. The more powerful
capability is that the checkboxes and buttons inserted in the Excel sheet could embed code. These
encoded items enable kinds of operations on this implementation.

The most important function of the code is to store the relationships among requirements by the
programs of the linked checkboxes, though there are only requirements listed in Excel sheet. And
because of the stored relationships, reminder shows when engineer selects related requirement that
has a specific relationship with others. And associated requirements can be selected automatically.
On the contrary, the conflicted requirements will be not selectable, showing with another changed

background color in the row of the related requirement. By distinguishing the checkbox value, and
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storing the related rows of the true value checkbox, the encoded button also makes it possible to
generate a requirements report after engineer finishing the selection of all desired requirements for
the new project. Sometimes engineering may want to clear all selected requirements while mistake
happening. This function is realized by changing values of all checkboxes to “False”. The opposite
value “True” means the requirement is selected. Furthermore, code enables scrolling screen to a
certain row, which makes engineer can locate desired levels quickly.

Teamcenter is another tool we adopted to implement our model. Teamcenter is a suite of product
lifecycle management (PLM) computer software applications. It is one of the most widely used
commercial software for product lifecycle management. We implemented our requirements model
by using the product structure module in Teamcenter. This implementation showed the feasibility
and advantages of using our model together with an information system. We chose the product
structure module for our implementation since it is one of the core PLM capabilities that all major
commercial platforms provide (maybe under a different name). This makes our implementation
more representative and can be easily adapted for other PLM platforms.

Teamcenter enables items created as product structure. Product structure is a hierarchical
decomposition of a product, typically known as the bill of materials.(Wikipedia, 2018, February
10) It is a tree structured breakdown of product. In the structure, sub-items are assembled under
the parent item. It is like requirements organized in development process relations from parent
requirement to derived requirements. The following is the process of creating requirements
template in Teamcenter.

To build the requirement template in product structure, the operations start from creating new item,
to choosing the type of item, to setting the attributes of the item in the dialog windows. Since we
are building a product structure, we use part as the type of the new item. First is to create a top
level item, which is the requirement model for auto-injector. Then, user needs are created under
the top item. And the building of requirements continues following requirements decomposition.
The location of new creating item is under the selected item while clicking the new button. Select
the parent requirement and create new requirement. Then the new requirement will be under the
parent one. Derived requirements created under each user needs, and sub-requirements follow. The
most important work is adding the level as an attribute for each item, according to the classification
of requirements. In Teamcenter, we set the level attribute of requirements as a reference designator.

And filter can search the requirements in the template by the designator so that certain levels of
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requirements can be easily found. Reference designator is a reference to identify a component in
schematic. Filter in product structure management can search item by designator. So we choose
the designator as the level attribute, in order to enable searching entire level’s requirements.

The detailed steps process as the following.

1. Create new part, the multi-level model for auto-injector.
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Figure 19: Create the Top Part

2. Appear a window for part information setting, click next.

CAa A Manager jineering / Designer - [IMC--2003089035 T 11T [ T ol cop
aste
)
=8 F
i
| No structure - Latest Working - Date - “Now’ O B =

SomLne e RSt | P o 0] = T T [ Contiiors [eo]

B ey W || Wb

Figure 20: Window of Part Setting
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3. Input the ID, Revision, Name and Description. (we didn’t revise, so the revisons for

all requirements are setting as 1.), then click finish.

w Mew Part

- Part

@ Define the basic information for a part to be created.

Select Type

Part Information

Enter Part Informatit | \p /poicion - Name

Enter Additional Part Inf

|DDDE' *‘ ! |'| *| - |.fe| Madel for ;f'u.l..ltcr-ir'|_iev::t-:r'3=E Assign

Enter Additional Part Re

Enter Attach Files Inforn |Description: The multi-level requirement model for auto-injector

Define Workflow Inform

Enter |dentifier Basic Infi

CSCTPERLNR @

Enter Additional ID Infor [T 01 MeasUIE: [E]
Enter Additional Rev Infi
Assign to Project
Define Options
% Back | | Mext | | | W& Finish || i Home || ® Close |

Figure 21: Input Information of Top Part

4. Create user needs under the top part, while the upper part is selected.

& Structure Manager - Teamcenter 10
File Edit View Tools Window Help

New 5 B ltem CtrleT
= Open Cul+0  £f2 BOM View Revision. Ctri+B

4 EFD (P RR 20 O8 AW >0 v iF]l R

eering / Designer - [ IMC--2003089035 11 11101 [

Save Cules 4 Workflow Process.. Ctri+P
] Savess.. >

Open Session 5 b Design..
o = Snapshot 000/1;1-Multi-level Model for Auto-injector - Latest Working - Date - "Now'"

evise...

O ltem Element. BOM Line Rule configured by item Rev Status | Find No. | Mak.| u.,
Duplicate...
Connection 5

Cz3 % Manufacturing Feature...
& Print @ Interface Definition...

Print. £ Process Variable..
@ Bt A Signal..

ltem from Template

% Dataset..

%2 Form,

% URL.

Figure 22: Create User Need
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5. Input the information of this user need.

_ @ Define the basic information for a part to be created.

Select Type
Enter Part Informatii ID / Revision - Name

Enter Additicnal Part Inf |'|.'| *| J |.I -*-|
Enter Additicnal Part Rer
Enter Attach Files Inforny |Description: |
Define Workflow Inform
Enter [dentifier Basic Infi
Enter Additicnal ID Infor
Enter Additicnal Rev Infi

Part Information

= | Contrel Cuality ¥| Assign

Unit of Measure: | ||

Assign to Project
Define Opticns

TSP ECRITICA @

| 4 Back | | Mext | | | W& Finish || i Home || &) Close |

Figure 23: Input Information of User Need

6. Set its level as reference designator.

000/1;1-Multi-level Model for Auto-injector - Latest Working - Date - "Now"

BOM Line Item Type | Rule configured by Item Rev Status | Find No. | Mak...l U| Reference Designator |

? 000/1;1-Multi-level Model for Auto-injector Part Mone
[ 1.1/1,1-Control Quality Working( } ]

Figure 24: Set the Level of User Need
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7. Create derived

anager - Teamcenter 10

File Edit View Tools Window Help
New > 5 fem
= Open Ctr+O {2 BOM View Revision...
Bl save cyles | Workflow Process...
[5] SaveAs. s oo Pt
Open Session > ﬁf T=e
£ Revisen I Snapshot
@ ttem Element..
Duplicate...
Connection
Close % Manufacturing Feature.
& Print @  Interface Definition..
Print. = Process Variable...
@ it M Signal

Item from Template

Dataset...
Form.

’ URL

8.

requirement under user need.

aet R [E0[F[EE @S8R Aa N rn v flin
Ctrl+B.
Ctrl+P eering / Designer - [ IMC--2003083033 1 1[1[ 1 )

000/1;1-Mutti-level Model for Auto-injector - Latest Working - Date - "Now"

BOM Line tem Rev Status | Find No. | Mak..| U..] Reference Designator

Item Type

Rule configured by

Nene

Part

7 000/1;1-Multi-level Model for Auto-injector

¥ d1.1/1:1-Control Quality Working( )

Ctrl+D
Ctrl+M

Figure 25: Create Requirement

Input information for requirement.

RN S

Define Workflow Inform
Enter |dentifier Basic Infi
Enter Additional ID Infor
Enter Additional Rev Infi
Assign to Project
Define Optiens

& Mew Part >
# Part
_ @ Define the basic informaticn for a part to be created.

Select T

=ieet e Part Information

Enter Part Informatis ID f Revision - Name

Enter Additional Part Inf |'I.'I.1 -F|Jlr |_I -*-| i | * =

Enter Additicnal Part Rer

Enter Attach Files Inforrn Description:

Unit of Measure:

‘ 1Back|| Mext |

. & Finsh | M Home | ® Close |

Figure 26: Input Information of Requirement




9. Set its level as reference designator.

B *Structure Manager X

* 000/1:1-Multi-level Model for Auto-injector - Latest Working - Date - "Now"

BOM Line ltem Type I Rule configured by ltem Rew Status | Find No.I Mak.‘.l UI Reference Designator I
‘:P 000/1;1-Multi-level Model for Auto-injector Part Mone
= 1.1/1;1-Control Quality Part Working( ) 0 Mone e.. 1
B 4 1.1.1/1;1-Quality System Working( ) None e.. Jl I

Figure 27: Set the Level of Requirement

The building work continues to repeat above steps for the rest of requirements.
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RESULTS

The results from each major step are shown in Figure 28. From the first step, requirements
development generated requirements data source, which is classified into levels according to their
stability. These requirements are then used in the second step to build requirements template for

an information system. And the final step outputs specific workflow of each implementation tools

and requirements reports.

Develop ' Build Requirements '
Requirements Template Implement Model
Results Classified Requirements Workflow Req.
Requirements Template Reports

Figure 28: Outputs of Each Step

Requirements Data Source

After setting application for implementation of multiple level model, the first step of research
starts. And the first step outputs the requirements data source. These requirements, classified into
levels, are developed for auto-injector.

During the building process, we use the Cameo System Modeler, which is a software of Model-
Based Systems Engineering (MBSE) environment, to make the development of our Requirements
Template easy. It helps to analyze and abstract in the development of requirements by its graphical
use case and requirements diagrams.

A use case can show the development process from user needs to their corresponding requirements.
In the use case, it graphically describes what activities the system should do by which actor to

satisfy the user needs from stakeholders. It is also a microscopic demonstration of corresponding
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relations between requirements and experts. Requirements can derive from these use case. Figure
29 is a sample of the use case and the requirements derived from it. The user need is protecting
safety during the delivering of product. So the actor is delivery. to deliver product. Before customer
get product, the delivery has to distribute product and store product. So there are two use case for
protecting safety during distribution. And based on the use case, two requirements are derived
from the user need. The requirement “drug product quality during distribution” was elicited by the
use case “distribute product”. The requirement “shelf life” was elicited by the use case “store

product”.

- arequirements

=~ Shelf Life
ld="325%
Text ="The deviceshall
have a shelf life in cold
storage of not less than the
shelf life assigned to the
drug product constituent "

uc [Package] Use Cases| Deliver F‘roduct_]J ereguirements
Protect Safety
Id ="UN3.02"
«system contexts Text="" F—-——"—"—>>——"
Deliver Product |
satisfys - !
— — -7 T |
~ /;w‘fiﬁ? \, aderiveRegts |
___'___-———'_—__— - =~ * !
= *-”Emi) arequirements | ederiveReqts

\1\ ~ - Drug Product Quality during |
Supply Chain \ - Distribution |

— —_— I - -

1d="324

Store product .
&‘ip;_)) Text = "The quality of the !
= Drug Product shall be |
- maintained within |
Ry specification throughout |
= L erefines distribution.”

- |
~ |
|
|
|

Figure 29: Use Case and Derived Requirements

The following figure 30 shows part of the multi-level requirement model, which are documented

in the table. They are already classified into four levels.
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[ T requirsmentispec ame _ftical Requirem] Requirement/Spec Description [ spesific Valus_| RequirementiSpec Category | Rationale | Stakeholder | Functions [ usertieeds
Level 1
- Each manufacturer shall establish and Quality System |  Control
111 Quality System o 3 . 3 0
maintain a quality system that is Control Quality
112 Quality Policy Managemevtwrith executive rEspuhsibillw Quality System Cuntful |
shall establish its policy and objectives for, Control Quality
R Each manufacturer shall establish and Quality System Control |
113 Organization R B i
maintain an adeguate organizational Control Quality
. . Each manufacturer shall establish the Quality System Control
1.1.3.1 |Responsibility and Authority] ~ - - N i
appropriate responsibility, authority, and Control Quality
i
Level 2
~ N The device product shall meet all Global Patient 1. Demonstrate  |1. Approved
2.1.1 |Applicable Regulations N Product N
regulations and standards. safety Compliance for Use
212 |usability The device, including pacrkaging and Product Global Patient 1 Dewnnstrate 1. Approved
labeling, shall meet requirements for safety Compliance for Use
221 |DTuE Prudu# Quality during Thg quélltyufthe Drug Product sharllbe product ) 2 Protect Product 2. Product
Manufacturing maintained throughout manufacturing of Manufacturing Safety
[
TTTE qUANTy OT UM DT0g FTO0UCT ST De
Drug Product Quality 2. Protect 2. Product
3.21 Product |
during Manufacturing Ta‘lta”?Ed throughout manufacturing of Manufacturing  |Product Safety
322 unsafe reaction when exposed to the System DIS plastic materials do 2. Protect 2. Product ||
o Material Compatibility Drug Product Formulation. ¥ not react negatively| Manufacturing  |Product Safety
123 Container Closure compromise the container and or needle System DIS manufacturing 2 Protect 2 Product ||
o Pressurization sterility prior to use. ¥ process does not Manufacturing  |Product Safety
TTTE qUamty OT 0T DTUg P TOu0CT STar De
Drug Product Quality 2. Protect 2. Product
3.24 Product |
during Distribution Tamta:ne? :N‘tb‘i ﬁpecwﬁcat\on Supply Chain  |Product Safety
Level 4 !
TTTE MTSETIOIT UepuT STan DE 00 13 TO TITERTTIZE e 7 Deliver 7 Maintain
4.7.3  |Exposed Needle Length System DIS i y y
P gl mmﬂf‘rorn trﬂwgﬂbase plate to tr:e t!\‘p 'C,J: the ! probability of Medical Effective Dose  |Health
Thetreivey Sysearrcortatiér Cifsure Varketin 7 Deliver 7 Maintain
4.7.5 |Needle Gauge Design Guide 9 y y
9 sha\‘t‘use a 27 gauge thin wall or smaller 9 requirement. Marketing Effective Dose  |Health

Excel

Figure 30: Part of Multi-level Requirement Model

Im

plementation

For implementation in Excel, we put the classified requirements in Excel sheet and embed code

for functions to implement the model. Then multi-level requirements template for Excel comes

out. This template can generate a new requirements model file just by choosing altered

requirements in the database while updating. A demo of multi-level requirements template in Excel

table is showing in Figure 31.



A ] € D E F G H | ] K M N
1 0 | Reauirementispec Name _Jtical Requirem{ RequirementiSpec Description | specific vaue | Requirementispec Category | Rationale | | Functions | userNeeds
To Level 2 Tolevel3 Generate
2 levell
11 Quality Systerm Each manufacturer shall establish and Quality System | Control |
3 maintain a quality system that is Control Quality
Management with executive responsibili uality System Contral
112 Quality Policy e N <P y Quality Sy 4
4 shall establish its policy and objectives far, control Quality
Each manufacturer shall establish and uality System Centrol
113 Organization N Quality Sy: 2
5 maintain an adequate organizational Control Quality
1131 | Responsivility and Authority Eaeh manufacturer shall establish the Quality System Contral |
6 appropriate responsibility, authority, and control Quality
2
Level2 To Level 1FDR Tolevel 3
78
211 |Applicable Regulations The device product shall meet al oroduct Global Patient (1. Demonstrate |1 Approved |
7% regulations and standards. Safety Compliance for Use
212 |Ussbility The device, including packaging and oroduct Global Patient  [1. Demonstrate (1. Approved |
80 labeling, shall meet requirements for safety Compliance for Use
Drug Product Quality durin The quality of the Drug Product shall be 2. Product
221 & Quality during ? auality 2 ) Product . 2.Pratect Product 4
81 Manufacturing maintained throughout manufacturing of Manufacturing Safety
[The Device materials shall not have an [To ensure the 2.product |
52 222 |Material Compatibility unsafe reaction when exposed to the Drug System DIS plastic materialsdo | Manufacturing |2ProtectProduct |
-
Level 3 To Level 1FDR To level 2
152
TITE QUaNTy OT e D70y FTOUCT ST be
Drug Product Quality 2. Protect 2. Product
321 Product r
153 during Manufacturing maintained throughout manufacturing of Manufacturing | Product Safety
aa unsafe reaction when exposed to the System DIS plastic materials do 2 Protect 2 Product |-
154 77 Material Compatibility Drug Product Formulation ¥ not react negatively| Manufacturing | Product Safety
Container Closure compromise the container and or needle manufacturing 2. Protect 2. Product |~
3.2.3 System DIS
155 Pressurization sterility prior to use. process does not Manufacturing  |Product Safety
TTIEQUANTy O e Doy T TouuCT STIaT D
Drug Product Quality 2. Protect 2. Product
3.24 Product " r
156 during Distribution n:a\ntalned :"mf specication Supply Chain  |Product Safety
HiE AL SR e sTer e TTToT > Protect > Product
3.25 |Shelf Life Product " N y
= storage of not less than the sheff life Supply Chain  |Product Safety

Figure 31: Part of Template Table

Moreover, we embedded several functions in the excel file to implement this model. And Visual

Basic for Application (VBA) is the default programming language of Excel. So we code in VBA

programming these functions.

Figure 32 is a Requirements report, which contains all selected requirements in the requirements

database, generated by the excel table. Our implementation tool can automatically generate a file

containing the checked requirements. This function makes the Requirements Model accessible to

varied management platform.

W o o e W

=
[=]

1
12
13
14
15
16
17
18
19
20
21

4. 5afe and Easy to Handle

A B C D F G H
Requirements Report
ID  :quirement/Spec Nan:al Requireljuirement/Spec Descripl Specific Value ment/Spec  Rationale takeholde Functions Jser Needs

1.1.7 Quality Audit Each manufacturer shall establish procedures for quality audits and condt Quality Sy Control Quality
1.1.8 Personnel Each manufacturer shall have sufficient personnel with the necessary ed. Quality Sy Control Quality
1.2.1 Design Control Each manufacturer shall establish and maintain procedures to control the Design Co Control Design
1.2.2 Design and Development Plannil Each manufacturer shall establish and maintain plans that describe or refe Design Co Control Design
1.2.3 Design Input Each manufacturer shall establish and maintain procedures to ensure that Design Co Control Design
2.22.3.1 Storage Shelf Life The shelf life of the Delivery System shz System DIS Device pe Supply Ch Protect Pr Product Safety
2.22.4 Anti-Counterfeiting & The Product shall be designed with anti- Product Global Pat Protect Pr Product Safety
2.22.4.1 Packaging Tamper Evi GQS 302 forms will be submitted for the System DIS GQS 302  Global Pai Protect Pr Product Safety
2.22.4.2  Anti -Counterfeiting The Product shall provide anti-counterf¢System DIS GQS 302  Global Pai Protect Pr Product Safety
2.22.5 Drug Product Quality The quality of the Drug Product shall be Product 15O 11608- Global Pai Protect Pr Product Safety
2.23.1 Product Labeling The Delivery System shall maintain the 1 System DIS  1SO 11608-5:2012 Sec Protect Pr Product Safety
3.22.1 Drug Product Quality during Man The quality of the Drug Product shall be Product Manufact: 2. Protect 2. Product Safety
3.22.1.1 Material Compatibili The Device materials sh System DIS To ensure Manufact: 2. Protect 2. Product Safety
3.22.1.2 Container Closure Pre The NIS-Auto shall be di System DIS To ensure Manufacti 2. Protect 2. Product Safety
3.22.2 Drug Product Quality during Disti The quality of the Drug Product shall be Product Supply Ch 2. Protect 2. Product Safety
3.22.3 Shelf Life The device shall have a shelf life in cold Product Supply Ch 2. Protect 2. Product Safety
3.22.5.1 Drug Product Quality Prior to Use The Delivery System shall maintain the 1 Product 150 11608 Global Pai 2. Protect 2. Product Safety
3.24.1.1  Weight The Device with a filled container closur System DIS  To be com Marketing 4. Handle

3.24.1.2 Body Upper Height The Device body upper shall have a min System DIS MIL-STD-1 Marketing 4. Handle

4. 5afe and Easy to Handle

Figure 32: Part of Automatically Generated Requirement Report in Excel
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The workflow of Excel implementation starts selecting the desired requirements under each level.
And after finishing the selection of desired requirements, the final step is to generate a file which
contains all the selected requirements.

As the workflow, the first coding function is linking checkbox with each individual requirement.
In that way, the desired requirement can be selected just by clicking the corresponding checkbox.
Of course, one of the most important functions is generating final selected requirements file. For
the convenience, the template is also embedded in some other functions coding by VB. In the
template, we programed functions that make it possible to check all child-items automatically. And
the background color of the requirement will change once the item is selected.

Despite the requirements are tabular items, the relationships among requirements still need to store
in the template. And that can remind users of these relationships while choosing requirements. One
of the reminders shows in Figure 33 and 34. This reminder helps users to check the associated

requirements automatically.

3.4.7 depends on 3.4.4 &
246

Gotit

Global Patient  |4. Handle

| 22417 |Upright Stabilty Satety roduct Easy to

installed shall be stable when placed in System DIS capabilty of the

Figure 33: Relation Reminder

3.4.7 depends on 3.4.4 &

3.4.6
Got it

Figure 34: Partial Detail of Relation Reminder

The basic function is making every available requirement selectable by a checkbox. The user can
click the checkbox to select corresponding requirements, which is needed in the practical project.
All related requirements are saved in the template, so users can build the whole requirements file
just by selecting the items they want. After saving the requirements in the template, we defined
the relationships among requirements in the code. That comes to the second function. The template
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can recognize the relations of each checked requirements, automatically selecting the dependent
requirements, or blocking the conflicting requirements and showing the reminder at the same time.
Also, there is an additional function for the child-parent relation. All sub-requirements are selected
while the parent is checked, and vice versa. For the convenience, the code also makes the switching
levels possible. The most important function is generating a new file. When users finish choosing
the requirements what they want to develop their project, they can click the generate button to
create a new file containing all the items they selected. And this file can be imported to their

management platform.
Teamcenter Implementation

For the implementation in an information system, we built a multi-level requirements template in
Teamcenter in product structure management. In the template, we set the level of each requirement
as one of their attributes, reference designator. The certain level of requirements can be selected
in the template by groups, filtering the corresponding attributes. After defining the changed level
of requirements, engineers can modify the entire level of requirements directly. The following
Figure 35 shows that certain levels of requirements are selected in development structure in this

template.
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7 1.18.1/1:1-specified requirement servicing Part Working( ) 10 Mone

7 1.18.2/1;1-Analyzing servicing reports Part Working( ) 20 Mone

7 1.18.3/1;1-Report to FDA Part Working( ) 30 Mone

7 1.184/1;1-Documenting Service Reports Part Working( ) 40 MNone

7 1.19/1;1-5tatistics Part Working( ) 180 Mone

7 1.18.1/1;1-Statistical techniques Part Working( ) 10 Mone

= 2.21/2:1-Approved for Use Part Working( ) 200 MNone

7 2.21.1/21-Applicable Regulations Part Working( ] 10 MNone

o
(=

o

o

(=

o

.

B

7 2.21.2/2:1-Usability Part Working( ) 20 Mone e..
= 7 2.22/2:1-Product Safety Part Working( ) 210 Mone e..
=X 7 2.22.1/2;1-Drug Product Quality during Manufact... Part Working( ] 10 Mone e
e 2,22.1.1/2:1-Material Compatibility Part Working( ) 10 Mone e.

------ 7 2.22.1.2/2:1-Container Closure Pressurization  Part Working( ) 20 Mone e.

B+ 7 2.22.2/2;1-Drug Product Quality during Distribution Part Working( ] 20 Mone e..
- J 2,22.2.1/2:1-Packaging Protection Part Working( ) 10 Mone e..
-} 2.22.2.2/2;1-Package Opening Requirements  Part Working( ] 20 Mone  e..

=g 7 2.22.3/2;1-5helf Life Part Working( ] 30 Mone e.
- T} 2.22.3.1/2;1-Storage Shelf Life Part Working( ) 10 Mone e.
=X 7 2.22.4/2:1-Anti- Counterfeiting and Tamper Evide... Part Working( ] 40 Mone e..
) 2.22.41/2:1-Packaging Tamper Evidence Part Working( ] 10 Mone e

1 7 2.22.4.2/2.1-Anti -Counterfeiting Part Working( ) 20 Mone e..

=8 7 2.22.5/2;1-Drug Product Quality Prior to Use Part Working( ] 50 Mone e..

PP Pa P o pa ho BEERREERREERREEN Fo Mo Pd P P P P P BEER RS P Pd P P PO P P P P P P P P P P = 2 b

------ &4 3.22.5.1/3:1-Drug Product Quality Prior to Use Working( ) e

= 7 2.23/2:1-Instructions for Use Part Working( ) 220 Mone e.
=% 7 2.23.1/2:1-Product Labeling Part Working( ) 10 Mone  e..

7 2.23.1.1/2:2-Company Gold Requirements Part Working( ) 10 Mone e..

7 2.23.1.2/2:1-Mon-language-Specific Labeling  Part Working( ) 20 Mone e..

= 7 2.23.2/2:1-Industrial Design Part Working( ) 20 Mone e.

i 2.23.2.1/2:1-Product Differentiation Part Working( ) 10 Mone e..

&P 2.24/2:1-5afe and Easy to Handle Part Working( ) 230 MNone  e.
B 2.241/2:1-Form Factor Part Working( ) 10 MNone  e...

----- e 43.24.1.1/3:1-Weight Working( ) .

----- e d2.24.1.2/2:1-Body Upper Height Warking( ] &

----- 7 3.24.1.3/2:1-Maximum Effective Diameter Working( ] B

----- ? 3.24.1.3/2:1-Maximum Effective Diameter Working( ) E...

-} 2.24.2/2:1-Forces and Torques Part Working( ] 20 MNone  e..

£ 2.24.3/2:1-5afe Handling Part Working( ) 30 MNene .

----- 7 2.24.3.1/2:1-Sharp Edges, Pinch Points Part Working( ) 10 Mone  e.

----- 7 2.24.3.2/2;1-Biocompatibility Part Working( ] 20 MNone  e..

----- 7 2.24.3.3/2:1-Unlocked Indication Part Working( ) 30 Mone  e..

----- 7 2.24.3.5/2;1-Choking Prevention Part Working( ) 40 Mone e..

& 7 2.24,4/2:1-150 Handling Requirements Part Working( ) 40 None  e..

Figure 35: Search Level 3 in Template

After reviewing and updating requirement model copied from the template, a report can be

generated automatically, showing in figure 36.
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Requirements Report
| Date: 2018-05-31 1

Project Id Project Name:

0 Wultiple Levels Reg. Model

Requirements
i Id

11
111
112
113
1131
1132
1133
2 Approved for Use
2211 Applicable Regulations
2212
22242
225
32251
22
2231
22311
22312
2232
22321
224
2241
32411
32412

Each manufacturer shall establish and maintain a quality system thal is appropriate for the specific medical device(s) designed or manufactured.

32413
2242
2243

Figure 36: Part of the Requirements Report Automatically Generated in Teamcenter

A requirement template was built in a tree form (similar to the BOM for product structure) in
Teamcenter for future reuse. Figure 37 shows the workflow for using this template to develop a
requirement model for a product. It’s based on the basic workflow in figure 18 with several extra
steps (showing in ovals). These are steps after defining the change of product design, from copy
the template to searching and removing the related levels of requirements. For a new field product,
there is no difference, starting with the very beginning regulatory requirements. For a new category
product, the process begins after defining the changed parts in Teamcenter. Copy the template and
paste in a new project, and then review and update the lower levels 2&3 (category and
configuration). That means the regulatory requirements stay in a new project. For a new
configuration, the process starts with the configuration, keeping the regulatory requirements and
product requirements. Copy and paste the template, then review and update the level 3
(configuration requirements). With the template in Teamcenter, after decided the change level of
the project, engineers can just duplicate all requirements in the template, and then review and

update the related levels of requirements in the template.
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Copy the Req. i
t?;np\ate q | and Start with the . Specialize new
' product Req. (Level SPEC'EH?E new Review and category the product
3 product line Req. (| update level line Req. (Level 2)
Paste the (Level 2) 2,3,4 Req.
template in
new Project. :
Review and | Specialize product Specialize product Specialize product
update level i Reg. (Level 3) Req. (Level 3) Req. (Level 3)
3,4 Reg.
Req. (Level 4)
Specialize project Specialize project Specialize project
Req. (Level 4) Req. (Level 4) Req. (Level 4)
Finish the
Req. Model
End

Figure 37: Multi-level Requirement Model Development Workflow in Teamcenter

With the template in Teamcenter, after defining the change level in a project, engineers can just
review the template, and then update related levels of requirements in the template, which are the
requirements needed to change in the new product. Based on the template, brand new requirements
can be added following the development process, deriving from user need to requirements, and
labeled their levels. If a new requirement is just new from an original user need, it only needs to
add new requirements under the same user need.

Mainly there may be two types of change. For a specific project, there must be some changed
requirements, including adding new requirements, deleting or modifying original requirements.
Another is about the permanent change of the template, which refers to the maintenance.

For the first kind of change, generally, it happens for each project. The frequency differs from the
levels. The regulatory requirements are most stable. They are only changed when the
corresponding department changes the policy for this product field. The lower level’s requirements
change more frequently. For the second change, it happens when the product changes some
important features or regulations. So, for the future convenience of reuse, the requirement template
needs to make the corresponding change permanently.

The following figure shows the workflow of requirement change in Teamcenter template. While

reusing this template in Teamcenter, if there is a requirement needed to change, the steps follow
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like figure 38 The first step is defining that if the new requirement is derived from a new user need.
If the answer is yes, the development starts with user need and determine their levels. After
finishing the development process, create these items in Teamcenter template and label their levels.
If the requirement is derived from original user need, then specify this requirement, create it under
the affiliated user need and label it as the corresponding level in Teamcenter. If this requirement
is not absolutely new, it is only needed to modify original details in the template.

Besides, for the permanent change of the requirements template, the workflow is also same as
these steps showing in figure 38.

Develop new
Req.

If it is from a
new User
Needs?

( Start with a new
yes

L User Needs AN
\\
.,
N
.

Create new
User Needs

no

If it is an
Absolute new
Req.?

Start with the new
Req. Create new

Req. under the
Affiliated User
Needs

Label it as
corresponding
level

Create new
Req. under the
Affiliated User
Needs

Label it as
corresponding
level

Modify the

original Req.

Label it as
corresponding
level

Finish the
Req. change

End

Figure 38: Requirement Change Workflow in Teamcenter

Comparison between Two Implementations

We chose two different software tools, the MS Office Excel and Siemens Teamcenter, for

implementation of the multi-level requirement model. There are some similarities between the two
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implementations. First, both of them support automatic generation of requirement documents after
the necessary revise of the template. Second, both of them group the requirements based on their
levels for easy selections. However, there are also some differences between the two
implementations. Excel is the most commonly used tool for requirements documentation, and it is
also a tool that most of the companies have already invested in and most of the engineers are
familiar with. The Excel implementation will be easier for companies and engineers to accept and
adopt the new reuse approach. This implementation can be used as a standalone requirement
management tool, or as a middleware or interface to be integrated with other software tools.
Teamcenter, as the leading PLM platform, can provide more powerful support on the management
of the requirements; and more importantly, it provides an opportunity to connect requirement data
with other product development related data (BOM, materials, manufacturing process, etc.), since
it can be the only data source for an entire enterprise. We want to use these two different types of
tools and implementations to show the feasibility and flexibility of our multi-level requirement

model.
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Benefits of the Multi-level Requirement Model and its Implementation

Avoiding Potential Pitfalls

Table 3 showed how the new reuse approach with the multi-level requirement model can help to

reduce the steps in generation new requirement documents and avoid the pitfalls mentioned in

Table 1.
Table 3: Avoiding Potential Pitfalls with New Reuse Approach
Step # | Description of the Step Potential Pitfalls New Process
1 When an auto-injector is chosen | ¢  Wrong product, the | ¢ The software tool
as the delivery mechanism for a product may not be will _help to locate
y the one that is the the right document
drug, the product engineer needs closest related to for the right product.
to find the requirement the new project. e The continuously
o ¢ Right product, but review and
document of a similar product. wrong version of maintenance process
Then copy the document for the the document. ensures that the up-
_ to-date document
new project. will be used.
2 Review the entire file to identify | ¢  Miss identifying e The templates are
the reusable ones, for example, re“S?b'e pre-defined a}nd
requirements carefully reviewed
the regulatory related | ¢  Longer time to go by domain experts to
requirements, and the ones that through the entire makg sure that the
documents requirements are at
need to be updated or removed, the right level for
for example, requirements reuse.

e The software tools
related to needle gauge and can provide easy
labeling query functions to

' save the time.
3 Revise the non-reusable ones | e Revised or newly e Build-in compliance
and add new ones as needed added requirements and completeness
' contradictory or check will help to
duplicate to the improve the quality
existing ones of the requirements.
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Besides all the improvements mentioned in Table 3.1, both of the two implementations support
automatic requirement document generation which can save time and avoid possible human errors

in creating documents.
Increasing the Number of Reusable Requirements

There are 184 requirements in total, with 75 in Level 1, 73 in Level 2, 29 in Level 3, and 7 in Level
4 (Table 4). For a product reconfiguration project (for example, a new drug using an existing auto-
injector), 96% of the requirements can be reused. More than 40% of the requirements can be used
for a product in a brand new product line, while about 80% requirements can be reused for a

product in an existing product line (Figure 39).

Table 4: Statistics of Requirements Number

Statistics of Requirements Number
Total Number of Requirements 184
Number of Requirements in Level 1 75
Number of Requirements in Level 2 73
Number of Requirements in Level 3 29
Number of Requirements in Level 4 7

Percentage of Requirements Number
in each level

B Number of Requirements in
Level 1

B Number of Requirements in
Level 2

Number of Requirements in
Level 3

B Number of Requirements in
Level 4

Figure 39: Percentage of Requirements Number in each Level
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DISCUSSIONS

In the past few decades, many companies start adopting the idea of product configuration and
customization in order to keep up with the rapid changing technologies and satisfy the significant
increasing on customized and personalized products from customers. Instead of developing new
product from scratch each time, product configuration allow the companies to build their new
product based on a group of pre-developed and validated parts or technologies. Reuse of existing
designs and technologies becomes a widely adopted approach. As a key step in a product
development process, requirement engineering is also embracing the reusable idea in requirement
development and management. However, how to effectively reuse the existing requirement data
remains an unanswered question. Some companies are trying to take advantage of software tools
(either standalone or a part of a larger information platform) to improve the reusing of requirement
data. But there is a clear lack of knowledge on the data model for requirement management and
the workflow to create, maintain, search, and retrieve requirement data from the tool. So, the
objectives of the current project are to (1) develop a requirement data management model to
support easy reuse of the data; (2) develop corresponding workflows and guidelines on how the
data model working; and (3) implement the model and the workflow into two different software
tools; (4) assess the benefits of the multi-level requirement model. Following the research
approach discussed in Chapter 2, we built the data management model and the workflow, and also
successfully implemented them into two different software tools to verify the feasibility of the
model and the workflow.

Our results presented in Chapter 3 showed that it is possible to implement the multi-level model
in both Excel and Teamcenter. With the new process, the multi-level model could avoid the pitfalls
of current reusing way mentioned in Chapter 1. Following the workflow in results, engineer could
find the right document for reusing. And the maintenance ensures the reused document is up-to-
date. While reusing, because the level of requirements in the templates derived in Chapter 3 are
predefined by experts, reusing process could reduce the miss identifying of reusable requirements.
Besides, the query functions in both implementations reduce the reviewing time. Also, it increases
the reusable of the requirements. Most part of requirements could be reused in new project.
During the research, we had several observations beside the results shown in Chapter 3.
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1. Managing requirements as documents in a software tool won’t be able to have the full
benefit from the tool. Companies should consider managing each requirement as a
structuralized database item to make the searching, retrieving, changing, tracing and
controlling of access of the requirement data easier. When a requirement report is needed,
most of the software tools have the capability to automatically generate the report
documents.

2. The requirement templates built in the software tool are not only a critical part of the
requirements reusing process, but also a very helpful way to ensure that the requirement
knowledge will remain inside the company and will become a useful tool to train the new
generation of engineers. The requirement data and requirement template building process
will need contributions from many different domain experts. These inputs from the
engineers many years of experiences within their area are valuable assets to the company,
and the template is a convenient and effective way to capture and management them.
These templates also provide a good starting point for a new product/requirement/system
engineer to begin their work. They can develop their new requirements/requirement
models based on a validated foundation.

3. A well-defined workflow is very important to the success implementation of the model.
A lot of concerns with requirement engineering/modeling are related to the usability of
the models, during our interviews with people from industry. Most people agree that
requirements are important and requirement management is necessary. But they are
worried that more works will be introduced and they will their control and flexibility over
their own works during the process. A clearly defined workflow together with guidelines
on how to use and maintain the model will help people to accept the implementation, and

also avoid confusions in the future.

Overall, the model and workflow developed in the study provide a more systematical approach to
manage requirement data, especially with a software tool. Following are some of the future works
which can help to generalize the model for a larger range of application and expand the scope of
the model to cover more processes within product development.

1. Due to the time constrain, the model and workflow didn’t get implemented in a real

world working environment. A real working environment will bring in a lot more
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uncertainties and variations. An implementation in such an environment will help to
improve the current model and workflow to make it a more robust solution.

The current application is for one product line in medical devices industry—the auto
injector. The application should be expanded both horizontally and vertically in the
future. Horizontally, the application should cover a broad range of medical devices and
even other industries; while vertically, the other product development related data
should be included, for example, the testing/validation methods and results, the product

structure, etc.



52

CONCLUSIONS

Following conclusions were drawn based on the results from this study:

A practical multi-level requirements management model for a medical device—the
auto injector can be developed, and the model can be implemented into different
software tools to support reuse of existing requirement data in creating requirement
models for new product development projects.

The workflow and guideline to support the application and maintenance of the
requirement model can be developed and implemented. Requirement
documents/reports can be automatically generated through the software tool by
following the workflow.

The new method can improve the reusability of requirement model. With the help of
the multi-level model, it can avoid the pitfalls of current way in reusing requirements,

increase the reusable requirements.
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