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1. Introduction
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In this doctoral thesis we are proposing new framework for development of scientific applications including: scientific applications development model and scientific applications quality model. The application development model defines the
process of developing applications in stages, while the quality model gives opportunity to assess the quality of scientific application through attributes and metrics. The
main purpose of the framework is to increase the quality of scientific applications
and to change current scientists’ practices. This doctoral thesis also presents scientific application modeling and developing techniques that include applying of the
different approaches to development and programming models, requirements specification, software testing, etc. The application of this framework is confirmed by a
practical example, and additionally a comparative analysis for evaluating the quality
of two scientific applications is presented. The use of the framework in the development of scientific applications results in a development process organized in phases,
specified requirements, defined test cases, understandable code, automatic testing,
quality assessment of applications according to already accepted quality standards,
etc.
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Introduction

The current research findings indicate that software development models are not
used nor are the practices of software engineering followed when developing scientific applications, which contributes to the poor quality of the applications [3] [59]
[31] [63].
As a consequence of these findings, there are several questions and dilemmas
from which draw the main motivation of this research: What is the reason for not
using the methods and practices of software engineering? What are the specifics of
scientific applications that contribute to using a different approach to development?
What practices should be applied at each stage of the development of a scientific
application and how they improve the quality of scientific applications? What are
the consequences of improper development of scientific applications? What is the
impact of the principles of software engineering on the correctness of the results
obtained by using the application? What should be done to change the current developmental habits of scientific applications? How to improve the quality of applications?
The motivation to conduct this research comes from a desire to prove formally
that adopting software engineering practices can improve the quality of scientific
applications. Even if the scientific application code produces accurate results, problems with quality can still occur, such as, performance, late software requirements,
or changes to the development environment, etc.
The main goal of this research is to improve the quality of scientific applications
through the use of accepted standards, practices and methods for software development proposed by software engineering, but their proper modification to fit more
effectively in the development process of scientific applications. The discovery of the
correct methods that can be adapted in the development process requires a detailed
analysis of the characteristics of the scientific applications, so one of the purposes
of this research, before the main goal is realized, is to recognize the differences and
specifics of the scientific applications in relation to commercial applications in order
to propose better recommendations.
This research aims to improve the existing practices of development of scientific
software by replacing the bad habits in the development and neglect of some basic
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parts in the stages of development, such as: creating a plan for organizing activities,
defining user requirements, defining and creating tests, documentation, etc.
The rest of the extended abstract is organized as follows: Section 2 presents the
characteristics of scientific applications and the current scientists’ practices when
developing scientific applications. Section 3 presents the application of software engineering practices and program models for different phases of the development of
scientific applications. Section 4 is reserved for the proposed framework for developing scientific applications. Section 5 shows the evaluation of the proposed framework by making comparative quality analysis between an application for solving
the one-dimensional and two-dimensional Schrödinger equation using a method of
representation with discrete variables and an application for the extraction of heart
rate and respiratory rate from an ECG signal (electrocardiogram). Section 6 gives
conclusions and directions for future work.

2

Scientific Applications

Every physical object with known characteristics can be modeled and simulated
through the development of scientific applications. Scientific applications are software applications that simulate the activities and properties of real-world objects by
turning them into mathematical models [66]. Scientific applications solve problems
in various fields, such as, computational chemistry and physics, bioinformatics, biology, mathematics, etc.
Scientific applications are usually developed by scientists who work in small
teams and learn programming languages on their own without any formal training
[54]. It is crucial for scientists to obtain accurate results, but they are not concerned
with the optimization and parallelization of code. They are guided by the impetus
to prove the hypothesis once. If this occurs, scientists are satisfied, and determine
there is no need to make code improvements [4]. Scientists focus primarily on the
importance of the algorithm’s quality rather than its creation [3]. Scientific application development starts with the coding phase. Scientists believe that most requirements do not need to be written, only discussed [57]. They do not record any formal
requirements. So, when software testing is performed, there is no written information about which requirements are completed and which are not [59] [57]. Scientists
value software according to its progress in scientific research, so validation is not
critical until an error affects the accuracy of results [59].
The reason for the inferior quality of many applications is a lack of establishing
and adhering to formal methods and software engineering practices [3] [59] [31] [63].
As a result, more errors are found, the code is difficult for other scientists to read and
understand, unnecessary resources are used, and there are issues with refactoring
and optimization [58].
If researchers and developers use standardized software engineering practices,
the quality of scientific applications can be improved [2] [26] [50] [54]. In [2], the
authors emphasize use-cases, design patterns and systems architecture as important
and useful methods during scientific software development. Kelly and Sanders [26]
recommend the following software development approaches, defined by the software engineering community: dynamic testing, static inspection, and formal methods. According to [50], the development of scientific applications requires good
project management, risk identification, software quality engineering, validation,
and verification. Hernández et al. [16] describe an approach to simplify the development of scientific applications by designing tools, applying domain engineering
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concepts, and using domain-specific modeling, which are modern software engineering methods for automating software development.

3
3.1

Techniques for Modeling and Development of Scientific
Applications
Formal Specification of Scientific Applications

To change the current development practices and to improve testing, we propose
adapting the method of formal specification and verification of the scientific applications. We choose Interval Temporal Logic (ITL) as a powerful and flexible mathematical notation for propositional and First-order reasoning about periods of time
which is used for describing hardware and software systems. We also use the Ana
Tempura tool that is built upon C-Tempura and is used for runtime verification of
systems. We refer to the problem of finding the bound states of Morse oscillator (i.e.
solving the stationary Schrödinger equation for Morse potential) and we present the
formal specification of the code by using ITL and Ana Tempura [36].
Calculation of eigenenergies of bound states of Morse oscillator is a prototypical
exercise in quantum mechanics. This is so since the particular potential serves as a
model system for studying molecular vibrations. Morse potential has the following
form:
U (r ) = De · [1 − exp(− β · (r − re ))]2

(1)

where De denotes the dissociation energy of the corresponding bond, while re is the
interatomic distance corresponding to the minimum energy of the oscillator. Vibrational Schrödinger equation with the potential of the form (1) is analytically solvable
and the corresponding vibrational eigenenergies are given by:
1
1
Ev = h · c · [(v + ) · ωe − (v + )2 ∗ ωe xe ]
(2)
2
2
In eq. (2), v is the vibrational quantum number (v ∈ 0, 1, 2, . . . ), ωe xe is the socalled anharmonicity constant and is related to the parameter β and the reduced
mass of the oscillator µ by:
r
µ
β = 2 · π · c · ωe ·
(3)
2 · De
In our case, we solve the vibrational eigenvalue problem by the discrete variable representation methodology. To solve a problem in quantum mechanics by using numerical methods, the Hamiltonian operator should be represented in a finite
polynomial basis. In this case, the Tchebychev polynomials are used as a basis.
One of the methods we made a formal specification for is thcheby(...). It returns a
set of points pts[NPTS], the eigenstates the Laplacian operator (−2 ∂/∂x2 ) in the basis ke_ f b[NPTS] (kinetic energy in finite basis), set of weights w[NPTS] and a transformation matrix T[NPTS][NPTS]. NPTS is the number of points. There are two representations: finite basis representation (FBR) and discrete variable representation
(DVR). The transformation matrix carries one from the FBR to a DVR.
double thcheby(double xmin, double xmax, double pts[],double ke_fb[],
double w[],double T[][NPTS])
{

4

Contents

double del, fb;
int i,j;
del=xmax-xmin;
for(i=0;i<NPTS;i++)
{
pts[i]=((i+1)*del)/(NPTS+1)+xmin;
ke_fb[i]=square((i+1)*M_PI/del);
w[i]=del/(NPTS+1);
for(j=0;j<NPTS;j++)
{
T[i][j]= sqrt(2.0/(NPTS+1))*sin(((i+1)*(j+1)*M_PI)/(NPTS+1));
}
}
}

To solve the bound states of the Morse oscillator well we should define the number of points: NPTS= 100, and range: xmin = −3 and xmax = 32. The goal is to
construct the Hamiltonian matrix in the DVR basis and then diagonalize it to determine the eigenvalues and eigenvectors. The eigenvalues (energies) below 0 are
bound states. We automated the part for checking the correctness of wavefunctions
by checking the values of the first two eigenvectors. A wave function is correct if the
difference between two neighbor values is smaller than 10−3 and the values gradually getting tend to zero.
We made a formal specification of the code for calculating the bound states of
the Morse oscillator well by writing a Tempura code and making tests to compare
the output results from the .exe version of the C program and Tempura code. In
order to establish communication between the tempura file and the .exe version of
the C program assertions must be added in the C code. We will explain the C and
Tempura codes where the checking of the values in the ke_fb[] array is performed.
The code for checking the other arrays and values is similar.
int i=0;
double ke_fb_i=0.00000;
assertion1 ("ke_fb_i", ke_fb_i);
assertion ("i", i);
while (i<NPTS) {
ke_fb_i=square((i+1)*M_PI/del); assertion1 ("ke_fb_i", ke_fb_i);
i=i+1;assertion ("i", i);
}

Here is the function for calculating the Y-th value of the ke_fb[] array written in
Tempura language. The function itof returns the float corresponding to an integer
number and del = xmax − xmin.
define calc_ke_fb(Y) = {
if Y>=0 then {((itof(Y)+$1.0$)*M_PI/del)*((itof(Y)+$1.0$)*M_PI/del)
}
else empty
}.
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The results from the first two iterations when a test is run by the Ana Tempura tool
are shown in Fig. 1. These test cases pass successfully.

F IGURE 1: Execution of test1 in Ana Tempura

The assertion functions are used for checking the values of the variables after
each performed change. The values of the variables are compared to the values
obtained from the Tempura code.

3.2

Building Scientific Workflows

Nowadays, many scientific communities and business companies use workflow systems for designing, automating, controlling and managing the complex flow of data
and processes. For example, scientific communities may use workflow systems to
perform experiments with a large set of data and computations that require some
remote services. The goal of scientific workflows is to provide a simple and concise
notation that allows parallelization of tasks and computations which is needed in
the scientific domain. The scientific workflows must enable independent tasks to be
run in parallel and scheduled to run in clustered or Grid environments [65].
We analyze the characteristics of two scientific workflow systems: OpenMole
and Taverna. We design a workflow to compare the implementation details of the
workflow in the two environments [27].
OpenMole (Open MOdeL Experiment) workflow engine offers parallel execution environments for naturally parallel processes. This scientific workflow system
supports advanced numerical experiments on simulation models and distribution
of the workflows on multi-core machines, desktop-grids, clusters and grids. Users
are able to embed Java, Binary executable or NetLogo executables. The users should
not care about the data and tasks sizes because OpenMole is scalable and it supports
TB of data and millions of tasks.
Taverna is a domain-independent Workflow Management System used for designing scientific experiments. It is available as a desktop client application (Taverna Workbench), Taverna Server which enables remote execution of workflows and
from a command line. It is a scalable scientific workflow system which has access to
local and remote resources and grid services (more than 3500). Taverna has support
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for calling client libraries (in Ruby and Java) and tools and scripts on local or remote
machines. It also has a .csv and Excel spreadsheet support.
The example workflow is shown in Fig. 2. Each circle represents a file containing
some data. The squares a1 , a2 , a3 .., a64 depict file actions, in our case, merging of files’
contents. We choose always 64 combinations of 3 files. In order to do that, we make
two copies of the file list in the directory. Then each file list is shuffled and the first
4 files of each of the three file lists are chosen. The rectangle "folderA" represents
the directory where the combinations are chosen and it is a starting point in the
workflow. The result of an each action a1 , a2 , a3 , ..a64 is a file saved in a new directory
and shown in the rectangle "folderB". The actions a1 , a2 , a3 , ..a64 are performed in
parallel. Also, when three files are created in "folderB", the action b is performed,
which merges the contents of the 3 files into a new file. Then the files in "folderB" are
deleted. The action b is repeated 64/3 = 21 times and it is performed in parallel with
the actions a1 , a2 , a3 , ..a64 , immediately after creating 3 new files in "folderB". When a
new file is created as a result of the action b, it is moved to "folderA". The workflow
can be executed repeatedly, depending on the user input.

F IGURE 2: The example workflow

3.2.1

The Workflow Implementation in OpenMole

The workflow implementation in OpenMole is shown in Fig. 3. The starting "defining i" capsule is a groovy task and it is only used for setting the integer prototype i
to 1. The prototype i is used as a counter for the number of workflow iterations. The
output of this capsule is only i.
The capsule "combinations" is an exploration task and it is used for defining the
sampling shown in Fig. 4. First, the three multiple file domains "in folderA" and
three file prototypes "file", "file1" and "file 2" are defined. All three multiple domains
have the same directory path (the directory A in the Fig. 2). The samplings: "Zip
with string name", "Zip with string1 name" and "Zip with string2 name" are used
for making arrays of file names in "folderA". When three arrays are made, each of
them is shuffled (Shuffle sampling) and only the first 4 elements are taken (Take (4)
Sampling). The four file names of each array are combined (Combine sampling).
The 64 combinations (4 ∗ 4 ∗ 4) are made. There are 7 outputs from this task : the
prototype i and 6 arrays (file[1], file1[1], file2[1], string[1], string1[1] and string2[1]).
The next capsule "comb. 3 files" is a groovy task and it includes a jar library.
The previous and this task are connected with exploration transition which means
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F IGURE 3: The workflow implementation in OpenMole

F IGURE 4: Designing Sampling in OpenMole

that the same method will be executed in parallel on different combination of three
files in "folderA" (a1, a2, a3, ...a64) as specified in Fig. 2. We call the method from the
library that has three strings as input parameters. In our case, they are file names
from each combination. The three files will be merged into a new file and it will
be stored in the directory "folderB". The output of this capsule is only the integer
prototype i.
The "comb. 3 first" capsule is also a groovy task and it includes a jar file. The
method called from the library is used for checking if three files exist and merging
them in the directory "folderB". This task (b) is executed in parallel with the previous
task "comb. 3 files". When three files are created, their contents are merged into a
new file and it is moved to the directory "folderA". The three files are then deleted
from "folderB". The output of this capsule is also only the integer prototype i. Different kinds of hooks can be added also here (for example if we want to display the
names of the new files, we should add the file names as an outputs of this capsule).
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The last capsule in this workflow "increase i" is a groovy task and it is used only
for increasing the integer prototype i. The transition between "comb. 3 first" and
this capsule is an aggregation because this task does not need to be executed more
times, but only once in each workflow iteration. It is connected with the second task
only for controlling the value of the prototype i. The condition of this transition is
set i ≤ 3.
In order to run the tasks on the Grid, the Grid environment should be created
and added as an execution environment of the capsules "comb. 3 files" and "comb. 3
first".
3.2.2

The Workflow Implementation in Taverna

The workflow implementation in Taverna is shown in Fig. 5. The workflow "Workflow 14" is a nested workflow. It enables the workflow to be executed n times. The
input n is a list of integer numbers. This is the starting point and the only important
thing is the number of elements in the list. There is also an integer input port ni at
the beginning of the nested workflow which increases in each workflow iteration
(iterate through the elements in the list).

F IGURE 5: The workflow implementation in Taverna

The service "DirectoryPath" is a beanshell script where the path of the directory
"folderA" is specified as a string "directory". That is the only output of this beanshell
script. Next, there are 3 services "List_Files", "List_Files_1", "List_Files_2" which are

3. Techniques for Modeling and Development of Scientific Applications

9

identical, but they are used for making the same array of files in the input directory.
Then, each of the three arrays of files is shuffled and only the first four elements are
taken. This is done by writing a script (Java code). These three services will create
64 random combinations, each of the three files. The output of each of these three
services is a list of four files.
The next service is called "concatenate_and_write_in_files_by_3_Files" and it has
inputs with length 0, which means that it takes one by one element of each of the
three lists of four files. That is how all the combinations are made. This service is
also a beanshell script and it merges the contents of each combination of three files.
This action will be repeated 64 times (a1, a2, a3, ...a64). Each new created file will be
stored in the directory "folderB".
The "combine_first_three" is a service used for checking if three files exist and for
merging them in the directory "folderB". This service (b) is executed in parallel with
the previous service "concatenate_and_write_in_files_by_3_Files". When three files
are created, their contents are merged into a new file an it is moved to the directory
"folderA". The three files are deleted from "folderB".
The "bytes_to_string" service is a local text service which converts an array of
bytes into a string. This is only used for showing the output of each new created file
(total 64 of each workflow iteration).
In order to be run on the Grid, the workflow must be installed as an application
on the grid node and then to be executed remotely by using the Taverna Command
Line Tool or the Taverna Server.
Taverna is more suitable for designing complex workflows because it offers plenty
of predefined services which can be used or modified. One of the greatest options
in Taverna is that a service could be found and used only by specifying its URL.
OpenMole provides simple and interactive interface which could be very useful for
people that do not have so much experience in designing workflows. Also, the workflow execution on the Grid is much simpler in OpenMole. In OpenMole, only some
basic parameters for the Grid certificate should be inserted, while in Taverna, it is
necessary the workflow to be installed on any Grid node.

3.3
3.3.1

Applying Program Models for Solving Problems in the Scientific Domain
Magnetic Response Properties of Aqueous Aluminum(III) Ion: A Hybrid
Statistical Physics – Quantum Mechanical Approach Implementing the MapReduce Computational Technique

In this part, we make a computation of magnetic properties of aqueous Al3+ ion. To
account for the fluctuating character of the condensed-phase environment, we first
carry out a statistical physics Monte Carlo simulation of Al3+ aqueous solutions,
followed by subsequent quantum mechanical computations of magnetic response
properties of charge-embedded clusters with varying size and complexity. In particular, we address in details the issue of proper representation of the bulk solvent
long-range electrostatic influence on these properties, by the averaged solvent electrostatic configuration (ASEC) approach, which is much simpler and computationally less demanding than the more widely used averaged solvent electrostatic potential (ASEP) methodology. In our particular case, we implement the ASEC computational method using the map-reduce technique, which appears to be extraordinarily
suitable for the computations in question [33].
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MapReduce is a programming model for processing large data sets in parallel.
The map reduce programs consists of finite sequence of rounds, each containing
three phases [62]: Map phase - maps each single key-value pair to the machines
in the run-time system as a new multiset of key-value pairs where each value is a
substring of the original value; Shuffle and Sort phase - sorts and transfers the map
output to the reducers; Reduce phase - computes some function on the data on each
machine (merges all the intermediate values associated with the same key). Apache
Hadoop is an open source software data-processing library used for distributed and
parallel processing of large data sets.
There are total 3000 configurations given in the input file. Each configuration is
defined by 1 atom of Al (described by x, y and z coordinates) and 3000 molecules
of H2 O (each H atom and O atom described by x, y and z coordinates). The goal
is to find the averaged configuration consisting of 1 atom of Al and 3000 molecules
of H2 O. In order to combine the appropriate atoms (for example first oxygen atom
from first configuration with first oxygen atom from the all other configurations), we
enumerate all atoms, thereby adding indexes to them.
We define two additional classes: Composite_key and Atom. The class Atom
implements the interface Writable and it has three instance variables of the type
double: x, y and z. Any key or value type in the Hadoop Map-Reduce framework
implements the interface Writable (or the interface WritableComparable).
The class Composite_key implements the interface WritableComparable and
overrides the three methods: readFields(DataInput in), compareTo(compositekey
o) and write(DataOutput out). There are two instance variables defined in the Composite_key class: index and atom_name. Each key of the < key, value > tuple is an
object of the class Composite_key and each value is an object of the class Atom. The
pseudo code of the map and reduce methods used in our algorithm is given below.
Method Map(LongWritable key, Text value):
// key: input key value: input_value
Composite_key k;
Atom v;
for each line in value:
{
String [] array=line.split(" ");
k=new Composite_key(array[1], array[2]);
v=new Atom (array[3], array[4], array[5]);// x, y and z
EmitIntermidiate(k,v)
};
Method Reduce(Composite_key k, Iterator<Atom> interm_vals):
// k: key interm_vals: intermediate values // list of all values(Atoms) grouped by k
double sumx=0.0, sumy=0.0, sumz=0.0;
Atom result;
for each v in interm_vals:
{
sumx += v.x;
sumy += v.y;
sumz += v.z;
}
result.x=sumx/length(interm_vals);
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result.y=sumy/length(interm_vals);
result.z=sumz/length(interm_vals);
Emit(k, result);
To generate the structure of the Al(III) ion aqueous solution, statistical physics
simulations were carried out by the Monte Carlo (MC) method, applying the Metropolis algorithm. For this purpose, the statistical mechanics code DICE was used [10].
All MC simulations were performed in the isothermal-isobaric (NPT) ensemble, at T
= 298 K, P = 1 atm, using the experimental density of liquid water of 0.9966 g cm−3 at
these conditions. In each MC simulation, a single Al3+ ion was surrounded by 3000
water molecules in a cubic box with side length of approximately 45 Å, imposing
periodic boundary conditions.
Such test calculations have shown that the computed isotropic shielding values
for the central Al(III) species differ significantly from those obtained by the simpler ASEC approach. While the configuration of the remaining part of the solvent
molecules, representing the "bulk" solvent may be safely treated by the elaborated
ASEC approach, the choice of average "first salvation shell" is a rather specific and
non-unique computational task. One approach is to simply average the Cartesian
coordinates of each of the first-shell water molecules for a series of MC-generated
configurations (after appropriate coordinate system transformation if necessary).
Such approach seems to be justified as the solvent molecules residing in the first
hydration shell around the Al3+ ion are rather tightly bound, i.e. they practically
do not interchange with the second-shell waters throughout the simulation. This
can be clearly seen in Fig. 6, where the Al...Ow distance variation for one of the
first-shell waters around Al3+ ion is shown as function of the MC step. However,
such approach has certain ambiguities, that need to be solved in an unique way. A
useful alternative would be to average the orientational parameters of each of the
first shell waters around Al(III), upon suitable coordinate transformation for each
MC-generated configuration.

F IGURE 6: The Al...Ow distance variation for one of the first-shell waters around Al3+ ion as a function of the MC step.

12
3.3.2

Contents
Average Vibrational Potentials of Oscillators in Condensed-matter Environments using Hadoop

The problem of solving the average vibrational potentials of large number of oscillators in various condensed-matter environments (sampled from a statistical physics
simulation) can be placed in the category of problems with large data sets. We make
a distributed and parallel processing of the large data sets needed for the generation of the averaged vibrational potential. It is efficiently performed by using the
MapReduce programming model and Hadoop software library [35].
For example, if one is interested in an anharmonic oscillator embedded in a solid
or liquid, the vibrational potential of the form:
V (r ) = V0 + 1/2k2 r2 + k3 r3 + k4 r4 + k5 r5

(4)

may be computed at n configurations and then the vibrational Schrödinger equation
solved for each particular Vi (r ). In previous equation, r is an appropriately chosen
vibrational coordinate, k2 is the harmonic force constant, while k3 , k4 and k5 are
cubic, quartic and quintic anharmonic force constants respectively.
Alternatively to the averaged configuration or averaged environmental potential
approaches, one can generate an averaged vibrational potential of the form:

< V (r ) >=< V0 > +1/2 < k2 > r2 + < k3 > r3 + < k4 > r4 + < k5 > r5

(5)

(where <> denotes ensemble averaging or averaging over time configurations) and
subsequently solve the vibrational Schrödinger equation for such averaged potential
energy function.
The purpose of the our algorithm is to compute the average vibrational potential
energies for at least 50 C-H stretching oscillators of the CF3 H moiety within the CF3 H
- (CH3 )2 O dimer at B3LYP, HF and MP2 levels of theory. Calculating the average values, in our case the average vibrational potential energies, is a typical map-reduce
problem. Each document that describes the same C-H stretching oscillator in a different environment has two columns, one containing the distances r(C-H) and the
other containing values of molecular potential energies (U). The pseudo code of the
Map and Reduce methods used in our algorithm is given below.
Method Map(String r, String U):
// r: input key r(C-H)
// U: input_value
for each r in all documents:
EmitIntermidiate(r,ParseDouble(U));
Method Reduce(String r, Iterator interm_vals):
// r: key, same as input_key
// interm_vals: intermediate values// list of all U-s group by r
double sum=0,result=0;
for each v in interm_vals:
sum += v;
result=sum/length(interm_vals);
Emit(AsString(result));
The algorithm is implemented in Java and it was performed three times, once for
each level of theory (B3LYP, HF and MP2).
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The main results from the present study are summarized in Fig. 7 a-c. In Fig.
7, the vibrational density-of-states (DOS) histograms generated from the computed
vibrational frequencies of the |0 >→ |1 > C-H stretching vibrational transition are
presented, together with the delta-like function (with dashed lines) representing the
frequency of the |0 >→ |1 > transition obtained for an averaged C-H stretching
potential. In the same figure, also the numerical values of the corresponding frequencies are given.
CF3H - DME

F IGURE 7: Vibrational Density-of-states (DOS) Histograms Generated
from the Computed Vibrational Frequencies together with the Deltalike Function
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Distributed Development of Scientific Applications on Grid

Many of the problems in different scientific areas are usually solved by partitioning
the problem into smaller parts and using grid computing and distributed development approach. The trend of using such a development approach grows parallel
with the need to achieve a successful collaboration and coordination of the activities in an environment that allows high scalability and access to heterogeneous resources.
We are focused on finding the appropriate software engineering practices for
improving the quality of distributed software development, especially grid middleware development. Considering that the grid middleware software is a core for
making successful collaborating in a distributed development environment, the development process should be organized and performed using some standards and
formal principles [30].
One of the biggest problems related to the grid concept is the coordination of
resources which are usually heterogeneous and geographically distributed. Moreover, the resources can belong to different enterprises that have no knowledge of
each other. The grid resources can be managed in different administrative domains
that have dissimilar access and specific security policies. Also, the differences in the
development environments such as processor architectures and operating systems
exist. The resource heterogeneity and dynamism can result in faults and failures.
Transporting the large amount of data across the grid network is risky and it requires
additional effort for establishing a high-bandwidth connection for long periods [11].
The development of the grid middleware software is a challenging problem for
the software engineers because the software should be shared, reused, and extended
by others in the future [41]. To sum up, developing the grid middleware software
requires knowledge about: grid infrastructure, services it provides, used development technologies, standards that must be taken into consideration when coding,
testing, etc. Additionally, the developers must take care of the available resources
and performance of the system.
To improve the quality of the distributed development and the grid, we propose some software engineering practices that meet the problems described in the
previous sections. SE practices can be split into three categories: organization, development, and testing.
The organization part is composed of several activities: organization of the available resources, making development plan, and communication and collaboration
activities. This is an important step in the distributed environment primarily because of the geographically distributed resources and project size and complexity.
One way to improve the organization of the development process is to increase the
communication and collaboration between the participants. Videoconferencing and
online interactions are suitable for establishing successful communication and collaboration.
Software development in a distributed environment requires increased interaction between the developers, documenting every part of the development process,
and integration of software components. Integration of the parts of the software is a
process that needs proper development of each of the parts individually. It is necessary to make templates for the documents, particularly for those where changes of
the source code and software requirements are described. Despite this, the available
resources must be used efficiently and optimally. The resource limits and nonfunctional requirements must be taken into account.
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The grid middleware is the most critical part in the development section where
core services are created to connect applications and hardware resources. After the
development of each component, there must be adequate documentation for its installation and use.
There must be a test plan and test reports must be made after each performed
test. Testing the distributed software requires additional validation activities. It is
recommended tests to be made before the source code is written. In addition, unit
testing must be performed and all requirements should be satisfied. It is necessary
to perform integration testing which will verify the validity of the system as a whole.
After each change of the source code, especially during the development of scientific
software, regression testing must be applied. Testing of the grid middleware software must be made often and in accordance with the testing plan within the project.

3.5

Regression Testing

Taking into account the fact that changes are a common part of a scientific application development process due to the constant changes in requirements and source
code, the need for regression testing is essential [42]. For example, the results obtained from physical experiments can be the reason for making changes in the requirements and application source code.
The main motivation comes from the results obtained from the survey we conducted among 20 scientists in the HP-SEE [31] (High-Performance Computing Infrastructure for South East Europe’s Research Communities) project. The scientific
applications in this project are organized in three scientific research communities:
Computational Physics, Computational Chemistry and Life Sciences. There are total
23 applications.
The purpose is to improve the testing process of scientific applications, especially
the regression testing. The main contribution is that we adapt existing software engineering practices which are used for commercial software development where real
customers exist by making small modifications [34]. The difference between scientific and commercial software testing is in the testing methods. For example, one key
difference is the definition of requirements and inability the both kind of software
to be tested in a same way. Given that in the scientific software development, real
customers do not exist, checking the accuracy of scientific applications is very difficult. Usually, to check whether the software satisfy a requirement, it is necessary to
perform a real experiment [59].
We research the relationship between requirements and tests. In order to show
the current practice of scientists in the project, the next two questions were chosen as the most relevant to these issues. The results to the question about testing
types which scientists performed in the application development process are shown
on Fig. 8. They show that most of the scientists performed integration and functional testing, but only five development teams performed regression testing and
two teams perform recovery testing. Figure 9 presents the results of the question
about linking requirements and tests. The majority of the scientists did not define
requirements or define them in inappropriate form. Therefore, the fact that almost
half of the development teams used to link requirements to tests is questionable.
In order to get more relevant results, we did an interview with a scientist (chemist)
who is experienced in developing scientific applications and he is one of the participants in the HP-SEE project. There are total 12 questions that mostly refer to
requirements changes, test cases and regression testing.
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F IGURE 8: Answers to
the question: "Which
types of testing do you
perform?".

F IGURE 9: Answers
to the question: "Do
you link requirements
to tests that verify
them?".

Some of the main reasons for regression testing are: adding or changing a functionality and bug detection, fixing defects, adding or adapting the existing functionalities or porting the software to different environments [5]. Another reason for
regression testing is refactoring. In [53], authors showed the relationship between
refactoring edits and regression testing by applying a change impact analysis and a
refactoring reconstruction analysis. A good approach is to use the hybrid technique
defined in [64] which combines the modification, minimization and prioritizationbased selection using a list of source code changes and the execution traces from test
cases run on previous versions.
The process of regression testing requires several additional things that must be
done before the process of testing starts. The activity diagram of the steps before
and after the regression testing process when a new functionality should be added
or an existing should be changed is shown on Fig. 10.
Figure 11 presents the steps before and after regression testing when a bug in the
application is found.
The regression testing is an important step of the development process of scientific applications. It mostly depends on the specification of requirements and test
cases. In a case when is not possible to define all requirements at the beginning, a
good practice is to perform the testing in stages (iterations). Moreover, in each iteration the requirements that have been implemented or changed should be tested.
This type of testing helps in reducing the number of errors that occur as a result of a
requirement change or a change in the source code.

3.6

Agile Software Testing

The main reason for adopting the agile development methods during the project lifecycle is to produce higher quality software in less time while reducing development
costs. Agile software development and testing can be easily integrated in a small
project, but the real challenge for organization is to find a suitable testing technology for testing a large scale project. The process of testing during the agile software
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Change Requirment

Find the reasons for bug
Change test_case_ i, ( 1 <= i <=n ), n-number of test
cases and test_case_i is affected by the requirment
change

Make source code corrections
in order to satisfy the new requirement

Make source code corrections
in order to fix the bug

Select the appropriate
test cases for
regression testing

Select the appropriate test cases for
regression testing
(include the changed test cases)

Perform testing
Not
all selected test
cases passed
succesfully

Perform testing

All selected test
cases passed
succesfully

F IGURE 10: An
activity diagram
of
regression
testing
process
when a new functionality is added
or the existing is
changed

Not
all selected test
cases passed
succesfully

All selected test
cases passed
succesfully

F IGURE 11: An
activity diagram
of regression testing process when
a bug is found

development is not unified and it must be adjusted to the project requirements, organization’s policies and team’s ability in order to satisfy the customer’s needs [29].
Here are some steps that can help agile software testing in order to optimize the
process of agile testing:
• Client provides the functional requirements.
• They are reviewed by the Engineering team (Quality Assurance team).
• In the design and implementation phases, user stories are written and they are
reviewed by customer.
• The requirement specification is updated with the new changes.
• When the implementation starts, the test plans, cases and strategies should be
made, documented properly and reviewed by customer team.
• During the implementation, testing team determine if the testing code could
be applied to software code and that decreases the potential errors at the start
of each developing iteration.
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• The process iterates until the software is fully accepted.

Agile testing is a promising direction, so the future testers must be more technically
professional to develop test stubs and drivers that interact with more programming
languages, to work with more complex data sets and to be integrated with agile
teams.

3.7

Change Management and Version Control

To change and improve the current scientific development practices, we also propose
a change management plan template and some version control realization ideas. The
objectives are to emphasize the need and to show the benefits of including software
engineering principles and software tools for version control and change management of the development process. These recommendations will be helpful for the
following reasons: to reduce the number of software bugs; to deal with possible
changes; to have a more detailed view of the software evolution process which is
important; especially when new members will join the team; to provide better organization of the development activities and to increase overall quality of the scientific
applications [28].
The modification of the change management model presented [12] is shown in
Fig. 12.

F IGURE 12: Change management model.

The following modifications are made:
• The steps: "define an interest group" should be removed (no special interest
group exists);
• The step "acceptance testing" should be replaced with "validating the results
using the results obtained from the physical experiment" or if it is not possible

3. Techniques for Modeling and Development of Scientific Applications

19

with "validating the results using theory or universally accepted solutions";
(no real users exist);
In scientific software development ,the need for creating change management
plan is indispensable because changes are an integral part of the application development and they usually occur in unexpected time. We propose the following
structure of the change management plan document:
• Project description. This is the section where the problem that needs to be
solved is explained and also some specifics about its development from logical
and technical points of view are briefly described.
• Glossary. In this part, the terms used in the whole document should be defined. The words used in the scientific domain should also be included. The
Glossary is required mostly for software engineers that will join the development team in the future.
• Change control responsibilities. The responsibilities of the development team
members that are part of the change management process should be specified.
In addition, each member must get specific tasks for different types of changes
such as: persons responsible for change identification, change implementation,
risk identification, writing code status, etc.
• Change management approach. This section describes the process of dealing
with changes, i.e. an approach that should be used to handle each change.
The changes should be divided according to their type. If there are more different types, a certain solution for each change type should be proposed. The
process of dealing with changes should be described in detail, starting from a
change request to their realization. This section must be supplemented constantly when any change is approved and implemented. This information
can be used as an official documentation and that will be useful when new
member joins the development team. The document should contain change
description, change scope, change impact, details about its implementation,
possible risks and state of the code before and after the change for each change
(software version control can be used for getting the data).
• Change description. The description of the change shall be given in this section. The problem that has to be solved by this change should be described in
more details.
• Change scope. The reason for making the current change should be described
and the benefits of that change should be stated.
• Change impact. The change impact must be stated in order to express all the
consequences that arise as a result of the code changing.
• Software status before/after the change implementation. This part should be
used to show the differences between the code segments that are affected by
the current change. If a software version control system is being used, then it
can help the process of showing the code status before and after the change.
• Change implementation. It explains the technical solution of the change problem. This step is especially useful for the software engineers and scientists that
will join the development process later.
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• Risks identification. This part is intended to identify all the risks that can appear as a result of the change implementation. Each of the possible risks should
be described in details. The following information should be written: risk type,
affected code segments, modules or implementation logic and future modifications that might happen.
• Change validation. Software validation is the process of testing. This section
should shortly describe the testing method used to check the functionality of
the system after the change is being implemented and the final results should
also be presented. If the physical experiment is performed, then the conclusion of the comparison between the experimental results and final application
results should be given. The change management plan must be created before the software development starts and it must be gradually upgraded. A
good strategy of dealing with changes allows much more control of the development activities from the beginning and it provides higher quality of the
change management process and the whole scientific application.

4
4.1

Framework for Developing Scientific Applications
Framework Definition

The proposed framework for the development of scientific applications, depicted in
Fig. 13, covers two important aspects of the application development cycle: development model and application quality model.

F IGURE 13: Global view of the framework for the development of
scientific applications.

The software development model is a characterization of the software development process. The model is used as a guide or framework for the organization and
structuring of software development activities. Software development models are
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also used to integrate development tasks and techniques for the use of a set of tools
in software engineering or development environments [56].
Software quality model encompasses a set of attributes that are evaluated by
metrics. To evaluate the quality of the scientific software, at each stage of the development of a scientific application, a set of attributes that affect the quality of that
phase are included. Same attributes can affect quality of different stages of software
development.

4.2

Development Model

Taking into account the characteristics of scientific applications and the characteristics of existing models of software development, a new model for the development
of scientific software is proposed. Most of the existing development models are
designed for commercial applications and in order to adapt them to scientific applications, changes need to be made in some aspects. The reasons for change are based
on several key differences between commercial and scientific applications:
• The results of scientific applications can not always be compared with theoretical conclusions, but they must be confirmed by comparing them to the results
obtained from real physical experiments;
• Scientific applications are designed for a specific scientific community, not for
commercial use. This means that there are no users who can specify the requirements of the software and to evaluate the functionalities of the applications;
• Different understandings and development practices between scientists and
software engineers;
• Bugs in scientific applications can also occur when defining mathematical models [23].
The model takes into account the fact that scientific applications are complex
and extensive applications. According to that, we suggest to develop the application gradually with the identification of smaller units - modules. Modules are often
used in other applications. The functionality of each module should be tested immediately after its implementation because that module can be included in another
module developed later.
Errors in scientific applications can occur in the design stage of the mathematical model and in the phase of code implementation. Therefore, the development
model must provide a return to the previous stages of the development. The proposed model includes features from multiple process models (iterative, incremental,
agile, prototype model), change in the existing phases (different evaluation), and additionally in the development of each module it adds new steps: design of a module,
designing cases for testing prior to implementation the module. The specification of
the system proposed in this model is based on the software specification proposed
by IEEE [9], but is however tailored to the development of scientific applications.
This means that some parts are neglected (for example, user-related parts), and additional parts are added.
The model is shown in Fig. 14. The development of scientific applications begins
with the phase of the description of the scientific problem. From each phase we
can go back to the previous one, except from the integration test phase, in which
if an error is found, we should go back to the global specification stage. The part
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"development module" can be repeated several times depending on the number of
modules to be identified in the application [32].

F IGURE 14: Scientific applications development model.

4.3

Quality Model

The scientific software quality model is defined by selecting a set of attributes that
affect the quality of scientific applications [38]. The attributes selected are those determined to be the most important success factors in scientific application development. Unlike commercial application development, where team management,
profit, client satisfaction, and software correctness have equal roles, the main emphasis in scientific application development is on the correctness of the software.
The purpose of the quality model is to assess the quality of scientific software
through certain metrics that measure the software attributes included in the model.
According to the quality standards IEEE Std. 1061 [17] and ISO Std. 9126 [19],
there is no universal set of attributes that determine the quality of the software. The
selection of the attributes depends on the type of problem and the circumstances
under which the software is being developed.
The model for evaluating the quality of scientific applications includes quality
attributes that can be further broken down into other attributes. At the lowest level,
the model includes metrics that can quantitatively express the selected attributes.
More specifically, at the highest level (first level), the model contains the attribute
"software quality". Next, the second level consists of the attributes important for
measuring the software quality of scientific applications. The attributes of the second level are selected because of their appropriateness in specifying quality objectives for scientific applications. These attributes can be then broken down into other
attributes until specific metrics (quantifiable measurements) are defined. The lowest
level contains only metrics.
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Formally, the dependence among attributes of higher and lower levels can be
represented as follows: Let QA = { A1 , A2 , ..., An } denotes the set of higher level
quality attributes. Each attribute Ai from the set QA can be broken down into other
attributes that belong to the set of lower level attributes for the attribute Ai , QAi =
{ Ai1 , .., Aim }, where m is an integer number.
The model provides an opportunity to select the appropriate attributes important
for measuring the scientific software quality. Additionally, the attributes can be broken down into different metrics that are significant for measuring those attributes.
Each metric or attribute can be weighted differently.
4.3.1

Selection of Quality Attributes and Metrics

Considering the characteristics of scientific applications, the quality model for scientific applications contains the following set of second level attributes: QA =
{ M, P, R} where M refers to maintainability, P denotes portability and R represents
reliability. The definitions of these attributes according to the IEEE Std. 1061 standard are given below:
• Maintainability - refers to the effort required for performing specific changes
to the software. Changes may include bug corrections, software improvements, or adaptation to achieve compliance with the requirements or execution
environment.
• Portability - the ability of the software to be transferred from one environment
to another.
• Reliability - the ability of the software to maintain the level of performance
under stated conditions for a specified period.
Why were these attributes chosen? The selection of these attributes is based on
the characteristics of scientific applications. The main purpose of a scientific application is to efficiently handle large data sets and to calculate the results within the
allowed time and resource limit.
Regarding maintainability, scientific applications should be structured to provide an opportunity for change without enormous effort. Maintainability becomes
a critical factor when bugs must be fixed; the code should be well-structured so that
the programmer knows exactly which software parts are affected when a software
error occurs. Sometimes, changes may be necessary to increase the efficiency of an
application because of limited memory resources and time.
Portability is an important aspect of scientific software quality, as certain parts
of an application may be reused. Occasionally, an entire software solution may be
reused by adding new features, especially when an application is developed in a
s similar scientific domain. The most crucial factor for increasing the portability is
independence of the software modules.
Reliability is critical for scientific applications because simulations may take a
long time, and the software must remain in a stable condition and be error-free as
long as possible.
According to the IEEE Std. 1061 standard, there are also other important quality
attributes, such as functionality, efficiency, and usability. However, these attributes
are not included in the quality model for scientific applications because these attributes are associated with users and, in scientific applications, the end-users are
usually the scientists themselves. Functionality confirms the specific properties and
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functions to meet user requirements. Usability determines the user effort required
to use the software. Efficiency includes utilization of the human factor in the development process but, because scientific applications are usually developed by one
scientist, this factor does not affect the quality of a scientific application.
The quality attributes from the set of second level attributes QA = { M, P, R} can
be further broken down into other attributes or into directly measurable metrics. In
addition, the metrics that measure a certain attribute can be weighted differently,
depending on the requirements of the software system.
Figure 15 shows the selection of attributes and metrics for evaluating scientific
software quality. The yellow rectangles represent the attributes, and the blue rectangles represent metrics.

F IGURE 15: Attributes and Metrics Determining the Scientific Software Quality.
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Calculating the Maintainability Attribute

Maintainability (M) depends on the attributes: analyzability, changeability and testability [19]. According to the ISO 9126-1 standard, analyzability is defined as the ability of the software product to be diagnosed with deficiencies or causes of errors, and
to identify the parts that need to be modified. Changeability is the ability of the
software product to enable a modification. Testability is the ability of the software
product to enable modified software to be validated.
In the proposed quality model, the following two scenarios were explored to
determine the maintainability of scientific software:
1. Software maintainability can be calculated directly by calculating the Maintainability index metric [48].
2. Software maintainability can be calculated by defining attributes that determine maintainability (i.e., analyzability, changeability, and testability) and metrics for measuring these attributes [15].
4.3.2.1 Scenario 1
The Maintainability index metric is defined as follows:
MI = 171 − 5.2 ∗ ln(V ) − 0.23 ∗ ( G ) − 16.2 ∗ ln( LOC )

(6)

where V is Halstead Volume [13], G denotes cyclomatic complexity [45] and LOC is
the count of source lines of code.
According to Halstead, the volume of a source code is calculated as follows:
V = N ∗ log2 (n)

(7)

where N is the total number of operations and operands and n is the number of
different operations and operands found in the source code.
The cyclomatic complexity refers to the control flow graph generated from the
source code. It is used to define the minimum number of module test cases. It is
calculated as follows:
G = E−N+P

(8)

where E is the number of edges in the graph, N is the number of vertices and P is
the number of graph connected components. If the graph is connected, then P = 2.
A simplified variant of this formula is G = D + 1 where D denotes the number of
decision points in the graph.
The derived formula for calculating the Maintainability index designed by Microsoft Visual Studio (version 2008) uses a scale of 0-100 and it has the following
form:
MI = MAX (0, (171 − 5.2 ∗ ln(V ) − 0.23 ∗ ( G ) − 16.2 ∗ ln( LOC )) ∗ 100/171)

(9)

The Maintainability index formula defined by the Institute of Software Engineering has the following form:
MI = 171 − 5.2 ∗ log2 (V ) − 0.23 ∗ G − 16.2 ∗ log2 ( LOC )

(10)

According to the formula implemented in Visual Studio, if the Maintainability index
is less than 10, software maintainability is low, and if the Maintainability index is
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greater than 20, the maintainability is acceptable. According to Coleman et al. [8],
the boundaries are 65 and 85, instead of 10 and 20.
4.3.2.2 Scenario 2
In this scenario, software maintainability is broken down into three attributes: analyzability, changeability, and testability. Analyzability is measured by three metrics:
source code volume, source code duplication and unit size. Changeability is measured by source code duplication and unit complexity metrics. Testability is measured by unit complexity and unit size metrics.
• Source code volume negatively affects the software analyzability. When different programming languages are used, a normalization of language productivity can be made [22]. An example of the source code volume metric is the
number of lines of code with the following rules applied: all the blank lines
and comment lines are removed, and all the lines with less than two characters
are removed. Another option is to calculate MY (man years) and thus to determine the category of the software. The calculation can be done according to
the programming languages producitivity table [22]. This table displays how
many lines of source code (LOC) correspond to function points (FPs), and how
many FPs a programmer can produce monthly using a specific programming
language. Accordingly, if the number of FPs obtained from the code lines is
divided by the number of FPs per programmer multiplied by 12 (for a year),
the result will be a man year (MY). One possible division of categories would
be the following: 0-8 MY, 8-30 MY, 30-80 MY, 80-160 MY, >160 MY, where 0-8
MY is the best result and >160 MY is the worst result [15].
• The complexity of source code logical units adversely affects the changeability
and analyzability of the software system. The complexity of the software units
can be calculated using Eq. 8 defined in the Scenario 1 above. According to
the Institute of Software Engineering [49], there are four risk categories for
cyclomatic complexity of software units: (1-10) - simple, without much risk;
(11-20) - a little complex, moderate risk; (21-50) complex, high risk; and (> 50)
- without the possibility of testing, very high risk. Using this classification, one
can determine the percentage of lines of code for each category.
• The degree of source code duplication (source code cloning) adversely affects
the analyzability and changeability of the software. All the blocks of code with
at least 6 repeated code lines are considered duplicated code. The degree of
source code duplication can be calculated as a percentage of duplicated lines
of code. If this percentage is less than 10%, then the code is acceptable [46] [14].
• The size of the logical units of software negatively affects analyzability and
testability of the software system and, ultimately, the testability of the entire
code. The metric for measuring the size of logical units is the number of lines
of code (LOC) [44] [15].
4.3.3

Calculating the Portability Attribute

Portability of software can be measured by the following metrics: modularity (Mo),
programming language (Pl), assessment of the system architecture (Oa) and the
complexity of the system (Co) [21].
The system modularity metric is represented by the following formula:
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(11)

where Mn is the number of modules in the system and Ms is the average module
size (expressed in LOC) [48] [21].
The assessment of the system architecture metric Oa is calculated as follows: If
an independent platform programming language is used, then the resulting value
is 1. If not, the value is obtained from the following three parameters: how much
the platform-dependent code is separated from the platform-independent code, usage of standardized and widely available application program interfaces (APIs), and
standard models for displaying data and usage of platform-dependent libraries.
Each parameter represents one-third of the final assessment, and the architecture
assessment is valued from 1 to 5 (1 means best) [48] [21].
The value for the programming language (Pl) metric is obtained as follows. If
the programming language is one of the following languages: JavaTM , C, C ++, or
PythonTM , the result is 2. If another high-level programming language is used, the
result is 1 [48] [21].
The complexity of the system metric (Co) is calculated according to the following
formula [21]:
Co = G ∗ 0.5 + Cp ∗ 0.5

(12)

where G is the average unit cyclomatic complexity, and Cp denotes the average module coupling (degree of interdependence between software modules). The module
coupling can be calculated as follows: [52]:
C = 1−

1
d i + 2 ∗ c i + d o + 2 ∗ c o + gd + 2 ∗ gc + w + r

(13)

where di is the number of input data parameters, and ci is the number of input
control parameters. Accordingly, do and co are the numbers for output parameters;
gd denotes the number of global variables that are used as data, and gc is the number
of global variables that are used for control. For a given module, W is the number
of modules called in that module, and r is the number of modules from which the
module is called.
4.3.4

Calculating the Reliability Attribute

According to the American National Standards Institute (ANSI) [55], software reliability is the probability of failure-free software operation for a specified time period
in a specified environment. Thus, we can define the metrics that determine the reliability of the system: mean time to failure (MTTF), mean time between failures
(MTBF), mean time to repair (MTTR), and availability (AVAIL) [25] [24].
Mean time to failure metric (MTTF) is defined as the average time between two
consecutive failures of the software system [51].
Mean time to repair metric (MTTR) is defined as the average time needed to
repair the system after a failure [47].
Mean time between failures (MTBF) is defined as [25]:
MTBF = MTTF + MTTR

(14)
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The availability metrics determines the reliability of the system and can be calculated as:
MTBF
AVAIL =
(15)
MTBF + MTTR

5

Applying the Framework for Development of Scientific Applications in Practice

5.1
5.1.1

Practical Application of the Development Model
Scientific Problem Description

Discrete variable representation (DVR) methods are used in many scientific domains
such as computational physics, chemistry, quantum dynamics, etc. They provide efficient numerical solution for computational quantum mechanical problems. DVRs
provide simplified calculation of Hamiltonian matrix elements which represents the
kinetic energy. In a case of multi-dimensional systems, the calculation of the DVR’s
product is fast because the Hamiltonian matrix is sparse and as a result, operation
of the Hamiltonian on a state vector is fast [43]. The dynamics of the system at the
atomic and molecular levels is described by the Schrödinger equation which is a
partial differential equation. A time independent Schrödinger equation can be represented by the following formula:
HΨ = E · Ψ

(16)

where H is the Hamiltionian operator, E depicts the energy of the given state
state Ψ which represents the quantum system wave function.
The next formula describes the time dependent Schrödinger equation:
∂Ψ
= HΨ
(17)
∂t
where Planck Constant is represented by the h̄ divided by 2π and the partial
derivative with respect to time t is depicted by ∂t∂ .
The DVR method for solving one-dimensional and two-dimensional Schrödinger
equations uses the matrix representation and is based on the truncated standard orthonormal polynomial bases and the corresponding Gaussian quadratures.
The Gaussian quadrature contributes to the DVR method accuracy and efficiency
and gives the most accurate approximation to an integral for a given number of
points and weights [61]. The operators which are local in the coordinate representation, such as the potential energy operator, are calculated approximately by using
Gaussian quadrature accuracy, while the matrix elements of differential operators
are calculated exactly.
i · h̄

5.1.2

Modules Identification

At the beginning, the modules given below were identified. The remaining modules
that were added during the development are shown in Appendix A.
1. Module for multiplication of two square matrices (input - 2 square matrices
and number of rows/columns of the matrix, output - matrix)
2. Module for creating a diagonal matrix (input - array and number of rows/columns of the matrix, output - matrix)
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3. Module for multiplying scalar and square matrix (input - matrix, scalar and
number of rows/columns of the matrix, output - matrix)
4. Module for creating an identity matrix (input - number of rows/columns of
the matrix, output - matrix)
5. Module for addition of two matrices (input - 2 matrices and the number of
rows/columns of the matrix, output - matrix)
6. Module for creating a transposed matrix (input - number of rows/columns of
the matrix, output - matrix)
7. Structure for a row of the input file - data: three numbers
8. Module for reading data from a file - (input - path of the file, output - array of
structures for one row of the input file)
9. Module for sorting rows in a file (input - array of structures for one row of the
input file, output - array of structures for one row of the input file)
10. Module for calculation of eigenvalues (input - matrix and number of rows/columns of the matrix, output - array)
11. Module ("thcheby") to compute arrays of values for x and y, transformation
matrices with a base representation in a finite dimensional space (FBR), (input
- number of points for x values, number of points for y values, the minimum
and maximum values for x and y, the output - array of x values and array of y
values, array of x values in FBR and an array of y values in FBR, transformation
matrices for x and y from FBR to DVR. The y values are only needed to solve
the two-dimensional Schrödinger equation)
12. Module for finding the local minimum of a given function near a given point (Input - point, function, output - local minimum)
13. Interpolation Module (Hooke Method) - (input - starting point, endpoint, maximum value of iteration, output - interpolated value)
14. Module for transforming the input file of points and function values in those
points - (input - file, output - transformed file)
15. Module for solving one and two dimensional Schrödinger equations by using
the discrete variable representation (DVR) (input - 1D or 2D grids of points,
maximum and minimum values of x and y, number of points in discrete variable representation, mass and interpolation functions; output - vibrational wavefunctions and vibrational transition frequencies.
5.1.3

System Design

The application can be run on a single processor machine and any operating system.
It is written in C and for recompiling the code, the user needs a C compiler. For any
possible modifications, only a text editor is needed.
Since the library is generated, the user can only include the library and use all
methods defined. For solving one and two dimensional Schrödinger equations, only
the input parameters should be provided and and the path to the file with data
(values for the potential energy calculated on a two-dimensional grid of points or
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a one-dimensional grid of points read from a file, the number of DVR points, the
minimum and maximum values of x for and y, interpolation and mass functions).
The results are provided to the standard output. In order to generate end execute
the tests we use the framework "CuTest" [20].
When developing an application, the following limitations (non-functional requirements) must be taken into account:
1. The array sorting algorithm complexity must be < O(n2 ).
2. Object memory release should be performed when the object is not used anymore.
5.1.4

Specification of the System Modules

An example of system requirement specification is shown in Table 1.
5.1.5

Module design

To develop the modules of this application there is no need to use certain templates
and programming techniques. Only, for sorting the rows in a file in 9th module, the
quick sort method is used.
5.1.6

Test Cases Design

Creating test cases before coding is useful for identifying the required inputs, expected outputs, and conditions. This is the stage where only text documents are
generated, and later, in the testing phase, they are used to generate and perform
tests. A test case specification example is shown in table 2. After module testing, the
status changes to successful or unsuccessful (PASS/FAIL) [37].
5.1.7

Implementation

Arrays are defined using pointers and, whenever possible, a memory release is
made. Calculation of eigenvalues is made using the GNU Scientific (GSL) library.
The complexity of the algorithm is O (n2 ). Sorting the rows in a file is done using
the quick sort method. Additionally, comments are added into the code that describe
the modules, variables, loops and commands. The variables and methods have clear
names.
The application code is divided into modules. Each module is an independent
part of the code that is implemented by specifying the test cases for the same module.
Concise and descriptive names for variables and methods are used. The goal is to
make the modules to be as independent as possible. Also, a library that can be
included in any other project is created.
5.1.8

Testing

Testing is done using the CuTest system that is designed to write, administer and
perform tests in the programming language C. Testing a test case has been successfully completed if all the requirements and conditions for that test case are met. An
example of a test function is given in Fig. 16.
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TABLE 1: Requirements specification of the module for generating
arrays for x and y values, arrays for x and y values in FBR and transformation matrices for x and y values from FBR to DVR ("thcheby”).

ID

11

Version

1.0

Name

Description

History

5.1.9

Module for generating arrays for x and y values,
arrays for x and y values in FBR and transformation matrices
for x and y values
from FBR to DVR ("thcheby”).
Module has 5 input parameters:
nx (number of x values - integer),
xmin (minimum x value - real),
xmax (maximum x value – real),
ny (number of y values - integer),
ymin (minimum y value - real),
ymax (maximum y value - real).
First, the differences between the maximum
and the minimum value of x (deltax) and appropriate for y (deltay).
Next, the array of x values (ptsx) and array of y values (ptsy)
are generated by calling the functions:
make_array_ptsxy (nx,nx + 1,xmin,deltax) for x values
and make_array_ptsxy (ny,ny + 1,ymin,deltay) for y values.
Then, the elements of array with x values ( f brtx)
and for y values ( f brty) in FBR are generated by calling
the function make_array_ f brtxy(deltax,nx) for x values and
make_array_ f brtxy(deltay,ny) for y values.
Finally, the transformation matrices Tx and Ty are created
by calling the functions makem atrix T xy(nx,nx + 1)
for x values and makem atrix T xy(ny,ny + 1) for y values.
/

Evaluation

Comparison of the results of the performed tests with the results obtained by executing the program code written in Mathematica from the University of Upssala [7] [6]
is made. Also, the approximation of the results is evaluated by increasing the number of basis functions or by increasing the density of the grid. Errors that were found
during the development of a module were corrected immediately and the testing of
that module was repeated. At the end of the development, the status of all test cases
was successful. Non-functional requirements were also taken into account.
5.1.10

Integration Testing

At the end of the development, integration testing was done. Integration testing is
performed through the testing of the DVR2Dv1 module to obtain the solution of the
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TABLE 2: Example of a test case definition - Module for generating
arrays for x and y values, arrays for x and y values in FBR and transformation matrices for x and y values from FBR to DVR (‚‚thcheby”).
ID

11

Name

Generation of the arrays for x and y values, arrays for x and y values in
FBR and transformation matrices of x and y values from FBR to DVR. .

Requirement
ID

11

Preconditions

The number of x and y values must be known (nx and ny )
Minimum and maximum values of x and y must be initialized
(xmin,xmax,ymin,ymax).

Step

Action

Expected results

Calculating the difference
between the maximum and
minimum value of x
Calculating the difference
between the maximum and
minimum value of y

deltax = xmax − xmin
The elements are of type
double
deltay = ymax − ymin
The elements are of type
double
ptsx [i ] = ((i + 1)∗
deltax ∗ 1.0)/(nx + 1)+
xmin
The elements are of type
double
ptsy[i ] = ((i + 1)∗
deltay ∗ 1.0)/(ny + 1)+
ymin
The elements are of type
double
f brtx [i ] = ((Π × (i + 1))
/deltax )2
The elements are of type
double
f brty[i ] = ((Π × (i + 1))
/deltay)2
The elements are of type
double
Tx [i ][ j] = sin((i + 1) × ( j + 1)×
p
2.0/(nx + 1) × Π/(nx + 1))
The elements are of type
double

1

2

3

Generating the elements of
the array ptsx

4

Generating the elements of
the array ptsy

5

Generating the elements of
the array f brtx

6

Generating the elements of
the array f brty

7

Generating the elements
of the matrix Tx

8

Generating the elements
of the matrix Ty

Ty[i ][ j] = sin((i + 1) × ( j + 1)×
p
2.0/(ny + 1) × Π/(ny + 1))

PASS/FAIL
(Status)

Comments

PASS

/

PASS

/

PASS

Results are tested by
testing the module
makea rray p tsxy
(nx,nx + 1,xmin,deltax)

PASS

Results are tested by
testing the module
makea rray p tsxy
(ny,ny + 1,ymin,deltay)

PASS

PASS

Results are tested by
testing the module
makea rray f brtxy(deltax, nx )
Results are tested by
testing the module
makea rray f brtxy(deltay, ny)

PASS

Results are tested by
testing the module
makem atrix T xy(nx, nx + 1)

PASS

Results are tested by
testing the module
makem atrix T xy(ny, ny + 1)
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void T e s t ( CuTest ∗ c u t e s t )
{
s t r u c t r e t u r n _ o b j e c t s r e s u l t =thcheby ( 1 0 , 1 , 5 , 1 0 , 2 , 6 ) ;
double ∗ a c t u a l p t s x = r e s u l t . p t s x ;
double ∗ a c t u a l f b r t x = r e s u l t . f b r t x ;
double ∗∗ a c t u a l T x = r e s u l t . Tx ;
int i , j ;
double ∗ e x p e c t e d p t s x =malloc ( 1 0 ∗ s i z e o f ( double ) ) ;
double ∗ e x p e c t e d f b r t x =malloc ( 1 0 ∗ s i z e o f ( double ) ) ;
double ∗∗ expectedTx=malloc ( 1 0 ∗ s i z e o f ( double ) ) ;
f o r ( i = 0 ; i < 1 0 ; i ++)
{
e x p e c t e d p t s x [ i ] = ( ( i +1) ∗(5 − 1) ∗ 1 . 0 ) /11+1;
e x p e c t e d f b r t x [ i ]= square ( ( ( i +1) ∗M_PI ) /(5 − 1) ) ;
CuAssertTrue ( t c , abs ( e x p e c t e d p t s x [ i ]− a c t u a l p t s x [ i ] )
<0.0000001) ;
CuAssertTrue ( t c , abs ( e x p e c t e d f b r t x [ i ]− a c t u a l f b r t x [ i ] )
<0.0000001) ;
expectedTx [ i ] = malloc ( 1 0 ∗ s i z e o f ( double ) ) ;
f o r ( j = 0 ; j < 1 0 ; j ++)
{
expectedTx [ i ] [ j ]= s q r t ( 2 . 0 / 1 1 ) ∗ s i n ( ( i +1) ∗ ( j +1) ∗
M_PI/11) ;
CuAssertTrue ( t c , abs ( expectedTx [ i ] [ j ]−
actualTx [ i ] [ j ] ) <0.0000001) ;
}
}
}
F IGURE 16: Function for testing the module "thcheby"

Schrödinger equation. All other modules in the application are directly or indirectly
called in this module. The testing method of this module was the same as for the
other modules.
5.1.11

Deployment of the System

After completing the integration testing, a library that can be used in any other software written in the programming language C was created. Methods are available
by calling them with the corresponding input parameters.

5.2

Comparative Analysis of the Quality of Scientific Applications

This subsection shows the practical application of the proposed quality model for
evaluating the quality of scientific software applications.
The evaluation of the quality model was done by quantification of the quality
attributes of two different scientific applications. The quality metrics presented in
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Fig. 15 (blue rectangles) were calculated for both applications. Then, the results for
the metrics and attributes were compared.
As a part of our previous research, we developed two scientific applications:
1. Application for solving one-dimensional and two-dimensional Schrödinger
equations (A1) [39];
2. Application for calculating ECG derived heart rate and respiratory rate (A2)
[40].
Both applications are written in the C programming language. A1 has 1074 lines
of code organized into 48 logical units. A1 was developed according to the proposed
model for the development of scientific applications described in our previous work
[32]. This model adapts software engineering practices to the development process
of scientific applications. The proposed development model is a combination of the
incremental software development model, which combines the waterfall and iterative development model, and the prototype model. The combination of these two
software developments models means that software is developed in increments, but
each increment is a complete elaboration of a single subsystem or function (vertical
prototype). The reason for choosing this combination of incremental and prototyping software development models is the nature of scientific software. Scientific software is complex simulation software developed and running on a high-performance
computer [60]. Our goal is to define a scientific software development model, which
will allow development of software in small, independent units. Additionally, each
of these units needs to be an independent subsystem that can be reused in other
scientific applications from the same or similar scientific domain.
Furthermore, test case design is added before the implementation phase in each
increment. Each increment contains eight phases: Requirements Analysis, System
Design, Test Cases Design, Implementation, Testing and Evaluation. The proposed
development model for scientific software consists of increments followed by integration testing, which is testing of individual software modules as a group, and
deployment of the whole system. The use of this development model results in
specified requirements, modular code, specified test cases, automated tests, and generated documents.
A2 has 1148 LOC organized into 26 logical units. A2 is developed ad hoc, starting
directly from the programming phase. No software engineering practices are used
during the development process.
These applications were chosen due to their ability to prove that the developers
who adopt software engineering practices while creating applications (A1) produce
better results for all measured quality metrics than developers that create software
applications ad hoc (A2).
The data required for the practical evaluation of the model is obtained by analyzing the software applications’ source codes and the software applications performance analysis. To measure the source code metrics, tools are used to inspect the
source code. Details about the software tools used are provided in the next subsections. Some of the metrics were measured manually.
Data analysis was performed by analyzing the results obtained for the same quality metrics for A1 and A2. The metrics results are used for quantification of the quality attributes. They are weighted equally. For example, the changeability attribute
is broken down into two metrics: source code duplication and unit complexity. The
changeability attribute value is an average of both metric values. If some of the metrics affect the attribute negatively, then inverse values of the metrics are taken into
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consideration. Since both metrics inversely affect the changeability, it indicates that
the application with the lower changeability value is more capable of change.
The evaluation of the quality model was done by quantification of the quality
attributes of two different scientific applications. The quality metrics presented in
Fig. 15 (blue rectangles) were calculated for both applications. Then, the results for
the metrics and attributes were compared.
The calculation of software maintainability is made according to the scenarios
defined in the subsection 4.3.2. To calculate the software volume according to Halstead (V) the Halstead Metrics Tool is used [1]. The results of calculating the Maintainability index MI for both applications are shown in Table 3. G denotes the cyclomatic complexity. LOC is the number of lines of code.
TABLE 3: Results for Maintainability Index

A1
A2

LOC
1074
1148

V
27081.28
30496.80

G
160
169

MI
62.05
59.24

Although the maintainability results from A1 are favorable, it is not the most
relevant factor in measuring the quality of a particular application, since the Maintainability index includes LOC directly as a metric.
According to Scenario 2, software maintainability depends on the following attributes: analyzability, changeability, and testability.
The analyzability attribute is evaluated by using the following metrics:
• Volume - represented in MY (man years). The volume of the source code is
calculated according to the tables shown in the programming language tables
published by Jones [22]. Function points (FPs) are calculated when LOC is
divided by 128 because both applications use C as the programming language.
Volume in MYs is obtained when the total FPs are divided by the number of
FPs monthly per programmer, multiplied by 12.
• Code duplication - expressed as a percentage of LOC. To detect the percentage
of duplicated source code blocks, the tool PMD [18] was used;
• Size of software units - average number of code lines per logical software unit.
The results for the analyzability attribute are shown in Table 4. Since all three
metrics inversely affect analyzability, it can be clearly concluded that application A1
had better results. All three metrics are weighted equally.
TABLE 4: Results for Analyzability Attribute

A1
A2

Volume
(MY)
0.08
0.09

Duplicated code
(%)
5.59
17.25

Average unit size
(LOC)
16.48
44.12

Analyzability
7.38
20.48

Software changeability depends on the percentage of duplicate code and on the
average complexity of logical software units. The calculations according to the risk
categories for cyclomatic complexity of software units proposed in section 4.3.2, are
shown in Table 5.
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TABLE 5: Percentage of Source Code According to the Risk Categories
for Cyclomatic Complexity

Module Complexity
1-10
11-20
21-50
>50

A1 ( %)
27.65
25.51
4.19
16.29

A2 (%)
20.12
2.44
9.67
67.68

F IGURE 17: Cyclomatic Complexity of Units

The cyclomatic complexity of units for both applications is shown in Fig. 17. It
should be noted that application A2 has three modules with cyclomatic complexity
greater than 250, which adversely affects the complexity of the entire application.
To calculate the software changeability, the average complexity per unit and percentage of duplicated code are used. Both metrics are weighted equally. The results
for the changeability attribute are shown in Table 6. Since both metrics inversely
affect the changeability, it can be concluded that the application A1 is more capable
of change.
TABLE 6: Results for Changeability Attribute

A1
A2

Duplicated code (%)
5.59
17.25

Average unit complexity
19.02
90.77

Changeability
12.30
54.01

The testability attribute depends on the average unit complexity and the average
unit size. Both metrics are weighted equally. The results for the testability attribute
are shown in Table 7. Since both metrics inversely affect the software testability, it
can be concluded that the software A1 has better results.
TABLE 7: Results for the Testability Attribute

A1
A2

Average unit size
16.48
44.12

Average unit complexity
19.02
90.77

Testability
17.75
67.44

The software portability attribute can be calculated using the following four metrics: modularity, programming language, system architecture and system complexity.
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System modularity depends on the number of software units (modules) and the
average unit size (LOC); it is calculated using equation 11. The number of modules
positively affects the modularity of the system, and the average size of modules can
negatively affect the system. Both metrics are weighted equally. Modularity results
are shown in Table 8. Results show that application A1 is more modular.
TABLE 8: Results for the Modularity Attribute

A1
A2

Average unit size
16.48
44.12

Number of units
48
26

Modularity
24.03
13.011

Since both applications use a programming language that is platform-independent,
the system architecture value is 1. The programming language metric value is 2 for
both applications.
The complexity of the system is calculated according to Eq. 12. The average unit
cyclomatic complexity and the average unit coupling inversely affect the complexity
of the system. Modularity results are presented in Table 9, which shows that the
complexity of application A1 is smaller.
TABLE 9: Results for the System Complexity Attribute

A1
A2

Average unit
complexity
19.02
90.77

Average unit
coupling
0.82
0.77

System complexity
9.92
45.77

Reliability is calculated using the following metrics: mean time to failure (MTTF),
mean time between failures (MTBF), mean time to repair (MTTR), and availability
(AVAIL). Only, the MMTR metric inversely affects the reliability.
Metrics are calculated according to the equations presented in section 4.3.4. Results for the application A1 were measured for an execution time of 173 minutes, and
the results for A2 were measured for an execution time of 172 minutes. The results
are presented in Table 10, which shows that application A1 has better results for all
metrics.
TABLE 10: Results for the Reliability Attribute

A1
A2

MTTF
(minutes)
86
25.37

MTTR
(minutes)
6
14

MTBF
(minutes)
92
39.37

AVAIL
0.94
0.74

Figure 18 shows a comparison of the metrics and attributes that determine scientific application quality for A1 and A2. The values of the metrics are scaled from 0 to
1. In addition, for those metrics or attributes that inversely affect the quality, their reciprocal values are considered. The results show that application A1, which follows
the model for the development of scientific applications proposed in our previous
work [32], had better values for all metrics that determine the quality of scientific
applications.
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F IGURE 18: Comparison of the Quality Metrics Results for Applications A1 and A2

6

Conclusion

This research identifies the problems that scientists face during the development of
scientific applications. The research helped us to identify and recommend software
engineering practices that can be applied in the development of scientific software.
The difference in the development of commercial and scientific software leads to
differences in the concept of quality evaluation. There are still many open questions
about the quality of scientific software, primarily in relation to quality criteria and
practices that need to be applied in that direction.
In order to answer these questions, this doctoral dissertation proposes a framework for the development of scientific applications. The framework covers a development model and a quality model for scientific applications.
The purpose of the proposed development model is to change scientists development practices by paying more attention to those stages of development that are not
practiced by scientists at all and to improve the quality of the process of software development. The proposed model includes features from several process models (iterative, incremental, agile, prototype model), makes changes in the existing phases
(different evaluation) and additionally it adds new steps in the development of each
module: module design, designing test cases before module implementation, etc.
The quality model includes a quantitative evaluation of attributes that are valued at each stage of the development of scientific applications. The quality model
is defined by selecting a set of attributes that affect the quality of scientific applications. For the evaluation of scientific applications, the following main attributes are
selected, which are further represented by other attributes and metrics: maintainability, portability, and reliability. When defining the model for quality of scientific
applications, we take into account the accepted quality standards.
The practical application of the quality framework is shown through two case
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studies: an application for solving a one and two-dimensional Schrödinger equations using the discrete variables representation method, and the other calculates
the heart and respiratory rate from an ECG signal. The first application follows the
proposed model for the development of scientific applications, while the other does
not use a specific model, but it is developed ad hoc. The quality of the applications is
evaluated through a comparative analysis made according to the proposed quality
model.
Using the model for the development of scientific applications proposed in this
dissertation, when developing the application for solving one-dimensional and twodimensional Schrödinger equations with the discrete variables representation method,
results in an application with modular code, specified test cases, automatic testing
and generating quality guarantee documents.
The evaluation of the applications according to the quality model showed that
the application following the proposed development model has better results for all
metrics that determine the quality of scientific software, compared to the application
that does not follow the development model.
In the dissertation, we also applied software engineering practices that can be
adapted to the development of scientific applications. Examples of formal specification of scientific applications using an interval temporal logic, building scientific
workflows with different tools, application of the program model MapReduce for
the development of scientific applications, and distributed development of scientific
applications are shown. In addition, the issues of regression testing and agile software development are also addressed. Additionally, a plan for managing changes
and version control of scientific applications is proposed.
The framework will lead scientists through the development process and it will
help them to change the current development practices. The defined independent
modules can be used also in the development of other applications, especially in the
same scientific research community. It can be concluded that software engineering
practices can also be applied in the development of scientific software, but due to
the existing differences between commercial and scientific applications, appropriate
modifications must be made.
Future research in this area is aimed at improving the development model and
defining a model for predicting errors in scientific applications. The model should
learn from an existing set of scientific applications.
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[14] Hegedűs, G., Hrabovszki, G., Hegedűs, D., Siket, I.: Effect of object oriented
refactorings on testability, error proneness and other maintainability attributes.
In: Proceedings of the 1st Workshop on Testing Object-Oriented Systems, p. 8.
ACM (2010)

42

BIBLIOGRAPHY

[15] Heitlager, I., Kuipers, T., Visser, J.: A practical model for measuring maintainability. In: Quality of Information and Communications Technology, 2007.
QUATIC 2007. 6th International Conference on the, pp. 30–39. IEEE (2007)
[16] Hernández, F., Bangalore, P., Reilly, K.: Automating the development of scientific applications using domain-specific modeling. In: Proceedings of the
second international workshop on Software engineering for high performance
computing system applications, pp. 50–54. ACM, New York, NY, USA (2005)
[17] Iee, E.: IEEE Std 1061-1998. IEEE Standard for a Software Quality Metrics
Methodology (1998)
[18] InfoEther: Pmd duplicate code detector. URL https://pmd.github.io/pmd-5.
4.1/usage/cpd-usage.html
[19] ISO/IEC: ISO/IEC 9126. Software engineering – Product quality. ISO/IEC
(2001)
[20] Jalis, A.: Cutest: C unit testing framework 1.5 (2013) (2016)
[21] Johnson, C., Patel, R., Radcliffe, D., Lee, P., Nguyen, J.: Establishing qualitative software metrics in department of the navy programs. Tech. rep., DTIC
Document (2015)
[22] Jones, C.: Programming languages table, release 8.2. Software Productivity
Research, Burlington, MA (1996)
[23] Kanewala, U., Bieman, J.M.: Testing scientific software: A systematic literature
review. Information and software technology 56(10), 1219–1232 (2014)
[24] Kapur, K.C., Pecht, M.: Reliability engineering. John Wiley & Sons (2014)
[25] Kaur, G., Bahl, K.: Software reliability, metrics, reliability improvement using
agile process. International Journal of Innovative Science, Engineering and
Technology 1(3), 143–7 (2014)
[26] Kelly, D., Sanders, R.: Assessing the quality of scientific software. In: in: First
International Workshop on Software Engineering for Computational Science &
Engineering, http://cs.ua.edu/ SECSE08/Papers/Kelly.pdf, Last accessed 10
April (2016)
[27] Koteska, B., Jakimovski, B., Mishev, A.: Building Scientific Workflows on the
Grid: A Comparison between OpenMole and Taverna. In: RO-LCG 2014 Conference (2014)
[28] Koteska, B., Misev, A.: Change Management and Version Control of Scientific
Applications. International Journal of Computer Science & Information Technology 6(2), 153–161 (2014). DOI 10.5121/ijcsit.2014.6211
[29] Koteska, B., Mishev, A.: Agile Software Testing Technologies in a Large Scale
Project. In: Local Proceedings of the Fifth Balkan Conference in Informatics,
BCI 2012, vol. 920, pp. 121–124. Faculty of Sciences, University of Novi Sad,
Serbia (2012)

BIBLIOGRAPHY

43

[30] Koteska, B., Mishev, A.: A Software Engineering Perspective for Higher Quality Grid Distributed Development. In: Proceedings of the 10th Conference for
Informatics and Information Technology, pp. 247–251. Faculty of Computer Science and Engineering, Skopje, Macedonia (2013)
[31] Koteska, B., Mishev, A.: Software engineering practices and principles to increase quality of scientific applications. In: S. Markovski, M. Gusev (eds.) ICT
Innovations 2012, Advances in Intelligent Systems and Computing, vol. 207, pp.
245–254. Springer Berlin Heidelberg (2013). DOI 10.1007/978-3-642-37169-1_
24. URL http://dx.doi.org/10.1007/978-3-642-37169-1_24
[32] Koteska, B., Mishev, A., Pejov, L.: Framework for Developing Scientific Applications: Solving 1D and 2D Schrödinger Equation by using Discrete Variable
Representation Method. In: Proceedings of the First International Conference
on Advances and Trends in Software Engineering - SOFTENG, pp. 93–99 (2015)
[33] Koteska, B., Mishev, A., Pejov, L.: Magnetic Response Properties of Aqueous
Aluminum (III) Ion: A Hybrid Statistical Physics Quantum Mechanical Approach Implementing the Map-Reduce Computational Technique. In: ICT Innovations 2014, pp. 33–43. Springer (2015)
[34] Koteska, B., Pejov, L., Mishev, A.: Software Engineering Solutions for Improving the Regression Testing Methods in Scientific Applications Development. In:
Proceedings of the 2nd Workshop on Software Quality Analysis, Monitoring,
Improvement, and Applications, SQAMIA 2013, vol. 1053, pp. 53–61. Faculty
of Sciences, University of Novi Sad, Serbia (2013)
[35] Koteska, B., Pejov, L., Mishev, A.: Average Vibrational Potentials of Oscillators
in Condensed-matter Environments using Hadoop. In: Proceedings of the 11th
Conference for Informatics and Information Technology, pp. 311–314. Faculty
of Computer Science and Engineering, Skopje, Macedonia (2014)
[36] Koteska, B., Pejov, L., Mishev, A.: Formal Specification of Scientific Applications
Using Interval Temporal Logic. In: Proceedings of the 3rd Workshop on Software Quality Analysis, Monitoring, Improvement, and Applications, SQAMIA
2014, vol. 1266, pp. 29–37. Faculty of Sciences, University of Novi Sad, Serbia
(2014)
[37] Koteska, B., Pejov, L., Mishev, A.: Scientific Software Testing: A Practical Example. In: Proceedings of the 4th Workshop on Software Quality Analysis, Monitoring, Improvement, and Applications, SQAMIA 2015, vol. 1375, pp. 27–34.
Faculty of Sciences, University of Novi Sad, Serbia (2015)
[38] Koteska, B., Pejov, L., Mishev, A.: Quantitative measurement of scientific software quality: Definition of a novel quality model. International Journal of Software Engineering and Knowledge Engineering pp. accepted, 2016 JCR Impact
Factor 0.299 (2018)
[39] Koteska, Bojana:
Program for solving 2D Schrödinger
https://code.vi-seem.eu/bojana.koteska/2DSchrodingerEq

equation.

[40] Koteska, Bojana and Simjanoska, Monika: ECG derived vital parameters.
https://github.com/bojanakoteska/ ECG-derived-vital-parameters

44

BIBLIOGRAPHY

[41] von Laszewski, G., Amin, K.: Grid middleware. Middleware for Communications p. 109 (2004)
[42] Letondal, C., Zdun, U.: Anticipating scientific software evolution as a combined technological and design approach. In: in Second International Workshop on Unanticipated Software Evolution (USE2003, pp. 1–15 (2003)
[43] Light, J.C., Carrington Jr, T.: Discrete-variable representations and their utilization. Advances in Chemical Physics 114, 263–310 (2000)
[44] Manoharan, T.: Metrics tool for software development life cycle. vol 2, 1–16
(2014)
[45] McCabe, T.J.: A complexity measure. IEEE Transactions on software Engineering (4), 308–320 (1976)
[46] Mguni, K., Ayalew, Y.: An assessment of maintainability of an aspect-oriented
system. ISRN Software Engineering 2013 (2013)
[47] MICHLOWICZ, E.: Tpm method in the analysis of flow in the cold rolling mill.
In: Conference proceedings 22nd International Conference on Metallurgy and
Materials METAL, pp. 291–296 (2013)
[48] Oman, P., Hagemeister, J.: Metrics for assessing a software system’s maintainability. In: Software Maintenance, 1992. Proceerdings., Conference on, pp. 337–
344. IEEE (1992)
[49] O’Regan, G.: Software engineering institute (sei). In: Pillars of Computing, pp.
195–205. Springer (2015)
[50] Post, D.E., Kendall, R.P.: Software project management and quality engineering
practices for complex, coupled multiphysics, massively parallel computational
simulations: Lessons learned from asci. International Journal of High Performance Computing Applications 18(4), 399–416 (2004)
[51] Prakash, S., Vidyarthi, D.P.: Maximizing availability for task scheduling in computational grid using genetic algorithm. Concurrency and Computation: Practice and Experience 27(1), 193–210 (2015)
[52] Pressman, R.S.: Software engineering: a practitioner’s approach. Palgrave
Macmillan (2005)
[53] Rachatasumrit, N., Kim, M.: An empirical investigation into the impact of refactoring on regression testing. In: Software Maintenance (ICSM), 2012 28th IEEE
International Conference on, pp. 357–366. IEEE (2012)
[54] Roy, C.: Practical software engineering strategies for scientific computing. In:
Proceedings of the 19th AIAA Computational Fluid Dynamics Conference, pp.
1473–1485. Curran Associates, Inc, Red Hook, NY, USA (2009)
[55] Saunders, M.H.: American national standards institute. Ph.D. thesis, National
Institute of Standards and Technology (2017)
[56] Scacchi, W.: Process models in software engineering. Encyclopedia of software
engineering (2001)

BIBLIOGRAPHY

45

[57] Segal, J.: Models of scientific software development. In: First International
Workshop on Software Engineering for Computational Science and Engineering (2008)
[58] Segal, J.: Models of scientific software development. In: Proc. 2008 Workshop
Software Eng. in Computational Science and Eng. (2008)
[59] Segal, J.: Scientists and software engineers: A tale of two cultures. In: Proceedings of the Psychology of Programming Interest Group, pp. 44–51. University
of Lancaster, UK (2008)
[60] Segal, J., Morris, C.: Developing scientific software. IEEE Software 25(4), 18–20
(2008)
[61] Szalay, V., Czakó, G., Nagy, A., Furtenbacher, T., Császár, A.G.: On onedimensional discrete variable representations with general basis functions. The
Journal of chemical physics 119(20), 10,512–10,518 (2003)
[62] White, T.: Hadoop: The Definitive Guide, 1st edn. O’Reilly Media, Inc. (2009)
[63] Wilson, G., Aruliah, D., Brown, C.T., Hong, N.P.C., Davis, M., Guy, R.T., Haddock, S.H., Huff, K.D., Mitchell, I.M., Plumbley, M.D., et al.: Best practices for
scientific computing. PLoS Biol 12(1), e1001,745 (2014)
[64] Wong, W.E., Horgan, J.R., London, S., Agrawal, H.: A study of effective regression testing in practice. In: Software Reliability Engineering, 1997. Proceedings.,
The Eighth International Symposium on, pp. 264–274. IEEE (1997)
[65] Zhao, Y., Raicu, I., Foster, I.: Scientific workflow systems for 21st century, new
bottle or new wine? In: Proceedings of the 2008 IEEE Congress on Services
- Part I, SERVICES ’08, pp. 467–471. IEEE Computer Society, Washington, DC,
USA (2008). DOI 10.1109/SERVICES-1.2008.79. URL http://dx.doi.org/10.
1109/SERVICES-1.2008.79
[66] Ziff Davis Publishing Holdings, I.: Pc magazine (1995). URL http://www.
pcmag.com/encyclopedia/term/50872/scientific-application

46

BIBLIOGRAPHY

Appendix
TABLE 11: Evaluation of the Metrics for Application A2

module

complexity

LOC

void diff
double skip_to_last_equal_value
void do_vectors
static void findLocalMaxima
static void parse_inputs
void findpeaks
void b_emxInit_real_T
void emxEnsureCapacity
void emxFree_boolean_T
void emxFree_int32_T
void emxFree_real_T
void emxInit_boolean_T
void emxInit_int32_T
void emxInit_real_T
void HRRRshort_initialize
void HRRRshort
double nanmean
void rt_InitInfAndNaN
boolean_T rtIsInf
boolean_T rtIsNaN
real_T rtGetInf
real32_T rtGetInfF
real_T rtGetMinusInf
real32_T rtGetMinusInfF
real_T rtGetNaN
real32_T rtGetNaNF

27
14
166
339
36
789
2
7
3
3
3
2
2
2
23
888
7
22
2
2
5
1
4
1
7
3

37
28
155
285
64
238
11
21
7
7
7
12
12
12
2
99
18
8
2
6
31
4
31
4
31
15

input
parameters
1
2
5
3
6
2
3
3
1
1
1
2
2
2
0
4
1
1
1
1
0
0
0
0
0
0
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TABLE 12: Evaluation of the Metrics for Application A2

module
void diff
double skip_to_last_equal_value
void do_vectors
static void findLocalMaxima
static void parse_inputs
void findpeaks
void b_emxInit_real_T
void emxEnsureCapacity
void emxFree_boolean_T
void emxFree_int32_T
void emxFree_real_T
void emxInit_boolean_T
void emxInit_int32_T
void emxInit_real_T
void HRRRshort_initialize
void HRRRshort
double nanmean
void rt_InitInfAndNaN
boolean_T rtIsInf
boolean_T rtIsNaN
real_T rtGetInf
real32_T rtGetInfF
real_T rtGetMinusInf
real32_T rtGetMinusInfF
real_T rtGetNaN
real32_T rtGetNaNF

output
parameters
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
1
1
1
1
1
1
1
1

global
variables
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
6
2
0
0
0
0
0
0
1

modules
called
1
2
8
9
3
13
0
0
0
0
0
0
0
0
1
7
1
6
0
0
1
0
1
0
1
0
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TABLE 13: Evaluation of the Metrics for Application A2

module
void diff
double skip_to_last_equal_value
void do_vectors
static void findLocalMaxima
static void parse_inputs
void findpeaks
void b_emxInit_real_T
void emxEnsureCapacity
void emxFree_boolean_T
void emxFree_int32_T
void emxFree_real_T
void emxInit_boolean_T
void emxInit_int32_T
void emxInit_real_T
void HRRRshort_initialize
void HRRRshort
double nanmean
void rt_InitInfAndNaN
boolean_T rtIsInf
boolean_T rtIsNaN
real_T rtGetInf
real32_T rtGetInfF
real_T rtGetMinusInf
real32_T rtGetMinusInfF
real_T rtGetNaN
real32_T rtGetNaNF

called
in modules
1
1
1
1
1
1
4
6
2
3
6
2
2
9
0
0
1
1
3
6
1
2
1
2
1
2

coupling
0.666666667
0.833333333
0.928571429
0.923076923
0.9
0.9375
0.857142857
0.888888889
0.666666667
0.75
0.857142857
0.75
0.75
0.909090909
0
0.909090909
0.8
0.928571429
0.857142857
0.875
0.666666667
0.666666667
0.666666667
0.666666667
0.666666667
0.75

BIBLIOGRAPHY

49

TABLE 14: Evaluation of the Metrics for Application A1

module

complexity

LOC

double * make_array_ptsxy
double * make_array_fbrtxy
double** make_matrix_Txy
struct return_objects thcheby
print_n_elements_from_array
double** transpose_matrix
double** diagonal_matrix
double** matrix_multiplication
double* divide_vector_number
double **multiple_element_matrix
double **identity_matrix
double ***array_matrices_multiply
double **matrix_addition
double ***array_matrices_add
struct file_plus_rows return_data_file
void swap_el
int compare_file_row
struct file_plus_rows sortarray
double *get_eigenvalues
double f
double best_nearby
int hooke
double ** interpolation
double * prepare_PES_array
void DVR2Dv1
gsl_eigen_symmv_sort
gsl_eigen_symmv_alloc
gsl_eigen_symmv_free
gsl_eigen_symmv
gsl_linalg_symmtd_decomp
gsl_linalg_symmtd_unpack
gsl_blas_dsyr2
gsl_blas_daxpy
gsl_blas_ddot
gsl_linalg_householder_transform
gsl_blas_dnrm2
cblas_dnrm2
gsl_blas_dscal
cblas_dscal
gsl_linalg_householder_hm
chop_small_elements
qrstep
gsl_blas_dsymv
cblas_dsymv
cblas_dsyr2
cblas_ddot
create_givens
cblas_daxpy

2
2
4
17
2
5
5
5
2
4
5
15
4
16
2
1
6
31
143
4
14
19
7
199
107
12
7
1
117
62
21
4
3
3
12
2
1
2
1
12
3
18
4
1
1
1
3
1

6
6
9
25
5
12
12
11
6
9
12
13
9
9
16
4
8
17
28
25
24
55
34
50
19
37
21
7
52
26
28
9
6
6
22
2
4
2
4
26
9
63
9
4
4
8
14
4

input
parameters
4
2
2
6
3
2
2
3
3
3
1
2
3
0
1
4
6
4
2
4
6
8
4
0
7
3
1
1
4
2
5
5
3
3
1
1
3
2
4
3
3
5
6
12
10
5
4
6
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TABLE 15: Evaluation of the Metrics for Application A1

module
double * make_array_ptsxy
double * make_array_fbrtxy
double** make_matrix_Txy
struct return_objects thcheby
print_n_elements_from_array
double** transpose_matrix
double** diagonal_matrix
double** matrix_multiplication
double* divide_vector_number
double **multiple_element_matrix
double **identity_matrix
double ***array_matrices_multiply
double **matrix_addition
double ***array_matrices_add
struct file_plus_rows return_data_file
void swap_el
int compare_file_row
struct file_plus_rows sortarray
double *get_eigenvalues
double f
double best_nearby
int hooke
double ** interpolation
double * prepare_PES_array
void DVR2Dv1
gsl_eigen_symmv_sort
gsl_eigen_symmv_alloc
gsl_eigen_symmv_free
gsl_eigen_symmv
gsl_linalg_symmtd_decomp
gsl_linalg_symmtd_unpack
gsl_blas_dsyr2
gsl_blas_daxpy
gsl_blas_ddot
gsl_linalg_householder_transform
gsl_blas_dnrm2
cblas_dnrm2
gsl_blas_dscal
cblas_dscal
gsl_linalg_householder_hm
chop_small_elements
qrstep
gsl_blas_dsymv
cblas_dsymv
cblas_dsyr2
cblas_ddot
create_givens
cblas_daxpy

output
parameters
1
1
1
6
0
1
1
1
1
1
1
1
1
1
2
0
1
2
1
1
1
1
1
1
0
1
1
0
1
1
1
1
1
1
1
1
1
0
0
1
0
0
1
0
0
1
0
0

global
variables
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

modules
called
0
0
0
3
0
0
0
0
0
0
0
2
0
2
0
0
0
3
4
0
1
1
0
5
9
3
0
0
4
5
1
1
1
1
2
1
0
1
0
2
0
1
1
0
0
0
0
0
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TABLE 16: Evaluation of the Metrics for Application A1

module
double * make_array_ptsxy
double * make_array_fbrtxy
double** make_matrix_Txy
struct return_objects thcheby
print_n_elements_from_array
double** transpose_matrix
double** diagonal_matrix
double** matrix_multiplication
double* divide_vector_number
double **multiple_element_matrix
double **identity_matrix
double ***array_matrices_multiply
double **matrix_addition
double ***array_matrices_add
struct file_plus_rows return_data_file
void swap_el
int compare_file_row
struct file_plus_rows sortarray
double *get_eigenvalues
double f
double best_nearby
int hooke
double ** interpolation
double * prepare_PES_array
void DVR2Dv1
gsl_eigen_symmv_sort
gsl_eigen_symmv_alloc
gsl_eigen_symmv_free
gsl_eigen_symmv
gsl_linalg_symmtd_decomp
gsl_linalg_symmtd_unpack
gsl_blas_dsyr2
gsl_blas_daxpy
gsl_blas_ddot
gsl_linalg_householder_transform
gsl_blas_dnrm2
cblas_dnrm2
gsl_blas_dscal
cblas_dscal
gsl_linalg_householder_hm
chop_small_elements
qrstep
gsl_blas_dsymv
cblas_dsymv
cblas_dsyr2
cblas_ddot
create_givens
cblas_daxpy

called
in modules
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
2
1
2
1
1
1
1
1
1
1
1
1
1
1
1
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1

coupling
0.833333333
0.75
0.75
0.9375
0.75
0.75
0.8
0.8
0.8
0.8
0.666666667
0.833333333
0.8
0.75
0.75
0.8
0.875
0.909090909
0.875
0.875
0.888888889
0.909090909
0.833333333
0.875
0.941176471
0.875
0.666666667
0.5
0.9
0.888888889
0.875
0.875
0.857142857
0.857142857
0.8
0.75
0.8
0.75
0.8
0.857142857
0.75
0.857142857
0.888888889
0.923076923
0.909090909
0.857142857
0.8
0.857142857

