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Appendix A 

Survey on Developing Scientific 
Computing Software 

A.l Survey Questionnaire 

In this section, a survey invitation email and survey questionnaire with 37 
questions are provided. 

A.l.l Survey Invitation Email 

Dear Participant: 
If you are involved in the development of scientific computing software, 

you are invited to participate in a survey on developing this kind of software. 
If you have already received this request, I apologize for the cross-posting, but 
I am attempting to advertise to as many developers as possible. 

I would appreciate it if you could take 20-30 minutes to complete this 
questionnaire. If you know others involved in the developrnent of scientific 
computing software, could you please forward this survey to them. Your as­
sistance is highly appreciated. 

There are 37 questions in the survey, which can be accessed via the 
following link: http: j jwww .eSurveysPro.comjSurvey.aspx?id=b67 celcl-84c2-
4c2b-b66d-70db013d8038 

The survey is for a research experiment conducted by myself, Jin Tang, 
a master student at the Department of Computing and Software, McMaster 
University, Canada, under the supervision of Dr. Spencer Smith. The result 
of this survey will help me with my research on the processes used to develop 
scientific computing software, where scientific computing is defined as the use 
of computer tools to analyze or simulate mathematical models of continuous 
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real world system of engineering or scientific importance so that we can better 
understand and potentially predict the system's behavior. 

The short term goal of this survey is to find the processes that industry 
and academia follow to develop their scientific computing software. The mid 
term objective is to direct research on adapting software engineering method­
ologies to improve the quality of scientific computing software. 

All questions are voluntary and you need only answer those questions 
that you wish to. If you agree to participate in the survey, you can change your 
mind and discontinue the survey at any time. This research will pose risks no 
greater than what you would experience in the course of your day-to-day work 
life. 

All your answers to the survey questions, kept in Excel files, will be 
completely confidential and only be available to myself and Dr. Spencer 
Smith. If you have any questions, please contact Jin Tang at 905-525-9140 
ext. 27029, email: tangj29@mcmaster.ca or Dr. Spencer Smith at 905-525-
9140 ext. 27929, email: smiths@mcmaster.ca. If you are interested in this 
study, we are very happy to share our survey report with you. Please provide 
your email address in the survey, the survey report will be sent to you. 

This study has been reviewed and approved by the McMaster Research 
Ethics Board~ If you have concerns or questions about your right as a partic­
ipant or about the way the study is conducted, you may contact McMaster 
Research Ethics Board Secretariat at 905-525-9140 ext. 23142, email: ethic­
soffi.ce@mcmaster.ca. Thank you. 

A.1.2 Survey Questions 

The followings are questions designed for this survey. 

1. Characterization of yourself 

Question 1 of 37 (Multiple Choice Single Answer Question) 
What is the type of organization where you are currently involved in the de­
velopment of scientific computing software? 

Select one the following: 

Company (developed in-house), Software vendor (producing custom software 
systems or off-the-shelf software), Research and development institute, Univer­
sity, Personal Interest Group (e.g. open source community), Others (identify) 
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Question 2 of 37 (Multiple Choice Single Answer Question) 
How many people in your current group are involved in developing scientific 
computing software? 

Select one the following: 

1' 2 - 5' 6 - 15' 16 - 50' 51 - 100' > 100 

Question 3 of 3 7 (Multiple Choice Multiple Answer Question) 
What is your education background? 

Select all that apply from: 

Architecture, Business, Chemistry, Computer Science, Civil Engineering, Com­
munications and Computers and Components Engineering Electromagnetics 
and Electrical System Engineering, Mathematics, Mechanical Engineering, 
Health Science, Industrial Engineering, Physics, Software Engineering, Others 
(identify) 

Question 4 of 37 (Multi-Choice Multiple Answer Question)) 
What is your education background? 

Select all that apply from: 

Faculty Member, Manager, Project Leader, Researcher, Software Designer, 
Software Developer, Software Support, Student Technical Writer, Quality As­
surance, Other (identify) 

Question 5 of 37 (Multi-Choice Single Answer Question) 
How long have you been working in the scientific computing field? 

Select one the following: 

< 1 year, 1 - 5 years, 6- 10 years, 11 - 15 years, 16- 20 years, > 20 years 

Question 6 of 33 (Multi-Choice Single Answer Question) 
How long have you been programming? 

Select one the following: 
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< 1 year, 1 - 5 years, 6- 10 years, 11 - 15 years, 16- 20 years, > 20 years 

2. Characterization of the scientific computing software that your 
group is typically involved with developing 

Question 7 of 37 (Multi-Choice Multiple Answer Question) 
Which of the following fields is your software used in? 

Select all that apply from: 

Cell Biology, Evolution and Ecology, Molecular and Developmental Genet­
ics, Analytical- Physical Chemistry, Environmental Earth Sciences, General 
Physics, Inorganic-Organic Chemistry, Solid Earth Sciences, Space and As­
tronomy, Subatomic Physics, Computing and Information Science, Pure and 
Applied Mathematics, Statistical Science, Chemical and Metallurgical Engi­
neering, Civil Engineering, Communications, Computers and Components En­
gineering, Electromagnetics and Electrical System Engineering, Industrial En­
gineering, Mechanical Engineering, Others (identify) 

Question 8 of 37 (Multi-Choice Multiple Answer Question) 
What types of scientific co1nputing software are you involved in developing? 

Select all that apply from: 

Fast Fourier Thansform, Interpolation, Linear Solver, Linear Least Squares, 
Mesh Generation, Numerical Integration, Optimization, Ordinary Differen­
tial Equations (ODE) Solver, Random Number Generator, Partial Differential 
Equations (PDE) Solver, Stochastic Simulation, Solving Eigenvalues, Solving 
Nonlinear Equations, Others (identify) 

Question 9 of 37 (Multi-Choice Multiple Answer Question) 
What source code language( s) do you use? 

Select all that apply from: 

Basic, C, C++, Csh (C Shell Programming), FORTRAN, Ksh (Korn Shell 
Programming), Matlab, Mathematica, Maple, Pascal, Python, Perl, Tel, Java, 
Slang, Sh (Bourne shell Programming), Others (identify) 

Question 10 of 37 (Multi-Choice Multiple Answer Question) 
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Which of the following Operating Systems do you use? 

Select all that apply from: 

IBM OS/2 Warp, Linux j Variants, MacOSX, MS-DOS, Unix j Variants, Win­
dows, Others (identify) 

Question 11 of 37 (Multi-Choice Single Answer Question) 
Please approximate the size of typical software you develop in KLOCS (KLOC 
= 1000 lines of code). 

Select one of the following: 

< 1 KLOC, 1- 5 KLOCS, 6- 20 KLOCS, 21- 50 KLOCS, 51- 100 KLOCS, 
> 100 KLOCS 

Question 12 of 37 (Multi-Choice Multiple Answer Question) 
Which of the following libraries do you use to develop scientific computing 
software? 

Select all that apply from: 

No Libraries, ATLAS (Automatically Tuned Linear Algebra Software), BLAS, 
Deal II, Eiffel Numerical/Scientific Library, GSL (GNU Scientific Library), 
IMSL, JAMA, Java Nurnerical/Scientific Libraries (JNL), Lisp Nurnerical/Scientific 
Libraries, Lucent Libraries, MUMPS Parallel Solver, NAG, Netlib including 
LAPACK, PLAPACK (Parallel Linear Algebra), PetSc, SLATEC, Statlib, 
Trilinos Parallel Solver, Others (identify) 

Question 13 of 37 (Rating Question) 
In your experience, how important is each of the following software qualities 
to you. Please rate the relative importance of the qualities, with one (1) for 
the LEAST important items and five (5) for the MOST important. If you 
feel that there are software qualities missing from this list, there will be an op­
portunity for you to mention this in a written question at the end of the survey. 

Rate for each of the following: 

Ease of use, Maintainability, Memory use, Portability, Correctness j Reliabil­
ity, Safety, Security, Speed, Verifiability 
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Question 14 of 37 (Multi-Choice Multiple Answer Question) 
What is the lifetime of the typical software that your group develops? 

Select all that apply from: 

< 1 year, 1 - 5 years, 6- 10 years, 11 - 15 years, 16- 20 years, > 20 years 

3. Methodology Question 15 of 37 (Multi-Choice Single Answer 
Question) 
In your group, do you set up a project schedule or a project plan before de­
veloping software? 

Select one of the following: 

Yes, No 

Question 16 of 37 (Multi-Choice Multiple Answer Question) What 
kind of process model do you use in developing software? 

Select all that apply from: 

No defined process, Code and Debug, Biological I Evolutionary Program­
ming (The fittest solution survives), The Formal Methods Model (Specify, de­
velop and verify using rigorous mathematical methods), The Linear Sequen­
tial Model I Classic Life Cycle I Waterfall Model (sequentially through re­
quirement, design, coding, testing, and maintenance), The Prototyping Model 
(start with a "quick design" and a prototype), The Rapid Application Devel­
opment Model (incremental with a short development cycle), The Spiral Model 
(identify the sub problem with the highest risk, find a solution, repeat), Start 
from a previous code and modify it, Others (identify) 

Question 17 of 37 (Multi-Choice Multiple Answer Question) 
What kind of specifications do you currently use to design and document sci­
entific computing software? 

Select all that apply from: 

No Specification, Informal Specification (in natural language), Semi-formal 
Specification, Formal Specification, Others (identify) 

150 



Master Thesis- Jin Tang- McMaster- Computing and Software 

Question 18 of 37 (Multi-Choice Multiple Answer Question) 
Which of the following semi-formal specification approaches do you use? 

Select all that apply from: 

No semi-formal specifications, HOOD, SADT, SART, UML, Others (identify) 

Question 19 of 37 (Multi-Choice Multiple Answer Question) 
Which of the following fonnal specification approaches do you use? A fonnal 
specification uses mathematical methods to document at least portions of the 
requirements and I or the design. 

Select all that apply from: 

No formal specification, B-Method, VDM, Z notation, Others (identify) 

Question 20 of 37 (Multi-Choice Single Answer Question) 
In your current group, is there coding stand~rds that whole group needs to 
follow? 

Select one of the following: 

Do not know, Yes, No 

Question 21 of 37 (Multi-Choice Single Answer Question) In your 
current group, when you consider software reuse, what level of software reuse 
do you reach? 

Select one of the following: 

Do not use software reuse, Function reuse, Module I object reuse, Sub-system 
reuse, Application system reuse, Others (identify) 

Question 22 of 37 (Multi-Choice Multiple Answer Question) 
A programming tool or software tool is a program or application that software 
developers use to create, debug, or maintain other programs and applications. 
When you develop software, where do you use tools? 
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Select all that apply from: 

Never use tools, Design software, Code generation, Debug code, Documen­
tation generation, Unit testing, Integration testing, Version control, Others 
(identify) 

Question 23 of 37 (Fill-in Question) 
Please estimate the respective ratio of time spent in the following phases, in 
your software development process: (Please ensure that the numbers sum to 
100%) 
Requirements definition % 
Design (Preliminary and detailed) % 
Development (detailed design, coding, debugging) % 
Testing (unitary, integration, system, acceptance) % 

4. Testing 

Question 24 of 37 (Multi-Choice Multiple Answer Question) 
What method(s) do you use for software validation and verification? 

Select all that apply from: 

No validation and verification~ Code analysis (using techniques and tools to 
expose bugs), Comparing with real world experimental data, Comparison 
with other computational models and simulations, Comparison with closed­
form (analytical) solutions, Testing numerical convergence (Verify that the 
error decreases as the discretization size decreases), Deductive proof or model­
checking, Interval arithmetic (Using intervals to track the uncertainty in in­
put quantities to an uncertainty in the result), Making the code self-adaptive 
(Given a target error tolerance from the user, the software can solve the prob­
lem on a sequence of grids until the error estimate is small enough), Benchmark 
tests, Using statistical techniques (for example Bayesian inference techniques), 
Others (identify) 

Question 25 of 37 (Multi-Choice Multiple Answer Question) 
When you choose test cases, which of the factors do you consider? 

Select all that apply from: 

Do not know, Requirement specification, Boundary value (maximum and min-

152 



Master Thesis- Jin Tang- McMaster- Computing and Software 

imum number limit), State-transition, Logical conditions, Others (identify) 

Question 26 of 37 (Multi-Choice Multiple Answer Question) In your 
group, who is in charge of the testing phase? 

Select all that apply from: 

Nobody, Developer, Project manager or team leader, Quality controller, Oth­
ers (identify) 

5. Documentation 

Question 27 of 37 (Multi-Choice Multiple Answer Question) 
What kind of documentation do you use in developing scientific cornputing 
software? 

Select all that apply from: 

None, User Requirement Specification, System Design Specification, Detailed 
Design Specification, Code Comments, Testing Plan, Testing Report, Literate 
Programming (a combination of a programming language, with the main idea 
of treating a program as a piece of literature.), Others (identify) 

Question 28 of 37 (Rating Question) 
In your experience, when changes are made to a software system, how long does 
it take for the supporting documentation to be updated to reflect the changes? 

Rate for each of the following: 

Never, Rarely, Months, Weeks, Days 

Question 29 of 37 (Rating Question) 
In your experience, how important is each of the following items in helping to 
create effective software documentation. Please rate the relative importance 
of the following items, with one (1) for the LEAST important items and five 
(5) for the MOST important. If you feel that there are items missing from this 
list, there will be an opportunity for you to mention this in a written question 
at the end of the survey. 
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Rate for each of the following: 

Length (not too short, not too long), Availability (ability to retrieve the most 
current version), Organization (table of contents, categorized, sub-categorized, 
etc), Navigation (internal I external links, references), Document structure 
(arrangement of text, tables, figures and diagrams), Document's format (i.e. 
Microsoft Word, Note Pad, Visio, Html, Pdf), Content (the information that 
a document contains), Influence from management I project leaders I other 
developers to use it, Spelling and grammar, Writing Style (choice of words, 
sentence and paragraph structure), Extent to which it is up-to-date, Use of 
modeling diagrams (UML, SDL, etc), Use of examples (how to extend or cus­
tomize a feature) 

Question 30 of 37 (Rating Question) 
How relevant are the following factors in causing software documentation to be 
out of sync with the system it describes. Please rate the relative importance 
of the following items, with one ( 1) for the LEAST important items and five 
(5) for the MOST important. If you feel that there are items missing from this 
list, there will be an opportunity for you to mention this in a written question 
at the end of the survey. 

Rate for each of the following: 

Time constraints on developers, Budget constraints on the project, High costs 
of maintaining documentation is not worth the effort, Rapid changes in re­
quirements, Rapid staff turn over, Team members are unmotivated to docu­
ment their code, Team members see little benefit in maintaining supporting 
documents 

6. Feedback 

Question 31 of 37 (Multi-Choice Single Answer Question) Do you 
wish to receive a synthesis of this survey? 

Select one of the following: 

Yes, No 

Question 32 of 37 (Multi-Choice Single Answer Question) 
We would like to contact some of the survey participants for a follow-up phone 
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interview. Would you potentially be interested in being contacted? If you 
agree, and are selected, you will receive full details of the follow-up interview 
in your invitation to participate. 

Select one of the following: 

Question 33 of 37 (Fill-in Question) 
If you said yes to question 31 or question 32, or if you do not mind revealing 
your identity, please fill in the following contact inforrnation. 
Name: 
Position: 
Organization: 
Email: 
Phone: 

Question 34 of 37 (Fill-in Question) 
If you use tools, please specify which tools you use 
For software design: 
For code generation: 
For debugging: 
For testing: 
For version control: 
For document generation: 

Question 35 of 37 (Fill-in Question) 
Please provide any additional comments you may have about the following 
topics: 
What are the important software qualities for scientific computing? 
What makes effective software documentation? 
What factors causes documentation to be out of sync with the software it de­
scribes? 

Question 36 of 37 (Fill-in Question) 
Are you satisfied with the current process used for scientific co1nputing soft­
ware development in your group? If not, what could be done to improve the 
process? 

Question 37 of 37 (Fill-in Question) 
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Please provide any remarks you may have in connection with this question­
naire. 
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A.2 Pilot Test Guidelines 

This section provides the information about the pilot test, which includes the 
introduction about the pilot test process, a pilot testing invitation email and 
feedback questions. 

A.2.1 Introduction 

The goal of the pilot test on "Developing Scientific Computing Software" sur­
vey is to evaluate the trail survey questionnaire and the procedures and to 
make any necessary changes. Pilot tests are used to provide relevant insight, 
data, and experience as a basis for decisions to accept, improve, or discard 
parts of all of the tested survey questionnaires and procedures. "Pilot tests 
can also afford opportunities to gauge likely reaction to the planned survey 
operations" (Foreman, 1991, page 433). 

According to (Foreman, 1991, page 436), the pilot test should be conducted 
in circumstances simulating operational conditions as far as practical. The 
number of sample units selected for pilot survey purposes should be sufficient 
to yield the intended inferences, compariso:g.s, and estimated reliability. Where 
comparisons are to be made, the pilot test sample selection should constitute 
a suitable statistical experimental design. 

In the pilot test on "Developing Scientific Cornputing Software" survey, 12 
candidates were selected from academia and industry 

A.2.2 Process 

An invitation email was sent to candidates. The pilot test was planned to 
be finished in two weeks, including sending email and getting feedback. After 
the pilot test, analysis was performed and a pilot test report was prepared 
to provide the results of the pilot test. Then, the questionnaire was modified 
according to the feedback of the pilot test. 
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A.2.3 Email Invitation 

Subject: Survey on Developing Scientific Computing Software, an Invitation 
to be Involved in a Pilot Test 

Dear Participant: 
Please accept this invitation to participate in a pilot test for a survey 

titled "Developing Scientific Computing Software." The survey is for a research 
experiment conducted by myself, Jin Tang, at the Department of Computing 
and Software, McMaster University, under the supervision of Dr. Spencer 
Smith. The result of this survey will help me with my research on the processes 
used to develop scientific computing software. 

This pilot test invitation is completely voluntary. All questions are also 
voluntary and you need only answer those questions that you wish to. If you 
are busy and have no time to join our pilot test, we would understand. If you 
agree to participate in the survey, you can change your mind and discontinue 
the survey at any time. This research will pose risks no greater than what you 
would experience in the course of your day-to-day work life. 

The short term goal of this survey is to find the processes that industry 
and academia follow when developing scientific computing software. The mid 
term objective is to direct research on adapting software engineering method­
ologies to improve the quality of scientific computing software. 

There are 37 questions in the survey, which can be accessed via the 
following link: http:/ /www.eSurveysPro.com/Survey.aspx?id=b67ce1c1-84c2-
4c2b-b66d-70db013d8038 

I would appreciate it if you could complete this survey and provide us 
with feedback within two weeks. Your feedback is highly valuable for us to 
evaluate the trail survey questionnaire. To assist you in providing feedback, I 
have listed several questions at the end of this e-mail. You can provide your 
feedback either by replying to this message and editing in your responses, or if 
you prefer you may provide your feedback over the phone. You can call either 
myself or Dr. Smith, or you can provide your phone number and a suggested 
time, and we will contact you at your convenience. 

All your answers to the survey questions and your feedback will be 
completely confidential. If you have any questions, please contact Jin Tang 
(email: tangj29@mcmaster.ca, phone: 905-525-9140 X27029) or Dr. Spencer 
Smith (email: smiths@mcmaster.ca, phone: 905-525-9140 X27929). 

This study has been reviewed and approved by the McMaster Research 
Ethics Board. If you have concerns or questions about your right as a partic­
ipant or about the way the study is conducted, you may contact McMaster 

158 



Master Thesis - Jin Tang - McMaster- _Computing and Software 

Research Ethics Board Secretariat at 905-525-9140 ext. 23142, email: ethic­
soffice@mcmaster. ca. 

Thank you so much for your time and assistance. 

A.2.4 Feedback Questions 

The following is the questions that help us obtain feedback from pilot test 
participants. 

1. How long did it take you to finish this survey? 

2. How do you feel about the number of questions? Is there too many or 
too few? What number could be right for you? 

3. Which questions, if any, do you feel could be removed from this survey? 
Why? 

4. Which questions, if any, do you feel could be added to this survey? 

5. What are your general thoughts about the survey? 

6. Do you have any suggestions for this survey? 
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A.3 Pilot Test Report 

A.3.1 Introduction 

This report provides the feedback which were received from 12 pilot test candi­
dates coming from academia and industry. It also presents recommendations 
for updating the questionnaire. 

The main aim of the pilot test on "Developing Scientific Computing 
Software" survey is to evaluate the trail survey questionnaire and the proce­
dures and to make any necessary changes. Among 12 candidates, 6 are faculty 
members, 3 are graduate students at universities, 2 are experts working in 
industry and 1 is self employed. 

A.3.2 Methodology 

A standardized questionnaire containing a series of open and closed questions 
accompanied by a cover letter and feedback questions were distributed to these 
candidates via an email invitation. 

All candidates were provided with a deadline (2 weeks) to return com­
pleted questionnaires, either by email or by phone. This deadline was met by 
majority of candidates and in the case of those candidates who did not meet 
the deadline, follow-up emails were made. Finally, 10 of the 12 responses were 
received. 

A.3.3 Analysis and Recommendation 

This section provides the analysis of the feedback. Moreover, recommenda­
tions for updating the questionnaire are also presented. 

1. Length of The survey 
Feedback 
75 percent of respondents spent about 20 to 30 minutes finishing the survey 
and feel the length of the survey is good for them. The longest time to finish 
the survey is 40 minutes and the shortest time is 10 minutes. 2 of 10 respon­
dents feel the length of questions is a little bit too long. 
Recommendation 
The above responses indicate that the length of survey is good. In the length 
point of view, no more questions need to be added to or removed from the 
survey. However, the cover letter in the first web page of the survey should 
be modified. The estimate time for finishing survey in the cover letter was 
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modified from the original 10- 15 minutes to 20- 30 minutes. 

2. The definition of Scientific Computing 
Feedback 
One respondent disagreed with the definition of Scientific Computing which 
was used in the survey. He represented the differences between Scientific Com­
puting and Numerical Analysis in his feedback. 
Recommendation 
The solution for this question is that taking out the sentence "Scientific com­
puting is also termed numerical analysis" from the Scientific Computing defini­
tion in the invitation email of the survey. Therefore, the updated definition of 
Scientific Computing is "scientific computing is defined as the use of computer 
tools to analyze or simulate mathematical models of continuous real world sys­
tem of engineering or scientific importance so that we can better understand 
and potentially predict the system's behavior." 

3. Development Process 
Feedback 
One respondent mentioned Extreme Programming and Evolutionary Program­
ming, especially Evolutionary Programming is widely used in open source de­
veloper community. 
Recommendation 
For the Evolutionary Programming, because it is widely used in open source 
developer community, an optional item was added to the question 16 in the 
survey, 1noreover, a short description "The fitness solutions survive" was pro­
vided to briefly introduce the Evolutionary Programming. The question 16 
will be updated as follows: 

Question 16 of 37 (Multi-Choice Multiple Answer Question) 
What kind of process model do you use in developing software? Please select 
all that apply. 
No defined process 
Code and Debug 
Biological / Evolutionary Programming (The fitness solutions sur­
vive) 
The Formal Methods Model (Specify, develop and verify using rigorous math­
ematical methods) 
The Linear Sequential Model I Classic Life Cycle I Waterfall Model (sequen­
tially through requirement, design, coding, testing, and maintenance) 
The Proto typing Model (start with a "quick design" and a prototype) The 
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Rapid Application Development Model (incremental with a short development 
cycle)" 
The Spiral Model (identify the sub problem with the highest risk, find a solu­
tion, repeat) 
Start from a previous code and modify it 
Others (identify): 

4. Library Missing 
Feedback 
One respondent mentioned Library deal II in his feedback. He said that Deal 
II is a C++ program library targeted at the computational solution of partial 
differential equations using adaptive finite elements, so it could be used in 
developing scientific computing software. 
Recommendation Deal II was added to question 12 as follows: 

Question 12 of 37 (Multi-Choice Multiple Answer Question) 
Which of the following libraries do you use- to develop scientific computing 
software? Please select all that apply. 
ATLAS (Automatically Thned Linear Algebra Software) 
BLAS 
Deal II 
Eiffel Numerical/Scientific Library 
GSL (GNU Scientific Library) 
IMSL 
JAMA 
Java Numerical/Scientific Libraries (JNL) 
Lisp Numerical/Scientific Libraries 
Lucent Libraries 
MUMPS Parallel Solver 
NAG 
Netlib, including LAPACK 
PLAPACK (Parallel Linear Algebra) 
PetSc 
SLATEC 
Statlib 
Trilinos Parallel Solver 
Others (identify): 

5. Short-forms 
Feedback 
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One respondent addressed in his feedback that he is not familiar with some 
short-forms used in the questions of the survey. 
Recommendation 
For the issue of short-forms, it is hard and unnecessary to add short descrip­
tions for all short-forms occurred in the survey and it is normal that respon­
dents did not know some of short-forms in the questions. If they do not know 
these short-forms that probably means they did not use them in their daily 
developing scientific computing software activities. 

6. Tools 
Feedback 
One respondent mentioned in his feedback that he did not use tools in devel­
oping software actually he did. This feedback shows the term tools which was 
used in the survey may cause the confusion of respondents. 
Recommendation 
According to this feedback, an introduction of tools was added to the question 
23 in the survey. The question was updated as follows: 

Question 22 of 37 (Multi-Choice Multiple Answer Question) 
A programming tool or software tool is a program or application 
that software developers use to create, debug, or maintain other 
programs and applications. When you develop software, where do you use 
tools? Please select all that apply. 
Never use tools 
Design software 
Code generation 
Debug code 
Documentation generation 
Unit testing 
Integration testing 
Version control 
Others (identify): 

A.3.4 Fill-in Questions 

From the answers of all respondents, we found that respondents seldom replied 
the fill-in questions (Question 31 - 37). Therefore, more detailed information 
might be very difficult to be expected from the fill-in questions in the survey. 
Same problems also occurred in the optional item "Others (identify), even if 
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people select the option "Other" , they might not put detailed information in 
the text box of item "Others". 

A.4 Conclusion 

Feedback from the pilot testing indicate that, generally speaking, the survey 
is good except some minor changes which were addressed above. 
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B.l SRS for ONIS 

This section provides the software requirement specification (SRS) for a one­
dimensional numerical integration solver (ONIS) using Modified Parnas' Ra­
tional Design Process (PRDP). 

B.l.l Introduction 

This section gives an overview of the Software Requirements Specification 
(SRS) for a One-dimensional Numerical Integration Solver (ONIS). First, the 
purpose of the document is provided. Second, the scope of an ONIS is identi­
fied. The final part of this section surrnnarizes the organization of the docu­
ment. 

B.l.l.l Purpose of the Document 

This SRS provides a "black-box" description of a one-dimensional numerical 
integration solver. The intended audience of the SRS is the development team 
and ONIS users whose characteristics are specified in section B.1.2.2. 

B.l.1.2 Scope of the Software Product 

An ONIS can be used as a single application. It also can be a general pur­
pose tool used by other applications. The ONIS documented here is an alone 
software. The input of the ONIS is a function, characteristics of the given 
function, an interval, and absolute accuracy requested or relative accuracy re­
quested. The ONIS computes the value of numerical integration according to 
the characteristics of the input function and the given interval. The output is 
the approximation to the integral, an estimate of the absolute error, the total 
number of function evaluations that were executed and an error code. 

B.1.1.3 Organization of the Document 

This SRS follows the template given by (Smith, 2006). The rest of the doc­
ument is organized as follows. Section B.1.2 provides the overall description 
of the system to make the requirements easier to understand. Section B.l.3 
contains all the details of system requirements. Section B.l.4 introduces the 
non-functional requirements. Section B.l.5 lists the solution validation strate­
gies for this software. Other system issues, traceability matrix, a list of possible 
changes in the requirements, and values of auxiliary constants are provided in 
Section B.1.6. 
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B.1.2 General System Description 

This section describes the general information about the system. The system 
context is presented first. Then the characteristics of the potential users are 
discussed. At the end of this section, some system constraints are described. 

B.1.2.1 System Context 

ONJS 
tnput Output 

Figure B .1: System Context Diagram 

Figure B.1 shows the context for ONIS. A circle represents an external 
entity outside the system, a user in this case. The rectangle is the system itself. 
Arrows represent the data flows between the1n. The "input" is a function, 
characteristics of the given function, an interval, absolute accuracy requested 
or relative accuracy requested. The "output" is the approximated value of 
numerical integration of the given function, an estimate of absolute error, the 
number of function evaluations and an error code. The function of the ONIS 
is generating "Output" from "Input." 

B.1.2.2 User Characteristics 

The target user groups of ONIS are those who are involving in the numerical 
integration. Anyone who has the following characteristics should be qualified 
to use this system: 

1. Possess an education level that is equivalent to a first or second year 
university students in science or engineering. 

2. Complete university or college first-level calculus course. 

3. Complete high school computer related courses. 
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B.1.2.3 System Constraints 

This system will be implemented on Windows or Mac OS environment. 

B.1.3 Specific System Description 

This section describes the system requirements in detail. After the problem is 
clearly stated, some solution characteristics are specified. Subsection "Back­
ground Overview" provides some background information of the system, and 
subsection "Terminology Definition" illustrates a list of related concepts. Fol­
lowing this, subsection "Theoretical Models" presents the mathematic model 
of numerical integration. Then, subsection "Goal Statements" defines the ob­
jective. Finally, subsections "Assumptions", "Data Constraint" and "System 
behavior" form the major parts of this section. 

B.l.3.1 Background Overview 

The numerical evaluation of integrals is one of the oldest problems in math­
ematics. The task is to compute the value of the definite integral of a given 
function. Much effort has been devoted to techniques for the analytic evalu­
ation of the integrals and several libraries have already existed, for example 
QUADPACK, NAG, IMSL and SLATEC, to calculate the integral. 

B .1.3.2 Terminology Definition 

The following definitions are sorted by its occurring orders in this document. 

• I: true value of lb f ( x) dx whose definition is in B.l.3.4. 

• Continuous and discontinuous function (Mizrahi, 1990, page 97): let y 
= f ( x) be a function defined on an open interval. The function is said 
to be continuous at c, if 

1. f( c) is defined and 
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2. lim f ( x) exists and 
X-----+C 

3. lim f(x) = f(c) 
x-----+c 

If any one of these three conditions is not satisfied, then the function is 
said to be discontinuous at c. 

• Smooth (Wikipedia, 2007): If the derivative of f(x) is continuous, then 
f(x) is said to be C1

. If the kth derivative of f(x) is continuous, then 
f ( x) is said to be Ck. By convention, if f ( x) is only continuous but does 
not have a continuous derivative, then f ( x) is said to be C0

• And if the 
kth derivative of f ( x) is continuous for all k, then f ( x) is said to be coo. 
In other words coo is the intersection coo = n~o Ck. Differentiable 
functions are often referred , to as smooth. If f ( x) is Ck, then f ( x) is 
said to be k....smooth. Most often a function is called smooth (without 
qualifiers) if f ( x) is coo or C1

, depending on the context. 

- {b 
• Singularity (Harley Flanders, 1974, page 35): a definite integral la f(x) dx, 

a and b finite, is called singular if f ( x) "blow up" at one or more points 
in the interval [a, bJ. Examples are: 

13 1 15 1 110 1 - dx, 
2 

dx, dx 
o X 1 X - 4 6 ln X - 5 

The first integrand "blows up" at x = 0, the second at x = 2, the third 
at x = 6. Such bad points are called singularities of the integrand. 

• End point singularity: an integral 1b f(x) dx where f(x) has singular­

ities which occur either at x = a or at x = b. These singularities are 
called end point singularities. 

• CT_QAWS: Integrand can be factored as f(x)=w(x) x g(x), where g(x) 
is smooth and w(x) shows a singular behavior at the end points, i.e. 
w(x) has the following format: 

1. (x-a)ax(b-x)f3 
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2. (x- a)0 x (b- x)f3 x log(x- a) 

3. (x- a) 0 x (b- x)f3 x log(b- x) 

4. (x- a)a x (b- x)f3 x log(x- a) x log(b- x) 

where a, f3 are real, and o:, f3 > -1. 

• Oscillatory function: A function that exhibits oscillation (i.e., slope 
changes) is said to be oscillating, or sometimes oscillatory. 

• CT _QAWC: f(x) can be expressed as w(x) x g(x), where g(x) is smooth 
on [a, b] and w(x) = 1 / (x- c) for some constant c. 

• CT_QAWO: f(x) can be expressed as w(x) x g(x), where g(x) is smooth 
on [a, b] and w(x)=cos(wx) or sin(wx). 

• CT_QNG: f(x) is smooth. 

• CT _QAGS: f(x) has end point singularities. 

• CT _QAG: f(x) has an oscillatory behavior or nonspecific type, and no 
singularities. 

B.1.3.3 Goal Statements 

Given function f(x), characteristics C of the given function, an interval x E 
[a, b] (a ::; b), absolute accuracy requested epsabs or relative accuracy re-

quested epsrel, return an approximate value y, where y "" I = 1b f(x) dx, 

an estimate of the absolute error ca, the number of function evaluations neval 
and an error code errorcode. 
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B.1.3.4 Theoretical Models 

Let f be a real valued function defined on the clos.ed interval (a, b]. If the 
function limit exists, then the number I is called the definite integral of f 

from a to b and it is denoted by 1b f ( x) dx. That is, 

n 

1b f(x) dx = lim ~ f(ui)b.xi 
a !IPII-o~ 

~=1 

I = lim L f( ui)b.xi means that for any given E > 0, there is a positive 
IIPII-o i=l 

number 8 so that if Pis a partition of [a, b] for which !IPII < 8, then 

n 

I L f(ui)b.xi- II < E 

i=l 

for any choice of numbers ui in the subintervials [xi_ 1 , xi] of P (Mizrahi, 1990, 
p.349). 

B.l.3.5 Data Definition 

In this section, some specific data using for solving the problem and data 
returned by the system will be defined. 

• Characteristics of Input Function ( Ctype): 
Ctype = {CT_QAWO, CT_QAWS, CT_QAWC, CT_QNG, CT_QAGS, 
CT_QAG} 

• Error Code Type (Ecodetype): 
Ecodetype ={NORMAL, MAX__EVAL_LIMIT, RNDOFF _ERR, LOC__DIFF, 
NOT_CONVG, DIVG_INGR, INVALID_INPUT} 
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Symbol Type Meaning 
a IF' lower limit of integration 
b IF' upper limit of integration 
f(x) ffi.~ffi. input function 
c Ctype characteristics of the input function 
epsabs IF' absolute accuracy requested 
epsrel IF' relative accuracy requested 
y IF' approximation to the integral 
Ea IF' estimate of the absolute error 
neval Integer number of function evaluations 
err code Ecodetype error information 

Table B.l: Input and Output Data 

B.1.3.6 Assumptions 

Input Assumptions (Table B.2) 

Calculation (Table B.3) 

Output Assumptions (Table B.4) 

B.l.4 Data Constraints 

B.1.4.1 System Behaviour 

Input Variable Behaviour(IV) (Table B.6): 

Output Variable Behaviour(OV) (Table B.7): 
n = number of function evaluations. 
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Variability Value of Parameter of Variation 
Vl (CT_QAWO) Thue 
V2 (CT_QAWS) Thue 
V3 (CT_QAWC) Thue 
V4 (CT_QNG) Thue 
V5 (CT_QAGS) Thue 
V6 (CT_QAG) True 
V7 (Entries for a) { x : IR I x E IF: MIN _A ::; a::; MAX_A} 
V8 (Entries for b) { X : IR I X E IF: MIN_B ::; b::; MAX_B} 
V9 (Entries for epsabs) { X : IR I X E JF: 0 < epsabs < - -

MAX__EPSABS} 
VlO (Entries for epsrel) { X : IR I X E IF: 0 < epsrel < - -

MAX__EPSREL} 
Source of input Through the user interface 
Encoding of input Text 
Format of input f(x) f ( x) represented symbolically using ex-

pressions in C libraries 
Format of input a the significant digits of input data which 

should be no more than MAX__IN _]) IG 
Format of input b the significant digits of input data which 

should be no more than MAX __IN_]) IG 
Format of input epsabs the significant digits of input data which 

should be no more than MAX__ERR_DIG 
Format of input epsrel the significant digits of input data which 

should be no more than MAX_ERR_DIG 

Table B.2: Variabilities for Input Assumptions 
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Variability Value OF Parameter of Variation 
Check input a and b? True (check a ::; b and a, b are always numbers) 
Check input epsabs? True (check epsabs ~ 0 and epsabs are always 

numbers) 
Check input epsrel? True (check epsrel ~ 0 and epsrel are always 

numbers) 
Check characteristics False (assume users input characteristics of f(x) 
C of the input func- are the same as the actual characteristics of f ( x)) 
tion? 
Check the input True (check string of input f(x) is not empty) 
function f(x)? 
Exceptions gener- True 
a ted? 

Table B.3: Variabilities for Calculation 

Variability Value Parameter of Variation 
Destination for out- To screen 
put y 

Possible value of out- IF U { -oo, oo, undef} 
put y 

Format of output y the significant digits of the result which should be 
no more than MAX_OUT_DIG. 

Destination for out- To screen 
put Ea 

Possible value of out- IF U {undef} 
put ca 
Format of output Ea the significant digits of the result. 

Destination for out- To screen 
put neval 
Possible value of out- Integer 
put neval 
Format of output the significant digits of the result. 
neval 

Table B.4: Variabilities for Output 
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Variable Type System Constraints 
a IF MIN _A :::; a :::; MAX_A 
b IF MIN_B:::; b:::; MAX_B 
epsabs IF 0 :::; epsabs :::; MAX_EPSABS 
epsrel IF 0 :::; epsrel :::; MAX_EPSREL 

Er IF 0 :::; Er :::; MAX_RELERR 
Ea IF 0 :::; Ea :::; MAX_ABSERR 
funcount Integer 0 :::; funcount :::; MAX_FUN_COUNT 

Table B.5: Data Constraints 

Input Variable a Output(ErrorMsg+= ) Output(Abort=) 
a <MIN_AIIa >MAX_A INVALID _INPUT Thue 
Otherwise NORMAL False 

Input Variable b Output(ErrorMsg+= ) Output(Abort=) 
b <MIN_BIIb >MAX_B INVALID _INPUT Thue 
Otherwise NORMAL False 

Input Variable epsabs Output(ErrorMsg+= ) Output(Abort=) 
epsabs <0 INVALID _INPUT Thue 

!lepsabs >MAX_EPSABS 
Otherwise NORMAL False 

Input Variable epsrel Output(ErrorMsg+= ) Output(Abort=) 
epsrel <0 INVALID _INPUT Thue 

llepsrel >MAX_EPSREL 
Otherwise NORMAL False 

Input Variable f(x) Output(ErrorMsg+=) Output(Abort=) 
String of input f(x) is empty INVALID _INPUT Thue 
Otherwise NORMAL False 

Input Variable C Output(ErrorMsg+= ) Output(Abort=) 
C E CType NORMAL False 

Otherwise INVALID _INPUT Ture 

Table B.6: Input Variable Behaviour 
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B.1.5 Non-functional Requirements 

Requirement Number 
Requirement N arne 
Description 

Binding Time 
History 

Requirement Number 
Requirement Name 
Description 

Binding Time 
History 

Nl 
Input Accuracy 
The input data of the system are assumed 
to be accurate, since the input data are 
given directly by the user of the system. 
Assuming no human error, there are no in­
put data error. 
Specification time 
Created-Feb, 2007 

N2 
Performance 

• speed (response time): for the func-

1
999999 

tion f(x) = x2 + 3 dx, the 
-999999 

response time of ONIS will compare 
with other systems, for example Mat­
lab. 

• prec1s1on: the significant digits 
of the input data should be no 
more than MAX.JN_DIG and out­
put data should be no more than 
MAX_OUT _DIG. 

Specification time 
Created-Feb, 2007 
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Requirement Number 
Requirement Name 
Description 

Binding Time 
History 
Requirement Number 
Requirement Name 
Description 

Binding Time 
History 

Requirement Number 
Requirement Name 
Description 

Binding Time 
History 

N3 
Tolerance 
Thue solution is not always known. If true 

solution can be found, computed solution 
and true solution can be relatively com­
pared. 
for the specific test case f ( x) = 

1
999999 

x 2 + 3dx, 
-999999 I Ycalculated-Ytrue j< tol_ct 

Ytrue -

Moreover, computed solution can be com-
pared with third-party systems, for exam­
ple Matlab. 
I Ythirdpart -Ycalculated I< tol_thi rdpart 

Ycalculated -

Specification time 
Created-Feb, 2007 
N4 
Usability 
This system should be easy to learn and 

use. Users have the characteristics indi­
cated before should take no more than 
REL_TIME to use this application to com­
pute numerical integration for a test case 

1
999999 

f(x) = x 2 + 3dx. 
-999999 

Specification time 
Created-Feb, 2007 

N5 
Portability 
This system should be easily ported to 

general personal computers with Windows 
2000, Windows XP operating systems or 
later. 
Specification time 
Created-Feb, 2007 
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B.1.6 Solution Validation Strategies 

Solution validation is very important for every system. The following is the 
solution validation strategies that can be used in ONIS. 

B.1.6.1 Relative Comparison between Computed Solution and True 
Solution 

True solutions of the system can not always be obtained, however, sometimes 
the true solution of test cases can be obtained by some mathematic methods 
directly, in this case, we can relatively compare the computed solutions and 
true solution. 

B.l.6.2 Compare Solutions with a Third-party System 

Computed solutions also can be compared with a third-party system, for ex­
ample Matlab and Maple. If the solutions are similar, it shows the solution is 
probably correct. 

B.1.6.3 Interval Arithmetic Method 

Using interval arithmetic quadrature software for comparing the solutions. If 
the solution is inside the interval, that means the solution might be correct. 
If the solution is outside the interval, the solution could be wrong. 

B.l.6.4 Using Specific Test Cases 

Using some specific test cases, for example giving a very small or very large a 
and b, for instance, MIN _A for a and MAXJ3 for b, to check the solutions. 

B.l. 7 Other System Issues 

This section includes some other supporting information that might contribute 
to the success or failure of the system development. The following factors are 
considered: 

• Open issues are statements of factors that are uncertain and might make 
significant different to the system. 
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• Off-the-shell solutions are existing systems or components bought or bor­
rowed. They could potentially satisfy the requirements. 

• Waiting rooms provide a blueprint for how the system will be extended. 

B.l. 7.1 Open Issues 

There is no open issues investigated at this stage. 

B.l. 7.2 Off-the-Shelf Solutions 

• Existing system 

- Matlab 
Matlab is both a powerful computational environment and a pro­
gramming language that handles complex arithmetic. It is a large 
software package that has many advanced features built-in, and it 
has become a standard tool for many working in science or engi­
neering disciplines. MATLAB can find both an indefinite integral 
(i.e., antiderivative) and a definite integral of a symbolic expression. 
That assumes an elementary antiderivative exists. If not, MATLAB 
can con1pute a very accurate nun1erical approxirnation to the defi­
nite integral (Mathworks, 2007). 

• Existing libraries 

- QUADPACK 
QUADPACK is a library of FORTRAN90 routines, using double 
precision arithmetic, for estimating integrals. The QUADPACK 
estimate the integral of a function f ( x). There are routines for 
nonadaptive or adaptive integration, finite: semi-infinite or fully 
infinite integration regions, integrands with singularities, and inte­
grands that include a factor of sin(x) or cos(x) (Quadpack, 2007). 

-NAG 
The NAG (Numerical Algorithms Group) library is a comprehen­
sive collection of functions or routines for the solution of numerical 
and statistical problems (NAG, 2007). 
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- IMSL 
The IMSL Numerical Library provides advanced mathematical and 
statistical functionality for programmers to embed in applications 
that are written in one of the most widely used programming envi­
ronments in use today (Visual Numerics, 2007). 

- SLATEC 
The SLATEC Common Mathematical Subroutine Library is an ex­
periment in resource sharing by the computing departments of sev­
eral Department of Energy Laboratories. The objective is to coop­
eratively assemble and install at each site a mathematical subrou­
tine library characterized by portability, good numerical technol­
ogy, good documentation, robustness, and quality assurance. The 
result is a portable Fortran mathematical subroutine library of over 
130,000 lines of code (Netlib, 2007). 

GSL 
The GNU Scientific Library (GSL) is a numerical library for C and 
Q++ programmers. It is free software under the GNU General 
Public License. The library provides a wide range of mathematical 
routines such as random number generators, special functions and 
least-squares fitting. There are over 1000 functions in total with an 
extensive test suite (GSL, 2007). 

B.1.7.3 Waiting Room 

Here, we list the possible changes that can affect the extension of the system. 

• Wl: The system can recognize features of the given functions automat­
ically. 

B.1.8 'fraceability Matrix 

The traceability matrix defined in the table gives a big picture of the associ­
ations among the goal, assumptions, and requirements. The goal is a general 
problem. After assumptions are applied, the goal is restricted to the problems 
that can be solved in this system. In the table, when the item on the top 
header changes, we go through cells of the column of that item. If there is a 
check mark (X) in a cell, the requirement on the left header should be changed. 
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Goal Input Calculation Output 
Assumption Assumption 

IV X X X 
ov X X 
N1 X X X 
N2 X 
N3 X X X 
N4 X 
N5 X 

Table B.8: Traceability Matrix 

Tracking these relations is useful for developing and maintaining the software. 
IV: Input Variables 
OV: Output Variables 
N1: Input Accuracy 
N2: Performance 
N3: Tolerance 
N4: Usability 
N5: Portability 

B.1.9 Values of Auxiliary Constants 

• MAX.lN_DIG: a parameter specifying the maximum number of input 
significant digits, MAX_IN_DIG = 10. 

• MAX_OUT _DIG: a parameter specifying the maximum number of out­
put significant digits, MAX_ OUT _DIG = 10. 

• REL_TIME: time for users to finish the task of calculate the numerical 

1
999999 

integration for f(x) = x2 + 3 dx using ONIS and Matlab respec-
-999999 

tively. This constant is used for testing the usability for the system. 
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• MIN_A: a parameter specifying the minimum number of lower limit of 
integration a, MIN_A = -999,999. 

• MAX_A: a parameter specifying the maximum number of lower limit of 
integration a, MAX_A = 999,999. 

• MIN_B: a parameter specifying the minimum number of upper limit of 
integration b, MIN_B = -999,999. 

• MAX_B: a parameter specifying the maximum number of upper limit of 
integration b, MAX_B = 999,999. 

• MAX_EPSABS: a parameter specifying the maximum number of input 
absolute accuracy requested epsabs, MAX_EPSABS = 1. 

• MAX_EPSREL: a parameter specifying the maximum number of input­
relative accuracy requested epsrel, MAX_EPSREL = 1. 

• MAX_FUNCOUNT _DIG: a parameter specifying output significant dig-
its of the maximum number of function evaluations neval, MAX_FUNCOUNT _DIG 
= 5. 

• MAX_FUN_COUNT: a parameter specifying the maximum number of 
function evaluations neval, MAX_FUN_COUNT = 10,000. 

• toLct: a parameter specifying the relative error between computed solu-

1
999999 

tion and true solution. For the specific test case f ( x) = x2 + 3 dx 
-999999 

, toLct should less than 0 .1. 

• toLthirdpart: a parameter specifying the relative error between com­
puted solution and third-party systems solution. For the specific test 

1
999999 

case f(x) = x2 + 3 dx, toLthirdpart = 0.1. 
-999999 
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• toLrel: a parameter specifying the relative error between computed solu-

1
999999 

tion and ture solution. For the specific test case f(x) = x 2 +3dx 
-999999 

, toLct should less than 0.1. 

• NORMAL: normal exit. 

• RNDOFF _ERR: occurrence of round off error (makes further improve­
ments of the already reached accuracy impossible). 

• MAX_EVAL_LIMIT: maximum number of function evaluations has been 
achieved. 

• LOC_DIFF: local difficulty in integrand behavior. 

• DIVG_INGR: divergent in~egral (or slowly convergent integral). 

• NOT_CONVG: the algorithm does not converge. 

• INVALID_INPUT: invalid input parameters. 
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B.2 Module Guide for ONIS 

This section provides Module Guide (MG) for ONIS. 

B.2.1 Introduction 

Having completed the Software Requirement Specification (SRS) in the ear­
lier stages, a module structure for a One-dimensional Numerical Integration 
Solver(ONIS) based on information hiding has been determined. This doc­
ument specifies the rnodule structure of ONIS will be used in the following 
ways (Parnas et al., 1984): 

• As a guide for new project members- This document can be a guide for 
a new project member to easily understand the overall structure of the 
rnodules and quickly find the relevant rnodules they arc searching for. 

• As the support for maintainers - This document will facilitate the process 
of the maintainers' understanding when making changes in the system. 
It is important for maintainers to update the relevant sections in the 
document to reflect the current design after the changes. 

• As a verification check for reviewers - Once a module guide has been 
written, it can be used to check for various errors, for example inconsis­
tency among modules, feasibility of the decomposition and flexibility of 
the design. 

The rest of the document is organized into four sections. Section B.2.2 in­
troduces the connection between requirements and design. Section B.2.3 and 
Section B.2.4lists the anticipated changes and unlikely changes of the software 
requirements. Section B.2.5 summarize the module decomposition. Section 
B.2.6 lays out the traceability matrix to check the completeness of the design 
against the requirement. Section B.2. 7 illustrates the use hierarchy of all the 
modules. 

B.2.2 Connection Between Requirements and Design 

The design of the system should satisfy the SRS. In this stage, the system is 
decomposed into modules. 
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B.2.3 Anticipated Changes 

This section lists anticipated changes of the system. These changes can make 
system more mature in the future. The anticipated changes will also result in 
the changes of the modules. 

• ACl: Algorithms for solving numerical integration. 

• AC2: Input Device. The input device can be keyboard1 file or memory. 

• AC3: Methods to get input data and output data. 

• AC4: Format of input function, for example, the format of input function 
can be a tabular data. 

• AC5: The sequence of programs being called. 

• AC6: The data structure of how to store input function. 

• AC7: Constraint of lower and upper limit of input function, for example, 
a and b can be infinity. 

• AC8: Algorithms for parsing the input function. 

• AC9: The format of input data, that means the significant digits of the 
input data can be changed. 

• AClO: Output Device. The output device can be screen, file or memory. 

B.2.4 Unlikely Changes 

The following list the potential changes that were not expected to be happened 
in the system. Sometimes, changing some of these design decisions may lead 
to big changes of the design. 

• UCl: The goal of the system. 

• UC2: Dimension of the integral. 

• UC3: The representation of the input function. f(x) is always repre­
sented symbolically using expressions in C library. 
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Levell Level 2 
Hardware-Hiding Module Keyboard Input Module 

Mouse Module 
Screen Display Module 

Behavior-Hiding Module Master Control Module 
Input Data Module 
Output Show Module 

Software Decision Module Algorithm Module 
Parser Module 

Table B.9: Module Hierarchy 

The following is the summarization of the leaf modules. 
Ml: Keyboard Input Module 
M2: Mouse Module 
M3: Screen Display Module 
M4: Master Control Module 
M5: Input Data Module 
M6: Output Show Module 
M7: Parser Module 
M8: Algorithm Module 

B.2.5 Module Decomposition 

This section gives the secret, service of each module. For the leaf modules, 
anticipated changes are provided. A module hides a change which called the 
secret of a module. The module service is the functions that the module 
provided. The anticipated change describes the possible change in the future. 

This section is organized as follows: Section B.2.5.1 provides the module 
guide for the behavior hiding modules. Section B.2.5.2 shows the module guide 
for the software decision hiding modules. Section B.2.5.3 gives the module 
guide for the hardware hiding modules. 

B.2.5.1 Behavior Hiding Module 

This section f~cuses on the module guide for behavior hiding modules in the 
ONIS system. 
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Module name Behavior Hiding Module 
Secrets The contents of the required behaviors 
Services This module serves as communication layer between the 

hardware-hiding module and the software decision mod-
ule. 

Master Control Module 

Module name Master Control Module 
Secrets The calling sequence of modules 
Services This module controls the execution sequence of different 

modules being called through the system. 
Anticipated Since this module works as a mediator in the whole sys-
changes tern, the sequence of programs being called might be 

changed. The expected changes correspond to AC5 in 
the list of anticipated changes. 

Input Data Module 

Module name Input Data Module 
Secrets The algorithm on how to input data from screen, and 

how to store input data into system. 
Services Input data to system from the screen. 
Anticipated Services of inputing data to the system might be changed 
changes in the future. The expected changes correspond to AC2 

and AC9 in the list of anticipated changes. 

Output Show Module 

Module name Output Show Module 
Secrets Output format 
Services Output the data on the screen. 
Anticipated Output format might be changed and add. The antici-
changes pated changes correspond to AClO in the list of antici-

pated changes. 

B.2.5.2 Software Decision Module 

This section focuses on the module guide for software decision modules in the 
ONIS system. 
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Module name Software Decision Module 
Secrets System decision that include data structure and algo-

rithms used in the system. 
Services This module includes data structure and algorithms used 

in the system. 

Parser Module 

Module name Parser Module 
Secrets Algorithm for parsing the input function and function 

evaluation. 
Services Parse and evaluate the input function. 
Anticipated The algorithms for parsing the input might be changed in 
changes the future. The anticipated changes correspond to AC8 

in the list of anticipated changes. 

Algorithm Module 

Module name Algorithm Module 
Secrets Algorithm for calculating the numerical integration 
Services Calculate the numerical integration. 
Anticipated The algorithms for calculating numerical integration 
changes might be changed in the future. The anticipated changes 

correspond to ACl in the list of anticipated changes. 

B.2.5.3 Hardware-Hiding Module 

This section focuses on the n1odule guide for hardware-hiding modules in the 
0 NIS system. 

Module name Hardware-Hiding Module 
Secrets The data structure and algorithm used to implement the 

virtual hardware. 
Services Serves as a virtual hardware used by the rest of the sys-

tern. This module provides the interface between the 
hardware and the software. 

Keyboard Input Module 
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Module name Keyboard Input Module 
Secrets The data structure and algorithms for implementing the 

interface between the keyboard and the system. 
Services Work as a bridge between system software and user and 

provide all keyboard events that system software needs 
to respond. 

Anticipated Other keyboard event might be added to the system. 
changes 

Mouse Module 

Module name Mouse Module 
Secrets The data structure and algorithms for implementing the 

interface between the mouse and the system. 
Services Work as a bridge between system software and user and 

provide all mouse events that system software needs to 
respond. 

Anticipated Other mouse event might be added to the system based 
changes on the need. 

Screen display Module 

Module name Screen display Module 
Secrets Screen Information 
Services Provide screen display functions that system software 

needs to respond. 
Anticipated Other screen display functions might be added to the 
changes system based on the need. 

B.2.6 Traceability Matrix 

Traceability matrix can be used for checking the completeness of current de­
sign. This section is organized as follows: Section B.2.6.1 provides the trace­
ability matrix for requirement. Section B.2.6.2 shows the traceability matrix 
for anticipated changes. 

B.2.6.1 Traceability Matrix for Requirement 

The traceability matrix in Table B.lO make a connection between modules and 
requirements. Names and their corresponding numbers of input and output 
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M1 M2 M3 M4 M5 M6 M7 M8 
IV X 
ov X 
N1 X 
N2 X X X X 
N3 X 
N4 X X X X X 
N5 X X X X X 

Table B.10: Traceability Matrix for Requirement 

variables of system behavior and non-functional requirement are listed below 
for convenience. 
IV: Input Variable Behavior 
OV: Output Variable Behavior 
N1: Input Accuracy 
N2: Performance 
N3: Tolerance 
N4: Usability 
N5: Portability 

B.2.6.2 Traceability Matrix for Anticipated Changes 

The traceability matrix in Table B.11 illustrates the relationship between mod­
ules and anticipated changes listed in Section B.2.3. 

B.2.7 Use Hierarchy between Modules 

In this section, use hierarchies between modules are provided. Figure B.2 illus­
trates the use relation between modules. Squares represent the modules that 
have developed by OS, and ellipse represent the modules that will implement 
by the system. 
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Ml M2 M3 M4 M5 M6 M7 M8 
ACl X 
AC2 X X X 
AC3 X X X 
AC4 X 
AC5 X 
AC6 X 
AC7 X 
AC8 X 
AC9 X 
AClO X 

Table B.ll: Traceability Matrix for Anticipated Changes 

B.3 MIS for ONIS 

This section provides Module Interface Specification (MIS) for ONIS. 

B.3.1 Introduction 

This docun1ent presents a 1nodule interface specification(MIS) for a One­
dimensional Numerical Integration Solver (ONIS). It builds based on the Soft­
ware Requirement Specification and the Module Guide for the ONIS. The rest 
of the document is organized as follows. Section B.3.2 describes the template 
used in this MIS document. Section B.3.3 copies the module hierarchy from 
Module Guide. The rest of sections introduce the Input GUI Module, the 
Input Data Module, Master Control Module, Output Show Module, Parser 
Module and Algorithm Module, respectively. 

B.3.2 Template Used in MIS 

The template used in this MIS is as follows: 

• Module Name 

• Uses 

- Imported Constants 

- Imported Data Types 
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Keyboard Input 

Screen Display 

Figure B.2: Use Hierarchy Between Modules 

Imported Access Programs 

• Interface Syntax 

Exported constants 

Exported Data Types 

Exported Access Programs 

I Routine Name I Input I Output I Exception 

• Interface Semantics 

- State Variables 

- Invariant 

Assumptions 

Access Program Semantics 

- Local Functions 

- Local Data Types 

- Local Constants 

- Considerations 
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B.3.3 Module Hierarchy 

Table B.9 in Appendix B.2 shows the module hierarchy. Master Control Mod­
ule is the center of ONIS, which controls the sequence of the whole application. 
Input Data Module provides the user interface to help users input all data, 
including lower bound, upper bound, function type, function, expected ab­
stract error and expected relative error. After users input all data into ONIS, 
Input Data Module save all input data. Then, Master Control Module uses 
Algorithm Module to calculate the value of numerical integration. Algorithm 
Module picks up different routines according to the characteristics of the input 
function to calculate numerical integration, meanwhile, it uses Parser Module 
to parse the input function and do the function evaluation. After Algorithm 
Module got the final solution, Master Control Module uses Output Show Mod­
ule to show solutions to the screen. 
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B.3.4 MIS of Master Control Module 

B.3.4.1 Module Name: Master Control Module 

B.3.4.2 Uses 

Imported Constants 
None 
Imported Data Types 
None 
Imported Access Programs 
None 

B.3.4.3 Interface Syntax 

Exported constants 
None 
Exported Data Types 
None 
Exported Access Programs 

I Routine Nan1e I Input 

I main 

B.3.4.4 Interface Semantics 

State Variables 
None 
Invariant 
None 
Assumptions 

I Output I Exception 

I I 

Master Control Module is the access of this application, so main() is executed 
before any other routines. 
Access Program Semantics 
main() 

• Description: 
main() controls the sequence of ONIS application. The sequence is as 
follows: 

195 



Master Thesis- Jin Tang- McMaster- Computing and Software 

1. It uses Input Data Module to get users' input data. 

2. After Input Data Module stored all users' input data, it uses Al­
gorithm module to calculate the numerical integration of the input 
function. 

3. After Algorithm Module got the final solution, it uses Output Show 
Module to show results to the screen. 

• transition: None 

• output: None 

Local Constants 
None 
Considerations 
None 
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B.3.5 MIS of Input Data Module 

B.3.5.1 Module Name: Input Data Module 

B.3.5.2 Uses 

Imported Constants 
None 
Imported Data Types 
None 
Imported Access Programs 
None 

B.3.5.3 Interface Syntax 

Exported constants 
MIN_A: IF 
MAX_A: IF 
MIN.B: IF 
MAX.B: IF 
MAX_EPSABS : IF 
MAX_EPSREL : IF 
Exported Data Types 
Ctype :=tuple of {CT _QAWO, CT _QAWS, CT _QAWC, CT _QAGS, CT _QNG, 
CT_QAG} 
Exported Access Programs 

I Routine N arne I Input I Output I Exception 
setLowerbound lower Boundjnputjnvalid 
set U pperbound upper BoundJ.nputjnvalid 
setEpsabs absError jnputjnvalid 
setEpsrel relError jnputjnvalid 
set Function functionjnputjnvalid 

getLowerbound IF 
get U pperbound IF 
getEpsabs JF 
getEpsrel lF 
get Function String 
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B.3.5.4 Interface Semantics 

State Variables 
a: IF 
b: IF 
epsabs: IF 
epsrel: IF 
fntype: Ctype 
str Function: String 

Invariant 
None 
Assumptions 
setUpperbound() is invoked after setLowerbound() 

Access Program Semantics 
1. setLowerbound() 

• Description 
setLowerbound() receives a real type lower bound value al from the 
keyboard and stores this value to the attribute a. 

• Transition 
a:= al 

• Exception 
a< MIN_A V a> MAX_A ==> lowerBoundJnputJnvalid 

2. set Upper bound() 

• Description 
setUpperbound() receives a real type upper bound value bl from the 
keyboard and stores this value to the attribute b. 

• Transition 
b := bl 
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• Exception 
b < MIN _B V b > MAX_B ::::} upper Boundjnputjnvalid 

3. setEpsabs() 

• Description 
setEpsabs() receives a real type absolute accuracy requested value epsabsl 
from the keyboard and stores this value to the attribute epsabs 

• Transition 
epsabs := epsabsl 

• Exception 
epsabs < 0 V epsabs > MAX_EPSABS ::::} epsabsJ.nputJ.nvalid 

4. setEpsrel() 

• Description 
setEpsrel() receives a real type relative accuracy requested value epsrell 
from the keyboard and stores this value to the attribute epsrel 

• Transition 
epsrel := epsrell 

• Exception 
epsrel < 0 V epsrel > MAX_EPSREL ::::} epsreljnputJ.nvalid 

5. setFunction(strFunctionl : String) 

• Description 
setFunction() receives a function string str Functionl from the keyboard 
and stores this string to str Function 

199 



Master Thesis- Jin Tang- McMaster- Computing and Software 

• Transition 
str Function := str Functionl 

• Exception 
I str Function I = 0 ==? functionjnputjnvalid 

6. getLowerbound() 

• Output 
out:= a 

7. getLowerbound() 

• Output 
out:= b 

8. getEpsabs() 

• Output 
out := epsabs 

9. getFunction() 

• Output 
out:= strFunction 

Local Functions 
None 
Local Data Types 
None 
Local Constants 
None 
Considerations 
None 
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B.3.6 MIS of Output Show Module 

B.3.6.1 Module Name: Output Show Module 

B.3.6.2 Uses 

Imported Constants 
None 
Imported Data Types 
Uses AlgorithmM odule Imports Ecodetype 
Imported Access Programs 
None 

B.3.6.3 Interface Syntax 

Exported constants 
None 
Exported Data Types 
None 
Exported Access Programs 

I Routine 
Name 

show 

I Input 

1F, 1F, 
Il,ErrC odeT 

B.3.6.4 Interface Semantics 

Environment Variables 
sen: the windows screen 
State Variables 
None 
Invariant 
None 
Assumptions 
None 
Access Program Semantics 

I Output 

String, String, String, 
String, String 

show(res: 1F, abserr: 1F, neval: II, ier: Ecodetype) 
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• Transition: 

1. Do the following conversion: 
str _approxY = toString( res) 
str _estAbsError = toString( abserr) 
str _functionCount = toString(neval) 
str _errorCode = toStringErr(ier) 

2. Modify screen sen to show str _approx Y, str _estAbsError, str _f unctionC aunt 
and str _errorC ode value on the screen, respectively. 

Local Functions 

• toString: 1F ----+ String 
toString( x) return str _x where str _x E String and str _x is string of x 

• toStringErr: Ecodetype ----+ String 
toStringErr(x) return y where y E String. 
(x=NORMAL ~ y = "normal exit" I 
x=MAX_EVAL_LIMIT ~ y = "maximum number of function evalua­
tions has been achieved" I 
x=RNDOFF _ERR ~ y = "occurrence of roundoff error" I 
x=LOC_DIFF ~ y = "local difficulty in integrand behaviour" I 
x=DIVG__INGR ~ y = "divergent integral (or slowly convergent inte­
gral)" I 
x=INVALID_INPUT ~ y = "invalid input parameters") 

Local Data Types 
None 
Local Constants 
None 
Considerations 
None 

202 



Master Thesis- Jin Tang- McMaster- Computing and Software 

B.3. 7 MIS of Parser Module 

B.3.7.1 Module Name: Parser Module 

B.3.7.2 Uses 

Imported Constants 
None 
Imported Data Types 
None 
Imported Access Programs 
None 

B.3.7.3 Interface Syntax 

Exported constants 
None 
Exported Data Types 
Symbol:= tuple of {ADD, SUB, MUL, DIV, LBRACK, RBRACK, COMMA, 
NUM, VAR, SIN, COS, TAN, EXP, LOG, LOGlO, POW, SQRT, NUM, EOF, 
PI, INVALID} 
Tflag :=tuple of {EXP, VAR, CON} 
Expression := tuple of (typ: Tflag, op: Symbol, opdl: Expression, opd2: 
Expression, value : JF) 
Exported Access Programs 

Routine Name Input 
parse String 
set Value lF 
evaluate Expression 

B.3.7.4 Interface Semantics 

State Variables 
e: set of Expression 
Invariant 
None 
Assumptions 

Output Exception 
Expression 

IF 

parse() is executed first and then setValue(). evaluate() is the last one exe­
cuted. 
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Access Program Semantics 

1. parse(strFunction: String) 

• Description: 
The EBNF grammar for input function is as follows: 
expression = [ "+" I "-"] term { ( "+" I "-") term} 
term = factor { ( "*" I "/") factor} 
factor= number I variable I funct I "(" expression ")" 
funct = COS" I "SIN" I "TAN" I "EXP" I "LOG" I "LOG 10" I "POW" 
I "SQRT" "(" expression ")" 

• Transition: 
It calls expression() to parse the input function and generate a parse 
tree. 

2. setValue(val: F) 

• Description: set Value() is used to set the value of each node of parser­
tree. 

• Transition: 
e.typ = VAR ~ e.value =val I 
e.typ = CON ~ e.value =val I 
e.typ = EXP ~ setValue(val) for e.opl II set Value( val) for e.op2 where 
e.op2-/= NULL 

3. evaluate (function: Expression) 

• Transition - output: 
e.typ = VAR ~out := e.value I 
e.typ =CON~ out:= e.value I 
e.typ = EXP ~ ( 
e.op = PLUS ~ out := evaluate ( e.opdl ) + evaluate ( e.opd2 ) II 
e.op = MINUS ~ out := evaluate ( e.opdl ) - evaluate ( e.opd2 ) II 
e.op = TIMES ~ out := evaluate ( e.opdl ) x evaluate ( e.opd2 ) II 
e.op = DIV ~ out := evaluate ( e.opdl ) -;- evaluate ( e.opd2 ) II 
e.op = SIN ~ out := sin( evaluate ( e.opdl ) ) II 
e.op = COS ~ out := cos( evaluate ( e.opdl ) ) II 
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e.op = TAN ==} out := tan( evaluate ( e.opdl ) ) II 
e.op =EXP ==} out := exp( evaluate ( e.opdl ) ) II 
e.op = LOG ==} out := log( evaluate ( e.opdl ) ) II 
e.op = LOGlO ==} out := loglO( evaluate ( e.opdl ) ) II 
e.op = SQRT ==} out := sqrt( evaluate ( e.opdl ) ) II 
e.op = POW ==} out := pow( evaluate ( e.opdl ), evaluate ( e.opd2 ) ) ) 

Local functions 

• getSymbol: String ------+ Symbol 
getSymbol(s: String) returns sym E Symbol where 
s = "+" ==} sym = ADD 
s = ''-" ==} sym = SUB 
s = "*" ==} sym = MUL 
s = "/" ==} sym = DIV 
s = "sin" ==} sym =SIN 
s = "cos" ==} sym = COS 
s = "tan" ==} sym = TAN 
s = "exp" ==} sym = EXP 
s = "log" ==} sym = LOG 
s = "loglO" ==} sym = LOG 10 
s = "pow" ==} sym = POW 
s = "sqrt" ==} sym = SQRT 
s E [1..9] ==} sym = NUM 
s = "," ==} sym = COMM 
s = "(" ==} sym = LBRACK 
s = ")" ==} sym = RBRACK 
otherwise 
sym = INVALID 

• expression: String ------+ set of Expression 
expression(s: String) 

- Tranisition: 
1. Call getSymbol(s) to get sym E Symbol 
2. sym =PLUS V sym =MINUS==} call term(s) 
3. expression(s) = {\fe: Expression I e.op =PLUS V e.op =MINUS 
V e = term ( s) : e} 
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• term: String ----? set of Expression 
term(s: String) 

- Tranisition: 
1. Call get Symbol ( s) to get sym E Symbol 
2. sym =TIMES V sym =DIY===? call factor(s) 
3. term(s) _ {Ve: Expression I e.op = TIMES V e.op = DIV V e 
= factor(s) : e} 

• factor: String ----? set of Expression 
factor(s: String) 

- Tranisition: 
1. Call getSymbol(s) to get sym E Symbol 
2. sym E {SIN, COS, TAN, EXP, LOG, LOGlO, POW, SQRT} 
===? call f unci ( s) 
3.factor(s) - {Ve: Expression I e = funct(s) : e} 

• funct: String ~ set of Expression 
funct(s: String) 

- Tranisition: 
funct(s) = {Ve: Expression I e.op E {SIN, COS, TAN, EXP, LOG, 
LOGlO, POW, SQRT} V expression(s) : e} 

Local Data Types 
None 
Local Constants 
None 
Considerations 
None 
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B.3.8 MIS of Algorithm Module 

B.3.8.1 Module Name: Algorithm Module 

B.3.8.2 Uses 

Imported Constants 
None 
Imported Data Types 
Uses Input Data Module Imports CType 

Imported Access Programs 
Uses Input Data Module Imports getLowerbound 
Uses Input Data Module Imports getUpperbound 
Uses Input Data Module Imports getEpsabs 
Uses Input Data Module Imports getEpsrel 
Uses Input Data Module Imports getFntype 
Uses Input Data Module Imports getFunction 

B.3.8.3 Interface Syntax 

Exported constants 
Ecodetype ={NORMAL, MAX_EVAL_LIMIT, RNDOFF_ERR, LOC_DIFF, 
DIVG_INGR, INVALIDJ:NPUT} 
Exported Data Types 
None 
Exported Access Programs 

I Routine N arne I Input I Output I Exception 

dqng String, IF, IF, IF,IF IF, IF, Ecodetype, :rr calculate_error 
dqags String, IF, IF, IF,IF IF, IF, Ecodetype, :rr calculate_error 
dqags String, IF, IF, IF,IF IF, IF, Ecodetype, :rr calculate_error 
dqawc String, IF, IF, IF,IF IF, IF, Ecodetype, :rr calculate_error 
dqawo String, IF, IF, IF,IF IF, IF, Ecodetype, :rr calculate_error 
dqaws String, IF, IF, IF,IF IF, IF, Ecodetype, :rr calculate_error 
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B.3.8.4 Interface Semantics 

State Variables 
res: 1F 
abserr: 1F 
ier: Ecodetype 
neval: II 

Invariant 
None 
Assumptions 
None 
Access Program Semantics 
1. dqng(sfun:String, a:JF, b:JF, epsabs:JF, epsrel:JF) 

• Description 
When CType is CT _QN G, dqng will be executed. dqng use parse() to 
parse the function sfun; it uses evaluate() to execute function evaluation. 
dqng calculat~s the integration and gets res, abserr, neval and ier. 

• Output 
out:= 

res ElF where res is approximate value of lb f(x) dx 

abserr E 1F where abserr = approxl res - Ytrue I 
neval E Integer where neval is approximate function evluation number 
according to user's expected abstract or relative error. 

2. dqags(sfun:String, a:JF, b:JF, epsabs:JF, epsrel:JF) 

• Description 
When CType is CT_QAGS, dqags will be executed. dqags use parse() to 
parse the function sfun; it uses evaluate() to execute function evaluation. 
dqags calculates the integration and gets res, abserr, neval and ier. 

• Output 
out:= 

res ElF where res is approximate value of lb f(x) dx 
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abserr E IF where abserr = approxl res - Ytrue I 
neval E Integer where neval is approximate function evluation number 
according to user's expected abstract or relative error. 

3. dqag(sfun:String, a:IF, b:IF, epsabs:IF, epsrel:IF) 

• Description 
When CType is CT_QAG, dqag will be executed. dqag use parse() to 
parse the function sfun; it uses evaluate() to execute function evaluation. 
dqag calculates the integration and gets res, abserr, neval and ier. 

• Output 
out:= 

res ElF where res is approximate value of 1b f(x) dx 

abserr E IF where abserr = approxl res - Ytrue I 
neval E Integer where neval is approximate function evluation number 
according to user's expected abstract or relative error. 

4. dqawc(sfun:String, a:IF, b:IF, c:IF, epsabs:JF, epsrel:JF) 

• Description 
When CType is CT_QAWC, dqawc will be executed. dqawc use parse() 
to parse the function sfun; it uses evaluate() to execute function evalu­
ation. dqawc calculates the integration and gets res, abserr, neval and 
zer. 

• Output 
out:= 

res ElF where res is approximate value of 1b f(x) dx 

abserr E IF where abserr = approxj res - Ytrue I 
neval E Integer where neval is approximate function evluation number 
according to user's expected abstract or relative error. 

5. dqawo(sfun:String, a:IF, b:IF, omega:IF, integr:ll, epsabs:JF, epsrel:IF) 
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• Description 
When CType is CT_QAWO, dqawo will be executed. dqawo use parse() 
to parse the function sfun; it uses evaluate() to execute function evalu­
ation. dqawo calculates the integration and gets res, abserr, neval and 
zer. 

• Output 
out:= 

res ElF where res is approximate value of 1b f(x) dx 

abserr E IF where abserr = approxl res - Ytrue I 
neval E Integer where neval is approximate function evluation number 
according to user's expected abstract or relative error. 

6. dqaws(sfun:String, a:JF, b:JF, alfa:IF, beta:IF, integr:II, epsabs:JF, epsrel:JF) 

• Description 
When CType is CT_QAWS, dqaws will be executed. dqaws use parse() 
to parse the function sfun; it uses evaluate() to execute function evalu­
ation. dqaws calculates the integration and gets res, abserr, neval and 
zer. 

• Output 
out:= 

res ElF where res is approximate value of 1b f(x) dx 

abserr E IF where abserr = approxj res - Ytrue I 
neval E Integer where neval is approximate function evluation number 
according to user's expected abstract or relative error. 

Local Functions 
None 
Local Data Types 
None 
Local Constants 
None 
Considerations 
None 
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B.4 Testing Report for ONIS 

This section provides the testing report for ONIS. 

B.4.1 Introduction 

This document gives an overview of the testing summary for a One-dimensional 
Numerical Integration Solver(ONIS). First, the purpose of the document is 
provided. Second, the scope of the testing is identified. Third, the organization 
of the document is summarized. 

B.4.1.1 Purpose of the Document 

This document represents validation tests for a ONIS. Tester can use it to test 
the system and developers can use it to maintain the system. 

B.4.1.2 Scope of the Testing 

The scope of testing of ONIS is restricted to test the correctness, usability, 
tolerance and portability. Parser Module is the most important module in this 
system, so unit testing for Parser Module is also provided in this document. 
System testing verifies the correctness by comparing the solutions of ONIS 
with those of Matlab and Maple. ONIS will be run on MacOX and Windows 
operation system to test portability. Performance testing focuses on testing 
the speed of 0 NIS. 

B.4.1.3 Organization of the Document 

Section B.4.1 is an introduction to the report. Section B.4.2 shows the unit 
testing which focuses on the Parser Module. Two test cases are provided in 
this section to verify the correctness of the parser. Section B.4.3lists test cases 
that are categorized by function types to test the correctness of ONIS. Also in 
this section, test cases, which test the tolerance, usability and performance of 
the ONIS, are provided. Two traceability matrixes are given in Section B.4.4 
which shows the association between test cases and requirements, including 
functional and nonfunctional requirement, that are specified in the SRS as 
well as the relationship between test cases and leaf modules introduced in 
MG. Section B.4.5 presents the result and analysis. 
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B.4.2 Unit Testing 

The unit testing shows the test cases for Parser Module which is used to parse 
the input function f ( x). The input of this module is the string of f ( x) and 
the output is the object of parse tree. 

B.4.2.1 Test Case 1: Test Case for Unit Testing 

Test case 1 is used to test the operator +, -, *, /, (, and ) . 

• Input: ( 3 * x + 4 ) / ( x - 2 ) 

• OS: Mac OS X and Windows 

• Expected Output: 
The output should be a parser tree like Figure B.3. 

Figure B.3: Parse Tree of Test Case 1 

• Test Result: PASSED 

212 



Master Thesis- Jin Tang- McMaster- Computing and Software 

B.4.2.2 Test Case 2: Test Case for Unit Testing 

Test case 2 is used to test the syntax of some programming language C build-in 
functions which are used in ONIS. 

• Input: sin( x + log( x + 3 ) ) / exp( 2 * x ) + pow( 2, x) 

• OS: Mac OS X and Windows 

• Expected Output: 
The expected output should be a parser tree like Figure B.3. 

Figure B.4: Parse Tree of Test Case 2 

• Test Result: PASSED 
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B.4.3 System Testing 

Routines from a FORTRAN library, Quadpack, are used in ONIS to calcu­
late integration according to different characteristics of the input function; 
therefore, system testing focuses on testing those routines. System testing is 
categorized by function types. The expected outputs are the solutions pro­
vided by Matlab and Maple, which is used to validate the correctness of the 
solution of ONIS. Moreover, test cases for testing non-functional requirement 
such as performance, tolerance and usability are provided also. 
The following is the table of function type. 

• FT1: f ( x) is a normal function. 

• FT2: f(x) has end point singularities on [a, b]. 

• FT3: f ( x) has an oscillatory behavior of nonspecific type and and no 
singularities. 

B.4.3.1 Test Cases 

Test Case 1: Test Case for FTl 

• Input: 

- f(x) = x 2 + 3 

- Input string of f(x) = x*x+3 

- a= -999,999, b = 999,999, epsrel = 0.00001 

• OS: Unix and Windows 

• Expected Output: 

- The solution of Matlab: 6.6666e+ 17 
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- The solution of Maple: 6.666646e+ 17 

• Test Result: 
result: 6.66665e+ 17 
absolute error: 0.00533636 
number of function evaluations: 21 

• Conclusion: Test case 1 is used to test the normal function of f ( x) with a 
big interval [a, b]. The back end routine used in ONIS is QNG routine in 
Quadpack library. The solutions of ONIS, Matlab and Maple are almost 
the same, i.e., ONIS can handle this kind of problem. 

Test Case 2: Test Case for FT2 

• Input: 

1 
- f(x) = J(1- x)- 1 

- Input string of f(x) = 1/(sqrt(1-x)-1) 

- a= 0.75, b = 1, epsrel = 0.00001 

• OS: Unix and Windows 

• Expected Output: 

- The solution of Matlab: -0.386294 

- The solution of Maple: -0.386294 

• Test Result: 
result: -0.386294 
absolute error: 8.89672e-06 
number of function evaluations: 189 
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• Conclusion: Test case 2 is used to test f ( x) with end point singularities 
on [a, b]. The back end routine used in ONIS is QAGS routine in Quad­
pack library. The solutions of ONIS, Matlab and Maple are almost the 
same, i.e. ONIS can handle the problem FT2. 

Test Case 3: Test Case for FT2 

• Input: 

- f(x) = JX * log(x) 

- Input string of f(x) = sqrt(x) * log(x) 

- a= 0, b = 999,999, epsabs = 0, epsrel = 0.00001 

• OS: Unix and Windows 

• Expected Output: 

- The solution of Matlab: 8. 7659e+09 

- The solution of Maple: 8. 76588e+09 

• Test Result: 
result: 8. 76588e+09 
absolute error: 7194.97 
number of function evaluations: 315 

• Conclusion: The solutions of ONIS, Matlab and Maple are almost the 
same. Given a big interval [a, b], ONIS also can get the correct solution. 
So, ONIS can handle the problem FT2. 

Test Case 4: Test Case for FT3 
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• Input: 

- f ( x) = cos ( 100 sin ( x)) 

- Input string of f(x) = cos(100*sin(x)) 

- a =0, b = 3.14, epsrel = 0.00001 

• OS: Unix and Windows 

• Expected Output: 

- The solution of Matlab: 0.0612 

- The solution of Maple: 0.0612015 

• Test Result: 
result: 0.0612015 
absolute error: 7.43153e-09 
number of function evaluations: 427 

• Conclusion: Test case 4 is used to test the f(x) with an oscillatory be­
havior of nonspecific type and and no singularities. The back end routine 

_ used in ONIS is QAG routine with parameter KEY=6 in Quadpack li­
brary. The solution of ONIS, Maple and Matlab are almost same, when 
interval [a, b) is not too big. 

Test Case 5: Test Case for FT3 

• Input: 

- f ( x) = cos ( 100 sin ( x)) 
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- Input string of f(x) = cos(100*sin(x)) 

- a =-999999, b = 999999, epsrel = 0.01 

• OS: Unix and Windows 

• Expected Output: 

- The solution of Matlab: 6.8678e+05 

- The solution of Maple: 686263 

• Test Result: 
result: 40184.8 
absolute error: 1.16516e+06 
number of function evaluations: 121939 
Note: maximum number of function evaluations has been achieved. 

• Conclusion: Test case 6 is also used to test the f(x) with an oscillatory 
behavior of nonspecific type and and no singularities: which is almost 
the same as test case 6, but with a big interval [a,b]. The solution of 
ONIS is different, that means, ONIS cannot handle problem FT4 with 
big interval. 

Test Case 6: Test Cases for Usability Testing 
Test case 6 is used to test usability of ONIS. i.e. according to SRS, to test 
whether ONIS is easy to learn and use. 

• Input: 

- a= -999,999, b = 999,999, epsabs = 0, epsrel = 0.00001 
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• OS: Unix and Windows 

• Output: 6.66665e+ 17 

• Time: 1.5 minute 

• Conclusion: After getting a basic knowledge of ONIS, a user who didn't 
use ONIS before spent about 1.5 minute finishing this simple test case 
and got the final solution. Although this user got some basic introduc­
tion before he uses ONIS, he still made some mistakes. So, if there is 
some documents, for example help files or user manuals, that users can 
follow, users will make less mistakes and it will be easy for users learn 
new application quickly 

Test Case 7: Test Cases for Tolerance Testing 

• Input: 

- Input string of f(x) = x*x+3 

- a= -999,999, b = 999,999, epsrel = 0.00001 

• OS: Unix and Windows 

• Expected Output: 

- The solution of Matlab: 6.6666e+17 

- The solution of ONIS: 6.66665e+ 17 

_ tolerance = 1 Ycalculated-Ytrue 1 = 1 6.66665e+17-6.6666e+17 j< 7.5e _ 5 
Ytrue 6.6666e+17 -
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• Conclusion: The tolerance reaches the demand for tolerance in SRS. 

Test Case 8~ Test Cases for Performance Testing 

• Input: 

- Input string of f(x) = x*x+3 

- a= -999,999, b = 999,999, epsrel = 0.00001 

• OS: Unix and Windows 

• Expected Output: 

- The solution of Matlab: 6.6666e+ 17 

- Response time of Matlab: 1.7300 second 

- The solution of ONIS: 6.66665e+ 17 

- Response time of ONIS: 0 

- Conclusion: For this test case, the response time of ONIS is 0, so 
the speed of ONIS is much faster than Matlab. 

B.4.4 Traceability Matrix 

B .4.4.1 Traceability Matrix for SRS 

The traceability Inatrix defined in Table B.12 illustrates the relationship be­
tween requirements and test cases. The following is the functional and non­
functional requirement table. 
Nl: Input Accuracy 
N2: Performance 
N3: Tolerance 
N4: Usability 

220 



Master Thesis- Jin Tang- McMaster- Computing and Software 

1 2 3 4 5 6 7 8 
IV X X X X X X X X 
ov X X X X X X X X 
N1 
N2 X 
N3 X 
N4 X 
N5 X X X X X X X X 

Table B.12: Traceability Matrix for SRS 

N5: Portability 

According to SRS, all input data of the system are assumed to be ac­
curate, so no test cases are put to test Input Accuracy. 

B.4.4.2 Traceability Matrix for MG 

Table B.13 is the traceability matrix shows the relationship between Module 
Guide and test cases. Mouse module is not used in ONIS; therefore, module 
M8 is not tested. 
M1: Master Control Module 
M2: Input Data Module 
M3: Algorithm Module 
M4: Parser Module 
M5: Output Show Module 
M6: Keyboard Input Module 
M7: Screen Display Module 
M8: Mouse Module 

B.4.5 Results and Analysis 

The testing results are showed in Section B.4.2 and B.4.3. The unit testing 
for Parser Module is tested. From the unit testing results, we know that the 
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1 2 3 4 5 6 7 8 
Ml X X X X X X X X 
M2 X X X X X X X X 
M3 X X X X X X X X 
M4 X X X X X X X X 
M5 X X X X X X X X 
M6 X X X X X X X X 
M7 X X X X X X X X 
M8 

Table B.13: Traceability Matrix for MG 

parser module works well. The routines of Quadpack library: QNG, QAGS 
and QAG are tested. The solutions which get from these routines are almost 
the same as those of Maple and Matlab. 

The portability of ONIS is good, ONIS can be run on MacOX and 
Windows operation system, but it needs two kinds of compiler, g++ and 
gfortran, to support it. Response time of ONIS is usually shorter than that 
of Maple and l\1atlab, so, in term of speed, the performanc~ of ONIS is good. 
One test case is put to test tolerance, which reaches the requirement of SRS. 
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C.l SRS for ONIS 

This section provides the software requirement specification (SRS) for a one­
dimensional numerical integration solver ( ONIS). 

C.l.l Introduction 

This section gives an overview of the Software Requireinents Specification 
(SRS) for a One-dimensional Numerical Integration Solver (ONIS) using the 
Unified Software Development Process. The Unified Process uses the Unified 
Modeling Language (UML) when preparing all blueprints of the software sys­
tem. The Unified Process is a use-case driven process (Jacobson et al., 1999, 
page 4). 

A use case is a piece of functionality in the system that gives a user a 
result of value. Use cases capture functional requirements. All the use cases 
together make up the use-case model that describes the complete functionality 
of the system (Jacobson et al., 1999; Page 5). The phrase use case-driven refers 
to the fact that the project team uses the use cases to drive all development 
work, from initial gathering and negotiation of requirements through code. 

C.l.l.l Purpose of the Document 

This SRS provides a description of a one-dimensional numerical integration of a 
function over a given interval. Most sections, except for Section 5 Functional 
Requirements, are taken from the SRS using the Parnas' Rational Design 
Process (PRDP) in Appendix B.l. To avoid duplications, but still present 
the complete version of this SRS, for sections with the same content, only 
the headings are provided in this document. The text for the corresponding 
section is not reproduced. The reader can refer to the corresponding parts in 
Appendix B.l. 

The most important part of this document is Section C.1.4 Functional 
Requirement, as this section provides the use case model and a domain model 
of ONIS. The use case model defines the system's external behaviour and the 
requirements of the system, and therefore constrains the design and imple­
mentation. Hence, the use case model has a central role and is often said to 
drive the development process (Priestley, 2003, page 8). Based on the scope 
of ONIS, which is introduced in Section 1.3, a use case model, is provided in 
Section C.l.4. Normally, a use case model is supported by a domain model, 
which is a simple class diagram documenting the important business concepts 
and their relationships. The importance of the domain model is that it estab-
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lishes the terminology that will be used for writing the descriptions of the use 
cases and offers some hope of removing ambiguity and lack of clarity in these 
descriptions. A domain model and use case descriptions are also provided in 
Section C.l.4 of this document. 

C.1.1.2 Scope of the Software Product 

Please see Appendix B.l.l.2. 

C.l.l.3 Organization of the Document 

This SRS follows the template given by (Smith, 2006). The rest of the doc­
ument is organized as follows. Section C.1.2 provides the overall description 
of the system to make the requirements easier to understand. Section C.1.3 
contains all the details of system requirements. Section C.1.4 introduces the 
non-functional requirements. Compared with Appendix B.1.1, Section C.1.5 
describes the functional requirements of ONIS. It is a new section and does not 
exist in the SRS for PRDP. Section C.1.6 lists the solution validation strate­
gies for this software. Other system issues, traceability matrix, list of possible 
changes in the requirements, and values of auxiliary constants are provided in 
the remainder of the sections. 

C.1.2 General System Description 

This section is the same as Appendix B.l.2. The system context is presented 
first. Then the characteristics of potential users are discussed. At the end of 
this section, some system constraints are described. 

C.1.2.1 System Context 

Please see Appendix B .1. 2 .1. 

C.l.2.2 User Characteristics 

Please see Appendix B.1.2.2. 

C.1.2.3 System Constraints 

Please see Appendix B.l.2.3. 
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C.1.3 Specific System Description 

This section is almost the same as Appendix B.l.3. The only distinction 
is that the definitions of Use Case Model and Domain Model are added to 
Appendix B.1.3.2 Terminology Definition. 

C.1.3.1 Background Overview 

Please see Appendix B.l.3.1. 

C.l.3.2 Terminology Definition 

Use Case Model: a use case model describes ( 1) the system to be con­
structed, (2) the actors- representing a role played by a person or other 
entity that interacts with the system, and (3) the use cases- families of 
usage scenarios of the application, grouped into coherent cases of func­
tionality (Lano, 2005, page 15). 

Domain Model: domain model is a simple class diagram documenting the 
important business concepts and their relationships. It will be refined 
into a more comprehensive class diagram, which contains enough detail 
to form a basis for implementation .(Priestley, 2003, page 49- 51). 

Other terminology definitions 1 such as Smooth and Singularity, are included 
in Appendix B.l.l. 

C.1.3.3 Goal Statements 

Please see Appendix B.1.3.3. 

C.1.3.4 Theoretical Models 

Please see Appendix B.1.3.4. 

C.1.3.5 Data Definition 

Please see Appendix B.l.3.5. 

C.1.3.6 Assumption 

Please see Appendix B.1.3.6. 

226 



Master Thesis - Jin Tang -McMaster- Computing and Software 

C.l.3. 7 Data Constraints 

Please see Appendix B.l.3.7. 

C.1.3.8 System Behaviour 

Please see Appendix B.l.3.8. 

C.1.4 Non-functional Requirements 

Please see Appendix B.l.4. 

C.1.5 Functional Requirements 

Functional requirements capture the intended behavior of the system. Use 
cases have become a widespread practice for capturing functional requirements. 
This is especially true in the object-oriented community where they originated, 
but their applicability is not limited to object-oriented systems (Malan and 
Bred em eyer, 1999). 

C.1.5.1 Use Case Model 

The use case model presents a structured view of a system's functionality. It 
does this by defining a number of actors, which model the roles that users can 
play when interacting with the system, and describing the use cases that those 
actors can participate in. A use case describes a specific task that a user can 
achieve with the system. The use case model contains a set of use cases, which 
should define the complete functionality of the system. Actors and use cases 
of ONIS will be introduced in detail in the rest of this section. 
Use Case Diagrams 
A use case diagram summarizes in graphical form the different actors and use 
cases in a system, and shows which actors can participate in which use cases. 
Figure C.l shows a use case diagram of ONIS. In ONIS, there is only one 
actor, User, who inputs data into ONIS, and one use case, which is Calculate 
Integration, showing scenarios of the use of ONIS. 
Use Case Descriptions 
In this section, a use case template will be introduced. As well, descriptions 
for the use cases of ONIS will be provided. 
1. Template of Descriptions 
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User 

Figure C.l: Use Case Diagram 

UML does not define a standard te1nplate for writing use case descrip­
tions. The following template comes from (Priestley, 2003, page 348), which 
presents a representative list of headings under which a use case can be defined. 

Name: The name of a use case, which is expressed as a short verb phrase, 
stating what task the user will accomplish with the use case. 

Summary, or short description: It provides a one paragraph summary of 
what the use case accomplishes. 

Actors: Lists the actors that are involved in the use case and the primary 
actor, who is responsible for initiating its execution. 

Triggers: Triggers are the events that start the use case. 

Preconditions: Preconditions summarize what must be true before the use 
case can start. Often preconditions state which other use cases must 
have run before the one being specified: a typical precondition might be 
'the user has successfully logged on.' 

Postconditions: Postconditions summarize what will be true when the use 
case has finished. 

Courses of events, or scenarios: The basic, or normal, course of events 
should normally be presented as an unbroken sequence of interactions. 
The interactions within a course of events are normally numbered, for 
easy reference later on. 
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Alternative and exceptional courses of events: Alternative and excep­
tional courses of events can be written out in full. Often, however, it 
is adequate simply to specify the points at which the alternative flow 
diverges from the basic course of events. This can be done by giving 
the number of the step where behaviour can vary and specifying what 
condition causes the divergence. 

Extension points: This section should list the points in the course of events 
at which extensions can take place~ and gives the condition or event that 
determines whether or not this will happen. The extensions themselves 
should be written as separate use cases; otherwise, an alternative course 
of events can be specified. 

Inclusions: This section simply summarizes the use cases that are included 
into the use case being defined. The points at which inclusion takes place 
should be specified in the courses of events. This section is redundant if 
a use case diagram showing the same information is readily available. 

2. Descriptions 
The followings are the descriptions for the use case Calculate Integration, 
which is described using the template introduced in the previous section. 
N arne: Calculate Integration 
Summary: The user enters into ONIS the following data: a lower bound, 
an upper bound, a function type, a function, function parameters sometimes, 
an expected absolute error and an expected relative error. ONIS checks the 
validity of the data as it is entered. Then, ONIS calculates the integration ac­
cording to the user's input data. Finally, ONIS shows the results to the user, 
which includes an approximation to the integral, an estimate of the absolute 
error and the total number of function evaluations needed, or ONIS returns 
an error code. 
Actors: User. 
Triggers: The user runs ONIS. 
Preconditions: The user has successfully started ONIS. 
Postconditions: The system is succeeded in showing the results on the 
screen. 
Courses of events: 
1. The user enters a lower bound. 
2. The system verifies the input lower bound. If the input data is correct, 
ONIS will go on and let the user input additional data. Otherwise, ONIS will 
stop and show an error message until the user enter the correct data. 
3. The user enters an upper bound. 
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4. The system verifies the input upper bound. If the input data is correct, 
ONIS will go on and let the user input additional data. Otherwise, ONIS will 
stop and show an error message until the user inputs correct data. 
5. The user enters an expected absolute error. 
6. The system verifies the input expected absolute error. If the input data is 
correct, ONIS will go on and let the user input additional data. Otherwise, 
ONIS will stop and show an error message until the user inputs correct data. 
7. The user enters an expected relative error. 
8. The system verifies the input expected relative error. If the input data is 
correct, ONIS will go on and let the user input additional data. Otherwise, 
ONIS will stop and show an error message until the user inputs correct data. 
9. The user enters a function. 
10. The system verifies the input function. If the input data is correct, ONIS 
will go on and let the user input additional data. Otherwise, ONIS will stop 
and show an error message until the user inputs correct data. 
11. The user enters a function type. 
12. The systein verifies the input function type. If the input data is correct, 
ONIS will go on and let the user input additional data. Otherwise, ONIS will 
stop and show an error message until the user inputs correct data. 
13. The user enters function parameters, if the function type is CT _QAWO, 
CT _QAWS and CT _QAWC. The definition of the function type is in Section 
3.5 Data Definition. 
14. The system verifies the input function parameters. If the input data is 
correct, ONIS will go on and let the user input additional data. Otherwise, 
ONIS will stop and show an error message until the user input correct data. 
15. The system returns the results. 
16. The system shows an approximation to the integral, an estimate of the 
absolute error, and the total number of function evaluations needed to the 
User 
Alternative and exceptional courses of events: The user stops inputting 
data and exits ONIS, then, the system is terminated. 
The user input correct data to the system. The system selects a suitable algo­
rithm routine to calculate the integration, but can not get an approximation 
to the integral and returns an error code. 
Extension points: N I A 
Inclusions: N I A 
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C.1.5.2 Domain Model 

Use cases are intended to be comprehensible to both developers and users 
of the system. They are therefore described using terminology taken from 
the business domain rather than from implementation or computer-oriented 
vocabularies. A domain model, a class diagram showing the most important 
concepts in ONIS and the relationships between them, is carried out parallel 
with use case modeling to describe the business concepts that are used in the 
use case descriptions. 
Diagram for Domain Model 
Figure C.2 shows a domain model for ONIS. According to the user case model, 
four classes are defined for this system, which are Master Control, Input Data, 
Calculating and Output Show. 

Master Control Calculation I 
I 1 1 

h - ~ 

1 Output Show 

~ res 
Input Data abserr 

a neva I 

b 
espabs 
esprel 
strFunction 
fntype 

Figure C.2: Domain Model 

Glossaries 
The following glossaries are a core vocabulary used in the domain model, which 
can help developers and users to talk about the system. Some vocabularies, 
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such as res and abserr, are already defined in Appendix B.3.5 Data Definition 
but with different names. In this case, names in Definition are put right be­
hind the corresponding vocabularies with bracket. For example, res (y) and 
abserr (c:a) 

MasterControl: A controller to control the sequences of the system. 

lnputData: Data which users input into ONIS. 

Calculating: Calculating integration. 

OutputShow: data which the system output to the user to show the calcu­
lation results. 

a: Lower limit of integration. 

b: Upper limit of integration. 

epsabs: Absolute accuracy requested. 

epsrel: Relative accuracy requested. 

strFunction(f(x)): Input function. 

fntype( C): Characteristics of the input function. 

res(y): Approximation to the integral. 

abserr(ca): Estimate of the absolute error. 

neval: Number of function evaluations. 

Some vocabularies in the above glossaries are also in Appendix B.l 
with the same meanings, but using the different names. Table C.l presents 
the relationship between them. 

C.l.6 Solution Validation Strategies 

This section is same as Appendix B.l.5. 
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Symbol in Data Con- Vocabulary in domain model 
traints 
a Lower bound 
b Upperbound 
f(x) Function 
c fntype 
epsabs Epsabs 
epsrel Epsrel 
y result 
Er abserr 
Ea abserr 
funcount evalnum 

Table C.l: Table of Symbols 

C.l.6.1 Relative Comparison between Computed Solution and 'frue 
Solution 

Please see Appendix B.1.5.1. 

C.l.6.2 Compare Solution with a Third-party System 

Please see Appendix B.1.5.2. 

C.1.6.3 Interval Arithmetic Method 

Please see Appendix B.l.5.3. 

C.l.6.4 Using Specific Test Cases 

Please see Appendix B.1.5.4. 

C.1.7 Other System Issues 

This section is same as Appendix B.l.6. 

C.1.7.1 Open Issues 

Please see Appendix B.1.6.1. 
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C.l. 7.2 Off-the-Shelf Solutions 

Please see Appendix B.1.6.2. 

C.1.7.3 Waiting Room 

Please see Appendix B.l.6.3. 

C.1.8 Traceability Matrix 

Please see Appendix B.1.7. 

C.1.9 Values of Auxiliary Constants 

Please see Appendix B.l.8. 
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C.2 SDS for ONIS 

This section provides the software design specification (SDS) for a one-dimensional 
numerical integration solver ( ONIS). 

C.2.1 Introduction 

This section gives an overview of the Software Design Specification (SDS) 
for a One-dimensional Numerical Integration Solver (ONIS) using the unified 
Process. In terms of (Lano et al., 2002, page 2), software design is the orga­
nization of a software system into modules /subsystems /components/ classes 
or other units; the definition of behaviour and data storage responsibilities 
for these units, and the definition of interactions and collaborations between 
them which . together meet the required functionalities of the system. In this 
docurnent, first an analysis rnodel and a design rnodel will be introduced to 
realize the use-case model from SRS. Then, classes of ONIS will be provided 
to detail the information of ONIS. Also, to present the interactions and collab­
orations between classes, sequence diagrams and collaboration diagrams wiH 
be provided in this document. 

There are 11 sections in this document. Section C.2.2 and Section C.2.3 
provide anticipated changes and unlikely changes of ONIS. These two sections 
are same as Section B.2.3 and Section B.2.4 in Appendix B.2. Section C.2.4 
contains the terminology definitions that will be used in this document. Sec­
tion C.2.5 introduces the connections between the requirement and design. In 
Section C.2.6 and Section C.2. 7, an analysis model and a design model are 
provided to present how to realize the use cases in SRS and how to decompose 
the system into classes. Section C.2.8 presents all the detail information of 
each class in ONIS. Section C.2.9 shows interaction diagrams that model the 
behaviour of ONIS. Section C.2.10 provides a traceability matrix to trace the 
relationships between the requirement and design. The last section, Section 
C.2.11, introduces the system architecture. 

C.2.2 Anticipated Changes 

Please see Appendix B.2.3. 
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C.2.3 Unlikely Changes 

Please see Appendix B.2.4. 

C.2.4 Terminology Definition 

Analysis Model: An object model with the following purpose (1) to describe 
the requirements precisely; (2) to structure them in a way that facilitates 
understanding them, preparing them, changing them, and, in general, 
maintaining them; and (3) to work as an essential input for shaping the 
system in design and implementation (Jacobson et al., 1999, page 436). 

Design Model: An object model that describes the physical realization of 
use cases and focuses on how functional and nonfunctional requirements 
together with other constraints related to the implementation environ­
ment impacts the system under consideration (Jacobson et al., 1999, 
page 436). 

Analysis Class: An analysis class represents an abstraction of one or several 
classes and/or subsystems in the system's design. This abstraction has 
the following characteristics: ( 1) An analysis class focuses on handling 
functional requirements and postpones the handling of nonfunctional re­
quirements. ( 2) An analysis class seldom defines or provides any interface 
in terms of operations. Instead, its behavior is defined by responsibilities 
on a higher, less formal level. (3) An analysis class defines attributes, 
although those attributes are also on a fairly high level. ( 4) An analysis 
class is involved in relationships, although those relationships are more 
conceptual than their design and implementation counterparts. ( 5) Anal­
ysis classes always fit one of three basic stereotypes: boundary, control, 
or entity (Jacobson et al., 1999, page 181,182). 

Boundary Classes: Boundary Classes are in general used to model inter­
action between the system and its actors (i.e., users and external sys­
tems) (Jacobson et al., 1999, page 44). 

Control Classes: Control Classes in the Unified Process are concerned more 
with controlling the interactions involved in a use case at the application 
level; they do not handle input and output (Priestley, 2003, page 82). 

Entity Classes: Entity Classes are responsible for maintaining data (Priest­
ley, 2003, page 83). 
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Design Class: A design class is a seamless abstraction of a class or similar 
construct in the system's implementation. This abstraction is seam­
less in the following sense: ( 1) The language used to specify a design 
class is the same as the programming language. Consequently, opera­
tions, parameters, attributes, types, and so on are specified using chosen 
programming language syntax. (2) The visibility of attributes and oper­
ations of a design class is often specified. (3) The relationships in which 
a design class is involved with other classes often has a straightforward 
meaning when the class is implemented. (4) The methods of a design 
class have straightforward mappings to the corresponding methods in 
the implementation of the class (Jacobson et al., 1999, page 217-219). 

OCL: The Object Constraint Language (OCL) is a formal language to express 
side effect-free constraints. Users of the Unified Modeling Language can 
use OCL to specify constraints and other expressions attached to their 
models (IBM, 1997, page 1). 

Attributes: An attribute is a description of a data field that is maintained 
by each instance of a class. Attributes must be named. In addition to 
the name, other pieces of information can be supplied, such as the type 
of the data described by the attribute or a default initial value for the 
attribute (Priestley, 2003, page 146). 

Operations: Operations define the behaviour of instances of the class (Priest­
ley, 2003, page 17). 

Class Invariant: A class invariant is a property of a class that is intended 
to be true at all times for all instances of the class. However, the term 
'invariant' is commonly used to refer only to constraints that restrict the 
possible values of a class's attributes (Priestley, 2003, page 263). The 
latter meaning of Class Invariant is used in this document. 

Precondition and Postcondition: Defining an invariant for a class pro­
vides no guarantee that the operations of the class will ensure that the 
invariant is maintained. Preconditions and postconditions are special 
constraints that can be written for operations. As the names suggest, 
a precondition is something that must be true just before an operation 
is called and a postcondition is something that must be true after the 
operation has completed. These constraints should be written in such a 
way that if they are both true at the appropriate time, the invariant of 
the class will still be true when the operation has completed (Priestley, 
2003, page 264). 
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Exceptions: An exception is an event, which occurs during the execution 
of a program, that disrupts the normal flow of the program's instruc­
tions (Sun Microsystems, 2008, 2008). 

C.2.5 Connection Between Requirement and Design 

The design of the system should satisfy the SRS. In this stage, an analysis 
model and a design model will be provided separately according to the use­
case rnodel in the SRS. As a use-case driven process, the unified process starts 
from the use case design. After use cases are decided, use cases will be real­
ized to use-case realizations which are presented by analysis models and design 
models. Analysis Model and Design Model can also help decompose the whole 
system into different classes. The following diagram, Figure C.3, shows the 
traceability between models. 

Usa-Case Model Analysis Model 

~ .. ----- ... 

<< trace >> ~"' _________ .;;! 
... ... 

\ <<trace >> ·" 
_.,.----~'""' 

" 

Figure C.3: Use-Case Realizations in the Analysis and Design Models 

Also, a traceability matrix in Section 10 shows the connection between 
requirements and classes. 

C.2.6 Analysis Model 

Analysis model can help to achieve a more precise understanding of the re­
quirements and it is described using the language of the developers, and can 
thereby introduce more formalism and be used to reason about the internal 
working of the system. Analysis model provides an overview of the system 
that may be harder to get by studying the results of design or implementation 
since too many details are introduced. Such an overview can be very valuable 
to newcomers to the system or to developers who maintain the system in gen­
eral (Jacobson et al., 1999, page 178). 
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Use-Case Model Analysis Model 
Described using the language of the Described using the language of the 
customer developer 
External view of the system Internal view of the system 
Structured by use cases; gives struc- Structured by stereotypical classes 
ture to the external view and packages; gives structure to the 

internal view 
Used primarily as a contract be- Used primarily by developers to un-
tween the customer and the devel- derstand how the system should be 
opers on what the system should shaped, i.e., designed and imple-
and should not to men ted 
May contain redundancies, incon- Should not contain redundancies, 
sistencies, etc. among requirements inconsistencies, etc., among re-

quirements 
Captures the functionality of the Outlines how to realize the func-
system, including architecturally tionality within the system, includ-
-significant functionality ing architecturally significant func-

tionality; work as a first cut at de-
sign 

Defines use cases that are further Defines use-case realizations, each 
analyzed in the analysis model one representing the analysis of a 

use case from the use-case model 

Table C.2: Brief Comparison of the Use-Case Model and the Analysis Model 

In this section, an analysis model, which is transformed from Use-case 
model in SRS, is provided. To clarify the relationships between the use-case 
model and analysis model, Table C.2 (Jacobson et al., 1999, page 175), a brief 
comparison of the use-case model and analysis model is provided as follows. 

C.2.6.1 Analysis Model Diagram 

Within the analysis model, use cases are realized by analysis classes and their 
objects. This is represented by collaborations within the analysis model. Fig­
ure C.4 below describes how the Calculate Integration use case is realized 
by a collaboration with a <<trace>> dependency between them, and that four 
classes participate and play roles in this analysis model. In this analysis model, 
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the Solver Interface is a boundary classes, the Calculation is a control class, 
and the Algorithm and Parser are entity classes. 

<<trace>> --------------------------J Cafctdate 
Jntegratm 

Soiver Interface Calculation Algorithm Pars-et 

Figure C.4: Analysis Classes that Particip~te in a Realization of the Calculate 
Integration Use Case 

C.2.6.2 Analysis Model Description Using a Collaboration Dia-
gram 

The sequence of actions in a use case begins when an actor invokes the use case 
by sending some form of message to the system. When considering the "inside" 
of the system, a boundary object will receive this message from the actor, i.e., 
Solver Interface object receives the input data from the user. The boundary 
object then sends a message to some other object, and so the involved ob­
jects interact to realize the use case, i.e., Solver Interface sends a message to a 
control object, Calculation, which controls the sequence of ONIS. Calculation 
calls the Algorithm object to select a suitable routine to calculate the inte­
gration. Figure is a collaboration diagram that describes how the Calculate 
Integration use-case realization is performed by a society of analysis objects. 
The diagram shows how the focus moves from object to object as the use case 
is performed and messages that are sent between the objects. 

The following shows the flow of events of the diagram. 
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1 
Actor 

User 

1 : Input Data 
2: Request Calculation 
3: va.Jidate and Calculate 

Solver Interface 

Calcuiation 

4: Parse the Input Function and Do Function Evaluations 

Algorithm 

Parser 

Figure C.5: A Collaboration Diagram for a Realization of the Calculate Inte­
gration Use Case 

1. The User inputs all data needed to Solver Interface object. 

2. The Solver Interface object verifies the input data and asks a Calculation 
controller object to perform the transition. 

3. Calculation controller object asks Algorithm object to select a suitable 
algorithm routine to calculate the integration. 

4. Algorithm object calls Parser object to parse the input function and get 
the values of function evaluations. Then Algorithm object gets the final 
results. 

C.2.7 Design Model 

The design model is an object that describes the physical realization of use 
cases by focusing on how functional and nonfunctional requirements, together 
with other constraints related to the implementation environment, impact the 
system under consideration. In addition, the design model serves as an ab­
straction of the system's implementation and is thereby used as an essential 
input to activities in implementation. Within the design model, use cases are 
realized by design classes and their objects. The following Table C.3 (Jacobson 
et al., 1999, page 219) describes the relationships between the analysis model 
and design model. 
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Analysis Model Design Model 
Conceptual model, because it is Physical model, because it is a 
an abstraction of the system and blueprint of the implementation 
avoids implementation issues 
Design-generic (applicable to sev- Not generic, but specific for an im-
eral designs) plementation 
Three (Conceptual) stereotypes on Any number of (physical) stereo-
classes: <<control>>, <<entity>>, types on classes, depending on im-
and <<boundary>> plementation language 
Less formal More formal 
Less expensive to develop More expensive to develop 
Dynamic (but not much focus on se- Dynamic (much focus on sequence) 
quence) 
Outlines the design of the system, Manifests the design of the system, 
including its architecture including its architecture (one of its 

views) 

Table C.3: Brief Comparison of the Analysis Model and the Design Model 

In Figure C.6, four analysis classes Solver Interface, Calculation, Algo­
rithm and Parser participate in realizing the Calculate Integration use case in 
the analysis model. Also, in the design n1odel, five design classes, Input Data, 
Output Show, Master Control, Algorithm and Parser, are refined from analysis 
classes, adapting to the implementation environment. Input Data and Output 
Show come from the boundary class Solver Interface, which control the inter­
action between ONIS and the user, i.e. Input Data helps the user input data 
to system and Output Show helps the system show the final calculating results 
to the user. MasterControl comes from the control class, Calculation, which 
controls the sequence of the system. Algorithm and Parser come from the same 
name the entity classes in the analysis model. The functionality of Algorithm 
is choosing a suitable routine to calculate the integration. Meanwhile, Parser 
helps to parse the input function and conduct function evaluations. 

C.2.8 Class Description 

In terms of the design model, classes that are defined in the design model are 
introduced in this section. First, the UML constraint language, OCL (Object 
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Solver Interface calculation Algorithm Parser 

Analysis Model ~ 0 Q 0 
+ ~ 

I I 
<<tGace>::> << trl:me>> <<trace>> <<,acp>> 

• I ~ I l ' ~ I 
Design Model I l I 

I I I 
I I I 

I t I 
I I I 

' 3 i 

Figure C.6: Design Classes in the Design Model Tracing to Analysis Classes 
in the Analysis Model 

Constraint Language), which is used to define the class invariants, precondi­
tions, postconditions and exceptions is described. Then, a brief system class 
diagram is showed to outline the structure of the whole system. Then, Fortran 
routines which are used in ONIS are introduced. Last, detailed information 
on each class is presented. 

C.2.8.1 OCL Introduction 

OCL is a means to express more complex properties of diagram elements, and 
interrelationships between elements. The grammars of OCL to introduce class 
invariants and operations are provided in this section. In addition, OCL basic 
data types and enumeration type are also presented in this section. 
Class Invariant 

As mentioned in Section 4 Terminology Definition, the term 'class in­
variant' in this document refers to constraints that restrict the possible values 
of a class's attributes. OCL expression to introduce class invariants is as fol­
lows: 
context TypeN arne inv: Boolean expression 

The context keyword introduces the context for the expression. The keyword 

inv denotes the stereotypes <<invariant>> of the constraint. The actual 
OCL expression comes after the colon. The boldface has no formal meaning, 
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but is used to make the expressions more readable in this document. Note that 
all OCL expressions that express invariants are of the type Boolean (OMG, 
2003, page 6). 

Pre- and Postconditions The OCL expression can be part of a precondition 
or postcondition, corresponding to <<precondition>> and <<postcondition>> 
stereotypes of constraint associated with an operation or other behaviour fea­
ture. The context declaration in OCL uses the context keyword, followed by 
the type and operation declaration. The stereotype of constraint is shown by 
putting the labels 'pre:' and 'post:' before the actual preconditions and post­
conditions. 
context Typename::operationName(param1 : Type1, ... ): Return Type 

pre: param1 > .. . 
post: result = .. . 
The reserved word result denotes the result of the operation, if there is one. 

The names of the parameters (paraml ) can also be used in the OCL expres­
sion (OMG, 2003, page 8). 

Reliability is a major characteristic of high-quality software. Software 
should behave well in nearly every situation. During the development process, 
errors as possible should be avoided, detected and removed; therefor, excep­
tion handling is an important part of ONIS. In this document, exceptions are 
described including in the postconditions using If Expressions in OCL. An 
If Expression results in one of two alternative expressions depending on the 
evaluated value of a condition (OMG, 2003, page 46). The detail information 
of exception handling is provided in Section 10 Exception Handling. 

Data Types 
In OCL, a number of basic types are predefined and available to the modeler 
at all time. These predefined value types are independent of any object model 
and part of the definition of OCL. The most basic value in OCL is a value of 
one of the basic type. There are four basic types in OCL which are Boolean, 
Integer, Real and String (OMG, 2003, page 10). 

Enumeration Types 
Enumerations are data types in UML and have a name, just like any other 
classifier. An enumeration defines a number of enumeration literals, that are 
possible values of enumeration. Within OCL one can refer to the value of an 
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enumeration (OMG, 2003, page 11). For example, when we have data type 
named Gender with values 'female' or 'male' they can be used as follows: 
context Person inv: gender= Gender::male 

In ONIS, Ctype, Ecodetype, TFLA G and SYMBOL are defined as enumera-

tion types. Figure 6, 7 and 8 below present their diagrams respectively. 

C.2.8.2 System Class Diagram 

Figure C.7 illustrates a brief class diagram of ONIS, showing the relationships 
among classes. There are 6 classes in this system, which are MasterControl 
Class, InputData Class, Algorithm Class, Parser Class, Expression Class and 
OutputShow Class. The link between classes is named association. The ex­
istence of an association between two classes indicates that instances of the 
classes can be linked at run-time. The arrowheads on the associations means 
the association can only be navigable in one direction. The symbol "1" and 
"1..*" at the association ends are multiplicity which means "exactly one ob­
ject." and "at least one object", respectively. On this diagram, for example the 
multiplicities at the InputData and MasterControl end are all "1" which speci­
fies that a MasterControl object can only be linked to one InputData instance. 

Figure C.7: A Brief Class Diagram of ONIS 
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C.2.8.3 Fortran Routines Introduction 

Fortran Routines, QAWO, QAWS, QAWC, QNG, QAGS and QAG Quad­
pack library will be used in ONIS to calculate the integration according to 
the characteristics of an input function. To specify the information of the 
classes in ONIS clearly, as well as, let software developers better understand 
the functionalities of MasterControl and Algorithm class, the Fortran routines 
are introduced first. These Fortran routines are encapsulated in the opera­
tions in Algorithm class using the same name but with a prefix 'd' before the 
corresponding routine name. For example, QAWO will be encapsulated in 
dqawo() in Algorithm class. The meanings of these routines are provided as 
follows (FSU, 2008): 

• If you can factor the integrand as f(x)=w(x) x g(x), where g is smooth 
on [a,b] and w(x)=cos(w x x) or sin(w x x) then use QAWO. 

• Otherwise, if you can factor f(x)=w(x) x g(x) where g is smooth and 
w(x)=(x- a) 0 x (b- x)f3 x (log(x- a))l x (log(b- x))k with k, l = 0 or 
1, and alpha, beta greater than -1, then use QAWS. 

• Otherwise, if you can factor f(xt w(x) x g(x) where g is smooth and 
w(x) = 1/(x- c) for some constant c, use QAWC. 

• Otherwise, if the integrand is smooth, use QNG. 

• Otherwise, if the integrand has end point singularities, use QAGS. 

• Otherwise, if the integrand has an oscillatory behavior of nonspecific 
type, and no singularities, use QAG with KEY =6. 

C.2.8.4 MasterControl Class 

MasterControl Class includes a main() function, controlling the execution se­
quence of the ONIS. The sequence is as follows: 

1. It calls the operations of InputData class, which are setLowerbound, 
set Upperbound, setEpsabs, setEpsrel, setFunction and setFntype to get 
users' input data, which are lower limit of integration, upper limit of inte­
gration, a requested absolute accuracy, a requested relative accuracy, an 
input function and characteristics of the input function respectively. The 
above operations will be introduced in detail in Section 8.4 InputData 
class. 
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2. After that, MasterControl call one Algorithm operation, dqawo, dqaws, 
dqawc, dqng, dgags or dqag according to the characteristics of users' 
input function fntype. The mapping between characteristics of the input 
function and the Algorithm operation is described following: 
if fntype = Ctype::CT_QAWO then dqawo 

else if fntype = Ctype::CT _QAWS then dqaws 
else if fntype = Ctype::CT _QAWC then dqawc 
else if fntype = Ctype::CT _QNG then dqng 
else if fntype = Ctype::CT_QAGS then dqags 
else if fntype = Ctype::CT _QAG then dqag 
endif 
[Note:] fntype : Ctype is an enumeration type. Figure C.8 shows the 

diagram of Ctype with its literals. The literals of this type are defined 
according to characteristics of input function which is in Section C.l.3.5 
Data Definition. 

«enumeration» 
Ctype 

CT_QAWO 
CT_QAWS 
CT_QAWC 
CT_QAGS 
CT_QNG 
CT_QAG 

Figure C.8: Enumeration Type- Ctype 

When the fntype is Ctype::CT _QAWO, Ctype::CT _QAWS or Ctype::CT _QAWC, 
additional parameters are needed for the corresponding operations in Al­
gorithm class, which are described in the following: 

• If fntype = Ctype::CT_QAWO, before dqawo is invoked, operations 
in InputData class, setOmega and setlntegr, are executed to set pa­
rameters omega and integr which are input parameters of dqawo. 
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Note integr can only be set to 1 when w(x) = cos(w * x) or 2 when 
w(x) = sin(w * x). 

• If fntype = Ctype::CT_QAWS, before dqaws is invoked, operations 
in InputData class, setAlphaBeta and setlntegr, are executed to set 
parameters alpha, beta and integr, which are input parameters of 
dqaws. integr can only be set to 1, 2, 3 or 4. The detail information 
is as follows: 
1 when w(x) = (x- a) 0 x (b- x)f3 or 
2 when w(x) = (x- a) 0 x (b- x)f3 x log(x- a) or 
3 when w(x) = (x- a) 0 x (b- x)f3 x log(b- x) or 
4 when w(x) = (x- a)0 x (b- x)f3 x log(x- a) x log(b- x). 

• If fntype = Ctype::CT _QAWC, before dqawc is invoked, an opera­
tion in InputData class, setC, is executed to set the parameter c, 
which is t-he input parameter of dqawc. 

3. After Algorithm Class calculates the integration and has the final solu­
tion, MasterControl calls OutputShow Class to show the results, which 
are got from Algorithm class, on the screen. 

Sequence diagram which is defined in UML is a good way to specify the inte­
grations between objects as well as system behaviours. The above sequence is 
illustrated using sequence diagram in Figure 11 in Section 9.2. 

Attributes 
None. 

Class Invariant 
None. 

Operations 
There is only one operation, main(), in MasterControl Class. The following is 
the description of main(), which includes the pre- and postcondition of main() 
presented by OCL expressions. In addition, descriptions and assumptions are 
also provided using natural languages. 

248 



Master Thesis- Jin Tang- McMaster- Computing and Software 

context MasterControl :: main() 
pre: true 
post: true 

Assumptions: main() is executed before any other operations in ONIS. 
Moreover 7 during the running time7 the instances of lnputData, Algorithm 
and OutputShow class are linked only once with the instance of MasterCon­
trol class. 
Description: main() is the point where ONIS starts its execution. As well, it 
controls the executive sequence of ONIS. The sequence of main is presented in 
Figure 11 in Section 9.2. 

C.2.8.5 lnputData Class 

InputData Class is used to help the user input data, which includes a function, 
characteristics of the input function, an upper bound, a lower bound, an abso­
lute accuracy requested and a relative accuracy requested, to ONIS. In some 
of input functions, for instance fntype equals to Ctype::QAWO, Ctype::QAWS 
or Ctype::QAWC, as mentioned in MasterControl class, additional parameters 
such as omega, alpha, beta and c are needed. 

Attributes 

Table C.4 shows the attributes of Input Data Class, which includes the 
name, data type and descriptions of each attribute in this class. 

Class Invariant 
context InputData 
inv: MIN_A <a< MAX_A 
inv: MIN_B < b < MAX_B 

Attributes Initialization 
To satisfy the class invariants, initial values are set to some attributes in the 
class using the following syntax in OCL to indicate the initial value of the 
attributes (OMG, 2003, page 10). 
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Name 
a 
b 
epsabs 
epsrel 
fntype 
strFunction 
c 

omega 

alpha 

beta 

integr 

Data Type 
Real 
Real 
Real 
Real 
Ctype 
String 
Real 

Real 

Real 

Real 

Integer 

Descriptions 
Lower limit of integration 
Upper limit of integration 
Absolute accuracy requested 
Relative accuracy requested 
Characteristics of the input function 
Input function 
a constant in the weight function 
w(x) - 1 / (x-c) when fntype -
"Ctype::CT _QAWC" 
a parameter in the weight function when 
fntype = "Ctype::CT _QAWO" 
a parameter in the weight function when 
fntype = "Ctype::CT_QAWS" 
a parameter in the weight function when 
fntype = "Ctype::CT _QAWS" 
a parameter to show the 
of the weight function when 
type = "Ctype::CT _QAWS" 
"Ctype::CT_QAWO" 

type 
!n-
or 

Table C.4: Attributes of Input Data Class 
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context Typename :: attributeName: Type 
init: -some expression resp renting the initial value 

context InputData :: a : Real 
init: a= MIN_A + 1 

context InputData :: b : Real 
init: b = MAX_B- 1 

Operations 
In this section, operations in InputData class are introduced. The values of 
MIN _A, MAX_A, MIN_B, MAX_B, MAX_EPSABS and MAX_EPSREL which 
are existed in the following operations can be referred to Section C.1.9 Values 
of Auxiliary Constants. 

context InputData :: setLowerbound() 
pre: true 
post: if a1 >= MIN_A and a1 <= MAX_A 

then a= a1 
else ExceptioniD = LowerBound__input__invalid 
endif 

Assumptions: setLowerbound() is invoked before setUpperbound() 
Description: setLowerbound() receives a real type lower bound value a1 from 
the keyboard and stores this value to the attribute a. If a1 is not satisfied the 
condition MIN_A< a1 <MAX_A, the system will jump to exception handler, 
which will catch the ExceptioniD and show the corresponding error message 
on the screen. 

[Note:] The exception handling methods of the other operations in Input­
Data class are all very similar as setLowerbound(). The only differences are 
their ExceptioniD and corresponding error messages. To simplify the design 
document, in the following descriptions of the operations, the specification of 
exception handling is not included. In stead, Section 10 Exception Handling 
will present the exception handling strategies of ONIS in detail. 

context InputData :: setUpperbound() 
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pre: true 
post: if bl > MIN_B and bl < MAX_B and bl >= self.a 

then b = bl 
else ExceptioniD = UpperBoundJnputJnvalid 
endif 

Assumptions: setUpperbound() is invoked after setLowerbound(), because af­
ter the user inputs an upper bound bl, the program needs to compare the 
value of bl and a to satisfy the condition bl 2 a. 
Description: setUpperbound() receives a real type upper bound value bl from 
the keyboard and stores this value to the attribute b 

[Note:] In OCL, the contextual instance self is of the type which owns the 
operation as a feature (IBM, 1997, Page 4). the value of a property on an 
object that is specified by a dot followed by the name of the property. For 
instance, self a is the value of the property a on self 

context InputData :: setEpsabs() 
pre: true 
post: if 0 < epsabsl < MAX_EPSABS 

then epsabs = epsabsl 

Assumptions: None 

else ExceptioniD = EpsabsJnputJnvalid 
endif 

Description: setEpsabs() receives a real type absolute accuracy requested value 
epsabsl from the keyboard and stores this value to the attribute epsabs 

context InputData :: setEpsrel() 
pre: true 
post: if 0 < epsrell < MAX_EPSREL 

then epsrel = epsrell 

Assumptions: None 

else ExceptioniD = EpsrelJnputJnvalid 
endif 

Description: setEpsrel() receives a real type relative accuracy requested value 
epsrell from the keyboard and stores this value to the attribute epsrel 

context InputData :: setFunction() 
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pre: true 
post: if strFunction1.size <> 0 

Assumptions: None 

then strFunction = strFunction1 
else ExceptioniD = FunctionJ.nputJ.nvalid 
endif 

Description: setFunction() receives a function string str Function! from the 
keyboard and stores this string to strFunction 

context lnputData :: setC() 
pre: selffntype = Ctype::CT _QAWC 
post: if selffntype = Ctype::CT_QAWC 

then if cl > sel f.a and cl < sel f.b 
then c = c1 
else ExceptioniD = CJ.nputJ.nvalid 
endif 

else ExceptioniD = Fntype_inputJ.nvalid 
endif 

Assumptions: setC() should be executed after setLowerbound() and setUp­
perbound(), because cl should satisfy the condition c > self.a and c < self.b 
Description: setC () receives a Real type value cl from the keyboard and stores 
this value to c 

context InputData :: setlntegr() 
pre: self.fntype = Ctype::CT_QAWO or Ctype::CT_QAWS 
post: if selffntype = Ctype::CT _QAWO or self.fntype = Ctype::CT _QAWS 

then integr = integr 1 
else ExceptioniD = IntegrJ.nputJ.nvalid 
endif 

noindent Assumptions: None 
Description: setlntegr() receives a Integer type value integr 1 from the key­
board and stores this value to integr 

context InputData :: set Omega() 
pre: fntype = Ctype::CT_QAWO 
post: if selffntype = Ctype::CT _QAWO 

then omega = omega1 
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Assumptions: None 

else ExceptioniD = Fntype_inputJ.nvalid 
endif 

Description: setOmega() receives a Real type value omega1 from the keyboard 
and stores this value to omega 

context lnputData :: setAlphaBeta() 
pre: fntype = Ctype::CT_QAWS 
post: if self.fntype = Ctype::CT _QAWS 

Assumptions: None 

then if alpha > -1 and beta > -1 
then alpha = alpha1 ; beta = beta1 
else ExceptioniD = Omega_inputJnvalid 
endif 

else ExceptioniD = Fntype_invalid 
endif 

Description: setAlphaBeta() receives Real type value alpha1 and beta1 from 
the keyboard and stores them to alpha and beta respectively 

context lnputData :: getLowerbound() : Real 
pre: true 
post: result = self. a 
Assumptions: getLowerbound() is executed after setLowerbound() 
Description: Get the value of the attribute a 

context lnputData :: getUpperbound() : Real 
pre: true 
post: result = self. b 
Assumptions: getUpperbound() is executed after setUpperbound() 
Description: Get the value of the attribute b 

context lnputData :: getEpsabs() : Real 
pre: true 
post: result = self.epsabs 
Assumptions: getEpsabs() is executed after setEpsabs() 
Description: Get the value of the attribute epsabs 

254 



Master Thesis - Jin Tang - McMaster - Computing and Software 

context lnputData :: getEpsrel() : Real 
pre: true 
post: result = selfepsrel 
Assumptions: getEpsrel() is executed after setEpsrel() 
Description: Get the value of the attribute epsrel 

context Input Data :: getFntype() : Real 
pre: true 
post: result = selffntype 
Assumptions: getFntype() is executed after setFntype() 
Description: Get the value of the attribute fntype 

context lnputData :: getFunction () : String 
pre: true 
post: result = selfstrFunction 
Assumptions: getFunction() is executed after setFunction() 
Description: Get the value of the attribute strFunction 

context lnputData :: getC() : Real 
pre: true 
post: result = self.c 
Assumptions: getC() is executed after setC() 
Description: Get the value of the attribute C 

context Input Data :: get Omega() : Real 
pre: true 
post: result= selfomega 
Assumptions: getOmega() is executed after setOmega() 
Description: Get the value of the attribute omega 

context lnputData :: getAlpha() : Real 
pre: true 
post: result = self alpha 
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Name Data Type Descriptions 
res Real The estimated value of the integral 
abserr Real The estimated of absolute error 
neval Integer The number of times the integral was eval-

uated 
zer Ecodetype Error code. 

Table C.5: Attributes of Algorithm Class 

Assumptions: getAlpha() is executed after setAlfaBeta() 
Description: Get the value of the attribute alpha 

context InputData :: getBeta() : Real 
pre: true 
post: result = selfbeta 
Assumptions: getBeta() is executed after setAlfaBeta() 
Description: Get the value of the attribute beta 

context InputData :: getlntegr() : Integer 
pre: true 
post: result = self integr 
Assumptions: getlntegr() is executed after setlntegr() 
Description: Get the value of the attribute Integer 

C.2.8.6 Algorithm Class 

Algorithm Class is in charge of calculating the integration. As mentioned be­
fore, Fortran routines, QAWO, QAWS, QAWC, QNG, QAGS, QAG in Quad­
pack library will be encapsulated in this class to help calculate the integration 
according to the characteristics of the input function. 

Attributes 
Table C.5 shows the attributes of Algorithm Class. 
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[Note:] ier: Ecodetype is an enumeration type. Figure 7 shows the 
diagram of Ecodetype with its literals. The literals of this type are defined ac­
cording to Error Code Type which is in Section 3.5 Data Definition in Section 
C.l. 

«enumeration» 
Ecodetyp_e 

NORMAL 
MAX_EVAL_LIMIT 
RNDOFF_ERR 
LOC_DIFF 
NOT_CONVG 
DIVG_INGR 
INVALID_INPUT 

Figure C.9: Enumeration Type- Ecodetype 

Class Invariant 
None. 
Operations 

context Algorithm :: dqawo( sfun: String, a: Real, b: Real, omega: Real, 
integr: Integer, epsabs: Real, epsrel: Real) 
pre: self.InputData.fntype = Ctype::CT _QAWO 
post: if self.JnputData.fntype = Ctype::CT _QAWO 

=2 

tions, 

then if self.InputData. integr = 1 or self.InputData. integr 

then result = Tuple { 

self res= approximate value of y = 1b f(x) dx, 

self. abserr = approxl y - res I, 
self. neval = number of integrand evalua-

{Ecodetype: :N 0 RMAL, Ecodetype: :MAX__EVAL.LIMIT, 
Ecodetype::RNDOFF _ERR, Ecodetype::LOC_DIFF, Ecodetype::NOT _CONVG, 
Ecodetype::DIVGJ:NGR} -> includes self.ier 

} 
else self. ier = Ecodetype: :INVALID _INPUT 
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endif 
else ExceptioniD = FntypeJnvalid 
endif 

Note: The meanings of literals of Ecodetype can be referred to Values of 
Auxiliary Constants in Section C.l 
Assumptions: None 
Descriptions: dqawo() calculates the integration of the input function whose 
Ctype is "CT _QAWO." dqawo uses a Fortran routine qawo.f (Netlib, 2008d, 
2008) which is in Quadpack library to calculate the integration. 

context Algorithm :: dqaws(s.fun: String, a: Real, b: Real, alpha: Real, beta: 
Real, integr: Integer, epsabs: Real, epsrel: Real) 
pre: selflnputData.fntype = Ctype::CT _QAWS 
post: if selflnputData.fntype = Ctype::CT _QAWS 

tions, 

then if {1..4} -> includes(selflnputData.integr) 
then result = Tuple { 

self res = approximate value of y = 1b f ( x) dx, 

self abserr = approxl y - res I, 
self neval = number of integrand evalua-

{Ecodetype::NORMAL, Ecodetype::MAX__EVAL_LIMr 
Ecodetype::RNDOFF_ERR, Ecodetype::LOC_DIFF} ->includes selfier 

Assumptions: None 

} 
else selfier = Ecodetype::INVALID.JNPUT 
endif 

else ExceptioniD = FntypeJnvalid 
endif 

Descriptions: dqaws() calculates the integration of the input function whose 
Ctype is "CT_QAWS." dqaws() uses a Fortran routine qaws.f (Netlib, 2008e, 
2008) which is in Quadpack library to calculate the integration. 

context Algorithm :: dqawc(sfun: String, a: Real, b: Real, c: Real, epsabs: 
Real, epsrel: Real) 
pre: selflnputData.fntype = Ctype::CT _QAWC 
post: if selflnputData.fntype = Ctype::CT _QAWC 

then if a < c and c < b 
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tions, 

then result = Tuple { 

self res = approximate value of y = 1b f ( x) dx, 

self abserr = approxl y - res I, 
selfneval = number of integrand evalua-

{ Ecodetype: :N 0 RMAL, Ecodetype: :MAX_EV AL_LIMIT, 
Ecodetype::RNDOFF_ERR, Ecodetype::LOC_DIFF} ->includes selfier 

Assumptions: None 

} 
else self ier = Ecodetype: :INVALID _INPUT 
endif 

else ExceptioniD = Fntype_invalid 
endif 

Descriptions: dqawc() calculates the integration of the input function whose 
Ctype is "CT _QAWC." dqawc() uses a Fortran routine qawc.f (Netlib, 2008c, 
2008) which is in Quadpack library to calculate the integration. 

context Algorithm :: dqng( sfun: String, a: Real, b: Real, epsabs: Real, ep­
srel: Real) 
pre: selflnputData.fntype = Ctype::CT _QNG 
post: if selflnputData.fntype = Ctype::CT _QNG 

-> includes self ier 

Assumptions: None 

then result = Tuple { 

self. res =approximate value of y = 1b f(x) dx, 

self abserr = approxl y - res I, 
self neval = number of integrand evaluations, 
{Ecodetype::NORMAL, Ecodetype::MAX_EVAL_LIMIT} 

} 
else ExceptioniD = Fntype_invalid 
endif 

Descriptions: dqng() calculates the integration of the input function whose 
Ctype is "CT _QNG." dqng() uses a Fortran routine qng.f (Netlib, 2008f, 2008) 
which is in Quadpack library to calculate the integration. 

context Algorithm :: dqags( sfun: String, a: Real, b: Real, epsabs: Real, ep-
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srel: Real) 
pre: self.InputData.fntype = Ctype::CT _QAGS 
post: if self.InputData.fntype = Ctype::CT _QAGS 

then result = Tuple { 

self res= approximate value of y = lb f(x) dx, 

self. abserr = approxl y - res I, 
self. neval = number of integrand evaluations, 
{Ecodetype: :N 0 RMAL, Ecodetype: :MAX_EV AL_LIMIT, 

Ecodetype::RNDOFF _ERR, Ecodetype::LOC_DIFF, Ecodetype::NOT _CONVG, 
Ecodetype::DIVGJ:NGR} -> includes self.ier 

Assumptions: None 

} 
else ExceptioniD = Fntypejnvalid 
endif 

Descriptions: dqags() calculates the integration of the input function whose 
Ctype is "CT _QAGS." dgags() uses a Fortran routine qng.f (Netlib, 2008b, 
2008) which is in Quadpack library to calculate the integration. 

context Algorithm :: dqag( sfun: String, a: Real, b: Real, epsabs: Real, ep­
srel: Real, key: Integer) 
pre: key= 6 
post: if self.InputData.fntype = Ctype::CT _QAG 

then if key = 6 

tions, 

then result =Tuple { 

self res= approximate value ofy = lb f(x) dx, 

self.abserr = approxl y- res !, 
self. neval = number of integrand evalua-

{ Ecodetype:: N 0 RMAL, Ecodetype:: MAX_EVAL__LIMI 
Ecodetype::RNDOFF _ERR, Ecodetype::LOC_DIFF} ->includes self.ier 

Assumptions: None 

} 
else ExceptioniD = Key _Invalid 
endif 

else ExceptioniD = Fntypejnvalid 
endif 

Descriptions: dqag() calculates the integration of the input function whose 
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Ctype is "CT _QAG." dgag() uses a Fortran routine qag.f (Netlib, 2008a, 2008) 
which is in Quadpack library to calculate the integration. Notice according to 
the descriptions of qag.f, the parameter key should be set to 6. 

context Algorithm:: getRes() : Real 
pre: true 
post: result = self. res 
Assumptions: getRes() should be invoked after dqng(), dqags(), dqawc(), 
dqawo(), dqaws() and dqag() 
Description: get the estimated value of the integral res 

context Algorithm:: getAbserr() : Real 
pre: true 
post: result = self. abserr 
Assumptions: getAbserr() should be invoked after dqng(), dqags(), dqawc(), 
dqawo(), dqaws() and dqag() 
Description: get the estimated absolute error abserr 

context Algorithm:: getNeval() : Real 
pre: true 
post: result = self. neval 
Assumptions: getNeval() should be invoked after dqng(), dqags(), dqawc(), 
dqawo(), dqaws() and dqag() 
Description: get neval 

context Algorithm :: getErrorCode() : Ecodetype 
pre: true 
post: result = self. ier 
Assumptions: getErrorCode() should be invoked after dqng(), dqags(), dqawc(), 
dqawo(), dqaws() and dqag() 
Description: get an error code ier 
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C.2.8. 7 OutputShow Class 

OutputShow Class shows the estimated value of the integral, the estimated 
absolute error, the number of times the integral was evaluated and an error 
code on the screen. 

Attributes 
None. 
Class Invariant 
None. 
Operations 

context OutputShow::show( res: Real, abserr: Real, neval: Integer, ier: Ecode­
type) 
pre: true 
post: true 
Assumptions: show() is the last to execute in ONIS 
Description: Show res, abserr, neval and ier on the Screen 

C.2.8.8 Expression Class 

Expression Class is used to express the structure of a parse tree. There are 
four constructors and two operations in this class. Four constructors are to 
generate different kinds of nodes in a parser tree. Operation setvalue helps to 
set the different x value to the expressions. evaluate is to obtain the values of 
function evaluations. 

Data Types 
Two enumeration data types TFLAG and SYMBOL are used in Expression 
class. TFLAG is a flag that indicates the data type of a node in a parse 
tree. VAR, CON and EXP means a variable, a constant and an expression, 
respectively. Notice only one kind of variable xis allowed in ONIS. SYMBOL 
helps to check the symbols in the input function. Figure 8 illustrates the data 
type of TFLAG and SYMBOL. 

Attributes 
Table C.6 shows the attributes of Expression Class. 
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EXP 
VAR 
CON 

«enumeration» 
TFLAG 

«enumeration» 
SYMBOL 

ADD 
SUB 
MUL 
DIV 
LBRACK 
RBRACK 
COMMA 
NUM 
VAR 
SIN 
cos 
EXP 
LOG 
LOG10 
POW 
SORT 
TAN 
EOF 
PI 
INVALID 

Figure C.lO: TFLAG and SYMBOL 

Class Invariant 
None. 

C.2.8.9 Operations 

There are four constructors in Expression Class to initialize the attributes so 
as to generate different type nodes in a parse tree. In this parse tree, the leaf 
node can only be a constant or a variable x. 

context Expression :: Expression() 
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Name Data Type Descriptions 
typ TFLAG data type of a node 
op SYMBOL operator and symbol 
opdl Expression a left child of a node 
opd2 Expression a right child of a node 
value Real value of a node 

Table C.6: Attributes of Expression Class 

context Expression :: typ : TFLAG 

init: typ = TFLAG::CON 
context Expression :: value : Real 

init: value = 0 
context Expression :: op : SYMBOL 

init: op = SYMBOL::INVALID 
context Expression ..; : opdl : Expression 

init: opdl = Empty 
context Expression :: opd2 : Expression 

init: opd2 = Empty 

Assumptions: As a constructor, Expression() should be executed before any 
other operations in the Expression Class, except for other constructor Expres­
sion() 
Descriptions: This is a default constructor to create initial values of a leaf 
node. The initial data type of the node is set to CON, a number, with a value 
of zero. The op, i.e. operator, is set INVALID, and left child opdl and right 
child opd2 of this node are set to empty. In OCL, no standard way are found 
to express that the value of an object is empty; therefore, here we use Empty 
to express it. Developers can use different methods to implement Empty in 
the implementation stage in terms of the programming language they choose. 

context Expression :: Expression( number: Real) 
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context Expression:: typ: TFLAG 

init: typ = TFLAG::CON 
context Expression :: value : Real 

init: value = number 
context Expression :: op : SYMBOL 

init: op = SYMBOL::INVALID 
context Expression :: opd1 : Expression 

init: opd1 = Empty 
context Expression :: opd2 : Expression 

init: opd2 = Empty 

Assumptions: As a constructor, Expression( number: Real) is executed before 
any other operations in the Expression Class, except for other constructor 
Expression() 
Descriptions: Expression( number: Real) is also a constructor. Its difference 
with previous Expression() lies in it can help set a leaf node whose data type 
is also CON but with a value which comes from the parameter of Expression() 
number. 

context Expression :: Expression( s: String) 
context Expression:: typ : TFLAG 

init: typ = TFLAG::VAR 
context Expression :: value : Real 

init: value = 0 
context Expression :: op : SYMBOL 

init: op = SYMBOL::INVALID 
context Expression :: opd1 : Expression 

init: opd1 = Empty 
context Expression :: opd2 : Expression 
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init: opd2 = Empty 

Assumptions: As a constructor, Expression( s: String) should be executed be­
fore any other operations in the Expression Class, except for other constructor 
Expression(). In ONIS, only one kind of variable, x, is allowed. 
Descriptions: Expression( s: String) is also a constructor. Its difference with 
Expression() lies in it can help set a leaf node whose data type is VAR, i.e. a 
variable. 

context Expression :: Expression( symbol: SYMBOL, objl: Expression, obj2: 
Expression) : Expression 
context Expression :: typ : TFLA G 

_init: typ = TFLAG::VAR 
context Expression :: value : Real 

init: value = 0 
context Expression:: op: SYMBOL 

init: op = SYMBOL::INVALID 
context Expression :: opdl : Expression 

init: opdl -> objl 
context Expression :: opd2 : Expression 

init: opd2 -> obj2 

Assumptions: As a constructor, Expression( symbol: SYMBOL, objl: Expres­
sion, obj2: Expression) should be executed before any other operations in the 
Expression Class,except for other constructor Expression() 
Descriptions: This constructor is to create a node with left child and right 
child. In this case, data type of the node will be set to EXP, i.e. an expres­
sion. opdl and opd2 will point to left child and right child respectively. op 
store the information of symbol, which could be a function such as SIN or 
COS, or a operator such as "+" or "-". 
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context Expression :: set Value( val: Real) 
pre: true 
body: if self.typ = TFLAG::VAR then self value= val 

else if selftyp = TFLAG::EXP 
then self.opl.setValue(val); 
if op2 ->notEmpty() then self.op2.setValue(val) 

endif 
endif 

endif 
Assumptions: setValue() should be executed before evaluate() 
Description: set the value val for the points x at which the integrand is eval­
uated to the entire parser tree 

context Expression :: evaluate() : Real 
pre: true 
post: if {TFLAG::VAR, TFLAG::CON} -> includes self.typ then result = 
self. value 

else if selfop = TFLAG::ADD 
then if selfopd2 -> isEmpty() 

then result = selfopl.evaluate() 
else result= self.opl.evaluate() + selfop2.evaluate() 
endif 
endif 

else if selfop = TFLAG::SUB 
then if self. opd2 -> isEmpty() 

then result = self.opl.evaluate() 
else result= self.opl.evaluate()- selfop2.evaluate() 
endif 
endif 

else if self.op = TFLAG::MUL 
then result= self.opl.evaluate() * self.op2.evaluate() 
endif 

else if self.op = TFLAG::DIV 
then if self. op2.evaluate() = 0 then Zero _Invalid 

endif 

else result= self.opl.evaluate() / self.op2.evaluate() 
endif 

else if self.op = TFLAG::SIN 
then result= sin(self.opl.evaluate()) 
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endif 
else if selfop = TFLAG::COS 

then result = cos(self.opl.evaluate()) 
endif 

else if self.op = TFLAG::EXP 
then result = exp(self.opl.evaluate()) 
endif 

else if self.op = TFLAG::LOG 
then result = log(selfopl.evaluate()) 
endif 

else if self.op = TFLAG::LOGlO 
then result = loglO( self. opl.evaluate()) 
endif 

else if self.op = TFLAG::SQRT 
then result = sqrt(self.opl.evaluate()) 
endif 

else if selfop = TFLAG::TAN 
then result = tan(selfopl.evaluate()) 
endif 

else if selfop = TFLAG::POW 
then result= pow(self.opl.evaluate(), self.op2.evaluate()) 
endif 

else Input_FunctionJ:nvalid 
endif 

Assumptions: evaluate() should be executed after setValue() 
Description: calculate the values of the integrand in the evaluated point x 

Examples The following figures illustrate how to use Expression Class to 
express the nodes of the parse tree. If the input function is x+sin(cos(x+3)), 
Figure C.ll shows the parse tree of this function and Figure C.12 presents a 
parse tree using Expression Class to express this parse tree. 

C.2.8.10 Parser Class 

Parser Class is used to parse the input function and create a parse tree. The 
following is the Extended Backus-N aur Form (EBNF) grammar for the input 
function. 
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Figure C.ll: Parse Tree for x + sin(cos(x+3)) 

Name Data Type Descriptions 
sym SYMBOL symbol of the node 
szze Integer length of the string of input function 
pos1 Integer a pointer to record the current node 
pos2 Integer a pointer to scan the-input function to find 

the symbol of a node 
sfunction String input function 
strval String part of the input function 
numval Real number in the input function 

Table C.7: Attributes of Parser Class 

expression= [''+" I "-"]term{("+" I "-")term} 
term = factor { ( "*" I "/") factor} 
factor = number I variable I funct I "(" expression ")" 
funct = ("COS" I "SIN" I "TAN" I "EXP" I "LOG" I "LOG 10" I "POW" I 
"SQRT") "(" expression ")" 

Attributes 
Table C.7 shows the attributes of Parser Class. The following attributes are 
public, so all the operations in Parser Class can share the value of the at­
tributes. 
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e1 

typ= EXP 
op=ADD 
opd1 = e2 
opd2= e3 
value= 0 

/ ------._ 
e2 e3 

typ = VAR typ= EXP 
op= INVALID op=SIN 
opd1 =NULL opd1 = e4 
opd2= NULL opd2= e5 
value= 0 value =0 

/ ~ 
e4 e5 

typ= EXP typ= CON 
op=COS op= INVALID 
opd1 = e6 opd1 =NULL 
opd2= e7 opd2=NULL 
value= 0 value= 0 

I \ 
e6 e7 

typ = EXP typ=CON 
Op=ADD op= INVALID 
opd1 = e8 opd1 =NULL 
opd2= e9 opd2 =NULL 
value =0 value= 0 

/ 
""' eB e9 

typ = VAR typ=CON 
op= INVALID op =INVALID 
opd1 =NULL opd1 =NULL 
opd2 =NULL opd2= NULL 
value= 0 value =3 

Figure C.l2: Parse Tree for x + sin(cos(x+3)) using Expression Class 

Attribute Initialization 
context Parser :: posl : Integer 

init: posl = 0 
context Parser :: pos2 Integer 

init: pos2 = 0 

Class Invariant 
None. 
Operations 

context Parser:: parse(strFunction: String) Expression 
pre: true 
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post: result = self.expression() 
Assumptions: parse() is the function that should be invoked before any other 
operations in Parser Class. 
Description: parse() initializes the value of pos1 and pos2. Then, it calls 
expression() to parse the input function and generate a parse tree. 

context Parser:: getSymbol() 
pre: true 
post: if sfunction -> substring(pos1, pos1) = "(" 

then pos1 = pos1@pre + 1; pos2 = pos2@pre + 
1; sym = SYMBOL::LBRACK 

else if sfunction -> substring(pos1, pos1) = "," 
then pos1 = pos1@pre + 1; pos2 = pos2@pre + 

1; sym = SYMBOL::COMMA endif 
else if sfunction -> substring(pos1, pos1) = ")" 

then- pos1 = pos1 @pre + 1; pos2 = pos2@pre + 
1; sym = SYMBOL::RBRACK endif 

else if sfunction -> substring(pos1, pos1) = "+" 
then pos1 = pos1@pre + 1; pos2 = pos2@pre + 

1; sym = SYMBOL::ADD endif 
else if sfunction -> substring(pos1, pos1) . "-" 

then pos1 = pos1 @pre + 1; pos2 = pos2@pre + 
1; sym = SYMBOL::SUB endif 

else if sfunction -> substring(pos1, pos1) = "*" 
then pos1 = pos1@pre + 1; pos2 = pos2@pre + 

1; sym = SYMBOL::MUL endif 
else if sfunction -> substring(posl, pos1) = "/" 

then posl = pos1@pre + 1; pos2 = pos2@pre + 
1; sym = SYMBOL::DIV endif 

else if sfunction -> substring(pos1, pos1 + 2) = "sin" 
then pos1 = pos1 @pre + 3; pos2 = pos2@pre + 

3; sym = SYMBOL::SIN endif 
else if sfunction -> substring(posl, pos1 + 2) = "cos" 

then pos1 = pos1@pre + 3; pos2 = pos2@pre + 
3; sym = SYMBOL::COS endif 

else if sfunction -> substring(pos1, pos1 + 2) = "exp" 
then pos1 = pos1 @pre + 3; pos2 = pos2@pre + 

3; sym = SYMBOL::EXP endif 
else if sfunction -> substring(pos1, posl + 2) = "log" 
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then posl = posl@pre + 3; pos2 = pos2@pre + 
1; sym = SYMBOL::LOG endif 

else if sfunction -> substring(posl, posl + 4) = "log10" 
then posl = pos1@pre + 5; pos2 = pos2@pre + 

5; sym = SYMBOL::LOG10 endif 
else if sfunction -> substring(pos1, posl + 2) = "pow" 

then posl = posl@pre + 3; pos2 = pos2@pre + 
3; sym = SYMBOL::POW endif 

else if sfunction -> substring(pos1, posl + 3) = "sqrt" 
then posl = pos1@pre + 4; pos2 = pos2@pre + 

4; sym = SYMBOL::SQRT endif 
else if sfunction -> substring(pos1, posl + 2) = "tan" 

then posl = pos1@pre + 3; pos2 = pos2@pre + 
3; sym = SYMBOL::TAN endif 

else if sfunction -> substring(pos1, pos1) = "x" 
then posl = pos1@pre + 1; pos2 = pos2@pre + 

1; sym = SYMBOL::VAR endif 
. else if sfunction -> substring(pos1, pos1 + 1) = "pi" 

then pos1 = pos1@pre + 2; pos2 = pos2@pre + 
2; sym = SYMBOL::PI endif 

Assumptions: None. 

else ExceptioniD = SymboLinvalid 
endif 

Description: getSymbol() is to get the symbol of a node. The position of the 
node will be obtained from the value of the attribute posl and pos2. When it 
gets the symbol of the node, it will store the symbol to the attribute sym. 

context Parser:: expression() : Expression 
pre: true 
post: if sym = SYMBOL::ADD or sym = SYMBOL::SUB 

then result = self. term{} 
endif 

Assumptions: expression() should be executed before term(), factor() and 
funct() 
Description: generate expressions of the parser tree 

context Parser :: term() : Expression 
pre: true 
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post: if sym = SYMBOL::MUL or sym = SYMBOL::DIV then 
result = self.factor{) endif 
Assumptions: term() should be executed after expression() but before factor() 
and funct() 
Description: generate terms of the parser tree 

context Parser :: factor() : Expression 
pre: true 
post: if sym = SYMBOL::PI then result = Expression::Expression(PI) 

else if sym = SYMBOL::NUM then result = Expres­
sion::Expression(numval) 

sion() 

else if sym = SYMBOL::VAR then result= Expression::Expression(strval) 
else if sym = SYMBOL::LBRACK then result = expres-

else if SYMBOL::SIN, SYMBOL::COS, SYMBOL::EXP, 
SYMBOL::LOG, SYMBOL::LOGlO, SYMBOL::POW, SYMBOL::SQRT, SYM­
BOL::TANthen result = funct() 

else lnput_lnvalid 
endif 

Assumptions: factor() should be executed after expression() and term() but 
before funct () 
Description: generate factor of the parser tree 

context Parser :: funct() : Expression 
pre: true 
post: result= expression() 
Assumptions: funct() should be executed after expression(), term() and fac­
tor() 
Description: generate function of the parser tree 

C.2.9 Dynamic Modeling of Behaviour 

The previous class diagram describes the static aspects of ONIS. Static mod­
els, such as class diagrams, describe the objects in a system, the data each 
object contains and the links that exist between them, but they say very little 
about the behaviour of these object. When a system is running, objects inter-
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act by passing messages. The messages that are sent determine the system's 
behaviour, but they are not shown on static diagrams such as class diagrams. 
In this section, sequence diagrams and statecharts are introduced to present 
the behaviour of ONIS. 

C.2.10 Sequence Diagram of ONIS 

The sequence diagram is used in this document to show interactions between 
objects. Figure 11 illustrates the main sequence of ONIS. The classifier roles 
involved in the interaction are displayed at the top of the diagram. The ver­
tical dimension in a sequence diagram represents time and the messages in an 
interaction are drawn from top to bottom of the diagram, in the order that 
they are sent. Each role has a dashed line, known as its lifeline extending be­
low it. The lifeline indicates the period of time during which objects playing 
that role actually exist. 

Messages are shown as arrows leading from the lifeline of the sender of 
the message to that of the receiver. When a message is sent, control passes 
from the sender of the message to the receiver. The period of time during which 
an object is processing a message is known as an activation and is shown on 
a lifeline as a narrow rectangle whose top is connected to a message. 

When an object finishes processing a message, control returns to the 
sender of the message. This marks the end of the activation corresponding 
to that message and is marked by a dashed arrow going from the bottom of 
the activation rectangle back to the lifeline of the role that sent the message 
giving rise to the activation. 

The messages shown in Figure 11, with a solid arrowhead, denote syn­
chronous message, such as normal procedure calls. These are characterized 
by the fact that processing in the object that sends the message is suspended 
until the called object finishes dealing with the message and returns control 
to the caller. (Priestley, 2003, page 192,193) 

It is optional whether or not to show activations return messages on 
sequence diagrams. In Figure 11, to simplify the sequence diagram and make 
the diagram clearer, some return messages are not included in the diagram. 

Sequence diagrams also provide means for showing conditional message 
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passing or, in other words, messages that are only sent under certain circum­
stance. In Figure 11, to show that message dqawo() will only be sent under 
certain circumstances, a condition, C1, is attached to it. This consists of a 
Boolean expression written in square bracket. If the condition evaluates to 
true at the point in the activation when the message is reached, the message 
will be sent. Otherwise, control will jump to the point following message cor­
responding to the message bearing the condition (Priestley, 2003, page 200). 
For example dqawo() only be sent to Algorithm when function type equal to 
CT _QAWO. The following is the meanings for condition C1 to C6. 

• C1: fntype = Ctype::CT _QAWO 

• C2: fntype = Ctype::CT _QAWS 

• C3: fntype = Ctype::CT_QAWC 

• C4: fntype = Ctype::CT_QAGS 

• C5: fntype = Ctype::CT_QNG 

• C6: fntype = Ctype::CT _QAG 

The are some messages in the Figure 11 with '*' beside the mes­
sages, that n1eans these messages will also be done after the message dqaws(), 
dqawc(), dqags(), dqng() and dqag(). To simplify the sequence diagram, these 
messages are only be drawn once in the diagram. 

C.2.10.1 Statechart of Expression 

The Parser Class is to parse the input function and generate parse tree. The 
parse tree is expressed using Expression Class. A parser can be regarded as a 
finite state machine, which consists of a set of states and set of labeled tran­
sitions between states. An input function can be treated as a sequence which 
is recognized by starting in the initial state and from each state following the 
transition which is labeled with the next input symbol (Sekerinski, 2006, page 
45). In UML, state machines are normally documented in a type of diagram 
known as statechart. Figure 12 is the statechart for Expression objects which 
is used in ONIS. 

Statecharts show the possible states of an object, the events it can 
detect and its response to those events. In software terms, it is common to 
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assume that the events detected by an object are simply the message sent to 
it. In general, detecting an event can cause an object to move from one state 
to another. Such a move is called a transition. The basic information shown 
on a statechart is the possible states of the entity and the transitions between 
them, or in other words the way that detecting various events causes the sys­
tem to move from one state to another. The states of the system are shown 
are rounded rectangles, with the name of the state written inside them. State 
transitions are shown by arrows linking two states. Each such arrow must be 
labeled with the name of an event. The meaning of such an arrow is that if 
the system receives the event when it is in the state at the tail of the arrow, it 
will move into the state at the head of the arrow (Priestley, 2003, page 210). 

An initial states are shown as small black disks. A transition leading 
from an initial event shows the state that the object goes into when it is cre­
ated or initialized. No event should be written on a transition from an initial 
state. 

According to EBNF grammar in Section 8. 7, an expression could be 
a term, a factor or a funct (i.e. a function). So, term, factor and funct are 
states of expression but they are substates. In addition, term is a substate 
of expression, factor is a substate of term and funct is a substate of factor. 
In statecharts, we can use composite state consisting of one or many nested 
substates to express this kind of relationship. 

We can add guard conditions to the transitions, stating the circum­
stances under which the transitions will fire. Guard conditions are part of the 
specification of a transition and are written in square brackets after the event 
name that labels the transition. Guard conditions are often written in infor­
mal English, but if desired a more formal notation can be used, such as the 
OCL language describe above (Priestley, 2003, page 212-214). For example, in 
Figure 12, Expression is in the state funct and transition getsymbol() occurs 
and sym equals to LBRACK (a left bracket), the state of Expression moves 
from funct to expression. We use getsymbol()[sym = SYMBOL::LBRACK] to 
describe this transition. 

History states are represented by a capital 'H' within a circle and can 
only appear inside composite states. A transition to a history state causes 
the substate that was most recently activate in the composite state to become 
active again i.e. History state could 'remember' which substate was activate 
last time the composite state was active and automatically return to that sub-
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state. Another variant of a history state "deep history state', notated with an 
additional * inside the history pseudostate. This means 'recursively enter the 
most recently vacated substate of every non-concurrent composite substate of 
the composite state enclosing myself' (Lano, 2005, page 80), is used. In Figure 
12, we use deep history state to remember the substates. 

C.2.11 Exception Handling 

This section describes the exception handling strategies using in ONIS. Gen­
erally, any occurrence of an abnormal condition that causes an interruption in 
normal control flow is called an exception. It is said that an exception is raised 
(thrown) when such a condition is signaled by a software unit. In response to 
an exception, the control is immediately given to a designated handler for the 
exception, which reacts to that situation (exception handler). The handler can 
try to recover from that exception in order to continue at a predefined location 
or it cleans up the environment and further escalates the exception (Renzel, 
2008, page 9). 

In ONIS, the exception handling in a region of code by surrounding it 
with a try block. The exception handlers immediately after the try block, in 
a series of catch clauses. An exception handler is rnuch like a definition for a 
function, named by the keyword catch. The statement, for example: 

throw Lower BoundJnput_not_ valid 

causes the complier to search the function calls for a handler that can catch 

exception code LowerBoundJnput_not_valid, so control passes to that handler. 
When executing a throw expression, the program will jump to a handler as­
sociated with an active try block. In ONIS, exception handler will catch the 
exception codes and responses with a message which describes the type of ex­
ceptions on the screen. 
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Figure C.l3: Main Sequence of ONIS 
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