DESIGN OF INTERVENTIONS
FOR
INSTRUCTIONAL REFORM
IN
SOFTWARE DEVELIOPMENT EDUCATION
FOR
COMPETENCY ENHANCEMENT

1. Introduction

For the last four decades the demand of software developers has been increasing at an
accelerated rate. This growth has led to an era where fresh graduates of computer science related
disciplines are easily absorbed in the industry. Indeed, to satisfy the growing demand for
software, very large volumes of engineers from other engineering disciplines are also absorbed
as well. With the advent of the Internet, it has become possible to outsource software
development tasks to remote sites, making India an attractive destination, both technically as

well as financially. This has resulted in an exponential increase in the demand of software

developers in India, especially in the last decade. It has become a challenging opportunity for
Indian academic institutions to provide an adequate pool of software professionals of desired

quality to the exponentially growing Indian software industry.

To meet this challenge, the Indian academic institutions have been able to expand fast and

satisfy the industry need of software professionals_guantitatively. However, the quality of ‘'most

of* the professionals they generate is below the desired industry standard. The software industry

associations, as well as the academic regulatory bodies, have repeatedly shown their concern
emphatically about the sub-standard quality of 'the majority of' fresh software professionals
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[1][2]. Most of the software houses spend around six months to one year in their post-induction,
in-house software development education and training. It clearly indicates that there is a
significant gap in what technical education the academic institutions give to their software
graduates, and what technical competencies the industry expects in them. A competence

mismatch exists between academic technical offering and software industry employability.

This thesis attempts to contribute towards bridging this competence mismatch by providing
ideas for instructional reforms in computing education with special reference to software
development. For this purpose, it first attempts to identify critical and necessary competencies
for software developers from various approaches, consolidates them in the form of a three
dimensional taxonomy, and later elaborates following five main types of interventions for
reforming the instruction in computing education.

1. Inquiry teaching

2. Project-inclusive teaching

3. Multilevel infusion

4.  Integrative courses

5. Group and Community learning
All these interventions have been administered in some chosen set of computing courses. Some new
courses have also been developed in the process. Investigations related to curricular aspects like
specific programming languages, methodologies, or formalism are not included within the scope

of this work.

Research processes included a wide-ranging survey of published literature in diverse areas of
Software development, Computer Science & IT Education, Engineering education, Professional
and higher education, Learning Theories, Instruction Design, and Human Development.
However, only a small subset of the most relevant references has been included in the synopsis.
More work is included in the thesis. Research also included study of a large number of
comments written by professional software developers about contemporary issues related to
software development processes, required competencies, endorsements etc. in various
professional forums. More than three hundred professionals of more than sixty organizations

have been consulted and/or surveyed on various issues. More than one thousand undergraduate
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computing students and more than one hundred faculty members have also been surveyed on
selected issues.

2. ldentification of Pivotal & Critical Competencies for Software Engineers

Study Report on Critical Competencies for Engineers — with specific reference to Software
Engineering
We first explore various studies related with the core competencies required for general

engineering graduates and come up with the set of general engineering competencies normally

accepted among the researchers [3]. With this set of competencies as a starting point, we do an
extensive survey among software engineering practitioners, mainly to find out which subset of
engineering competencies are more important for the software engineering graduates. After

analyzing the survey data [4], it was found that the identified critical competencies for general

engineering graduates were also required by software engineers, but there were major

difference in their order of importance.

In this competency subset, called critical engineering competencies for software, problem
solving was identified as the pivotal competence for software graduates. Analysis/methodological
skills and basic engineering proficiency were identified as the two highest rated competencies.
Development know-how, teamwork skills, English language skills, presentation skills, practical
engineering experience, leadership skills, and communication skills are seven other

competencies considered critical by the industry. Thus, a total of nine competencies are

categorized as critical for software engineers in the context of the Indian IT industry.

Necessary Competencies as Educational Outcomes for Software Engineers: Study Report

on Accreditation Boards and Professional Societies’ Approaches

Subsequently, an extensive study was done of accreditation boards of countries that are major

players in IT industry, viz., USA, UK, Japan, Australia, and Singapore [5]. It was found that they
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have transformed their accreditation process from resource-based approach to outcome-based
approach, and they have stressed outcome in terms of competencies. The necessary competencies

common among these boards are: ability to apply knowledge, design skills, problem solving
skills, technical competence, ability to work in multi-disciplinary teams, sensitivity to ethical and

professional issues, and readiness to lifelong learning. The major international professional

societies like the IEEE and ACM, and Indian National Academy of Engineers have identified a
few additional competencies, such as system level perspective, analytical skills, critical and
creative thinking, as necessary as well. The importance of some of these competencies was not

examined in the earlier ranking studies [3][4].

Different competencies do not have sharp boundaries to differentiate one from another, nor does
there exist unanimity in naming them. As these required critical competencies are to be achieved

through the academic process, to visualize the acquisition of these competencies, the author

approached them from two distinct perspectives: levels of cognition and dimensions of learning.

Acquisition of Competencies and Level of Cognition

Bloom’s taxonomy [6], which is well accepted among researchers [7][8], classifies six major
levels of cognition, in a hierarchical order, that can be achieved through an education process.
The six cognitive levels, beginning with simplest, with increase in level of complexity, are:

Knowledge, Comprehension, Application, Analysis, Synthesis, and Evaluation.

The ‘Knowledge’ cognitive level exhibits recall of previously learned materials, such as facts,
terms, basic concepts, and answers. ‘Comprehension’ is identified as understanding of facts and
ideas, by comparing, translating, interpreting, and organizing them. *‘Application’ is about
solving problems by applying acquired knowledge, techniques, rules, and abstractions in an

unprompted way.
‘Analysis’ represents the act of examining and decomposing information into parts by

identifying reasons or causes; making inferences and finding evidence to support generalizations.

‘Synthesis’ aims at integrating information in different ways by composing elements in new
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patterns, or proposing alternative composition. ‘Evaluation’ is about presenting and defending
opinions by making judgments about information, validity of ideas, or quality of work based on a

set of criteria.

While the first three levels are part of basic cognition activities, the next three levels are
considered to represent higher-level cognitive activities that require and develop mental faculties

of critical thinking, creativity, and innovative problem solving.

Using Bloom’s taxonomy as the basis for an empirical investigation, a study [9][10] was done
which indicated that the present academic process of teaching-learning-evaluation process,
mostly engages students at the lower three levels of cognition only. The Indian Accreditation
Board, in complete variance with other international accreditation boards, follows the traditional
resource-based approach for accreditation, and gives stress only on content-based curricula for
education. It neither defines competencies as learning outcome, nor demands re-orientation of
the academic process for outcome-based approach. The present academic process does not

engage students in the three higher levels of cognition, resulting in deficiency of many critical

competencies among them [10].

This study indicates that there is an urgent need to transform the academic process from content-

based curricula to_process-based curricula, and to upgrade the students’_engagement to the

higher levels of cognition. Only then is it possible_to develop the required critical competencies

among students.

Acquisition of Competencies and its relation with the Dimensions of Learning

Dimensions of learning [11] is a comprehensive model for learning and the learning process. It

groups the various learning outcomes in the following five dimensions:
Dimension 1: Attitudes and Perceptions,

Dimension 2: Acquire and Integrate Knowledge,

Dimension 3: Extend and Refine Knowledge,
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Dimension 4: Use Knowledge Meaningfully, and
Dimension 5: Productive Habits of Mind.

As per this model, all learning takes place in the backdrop of the learner’s attitudes and
perceptions (Dimension 1), and the usage of productive habits of mind (Dimension 5). This
means that when a learner extends and refines knowledge (Dimension 3), he continues to acquire
and integrate knowledge (Dimension 1), and when he uses knowledge meaningfully (Dimension
4) he continues to acquire and extend his knowledge. In other words, Dimensions 2, 3, and 4
represent different aspects of knowledge learning in three hierarchical levels. As there are no
orthogonal relations among them, in this discourse, they are merged into one. The new merged

dimension can be viewed as having three internal hierarchical sub-levels. Further, we also

include values as integral to the first dimension. Consequently, we assert that, in essence, there

are only three orthogonal, non-overlapping dimensions of learning. They are:

Dimension 1: Attitudes and Perceptions, and Values,
Dimension 2: Productive Habits of Mind, and

Dimension 3: Acquisition, Integration, Extension, and Meaningful Usage of Knowledge.

Learners’ attitudes, perceptions, and values about the purpose of learning, as well as roles of
teacher, self, and peers determine their motivation, and very significantly influence depth and
performance of their learning. Productive habits of mind - critical thinking, creative thinking, and

self regulation facilitate their learning process.

The set of critical competencies (for software engineers) that were studied and identified
(starting with the set of competencies for general engineers) earlier were mapped in these three
dimensions of learning [5]. It was surprising to find that most of the required critical
competencies fall under Dimension 3, the other two dimensions were not sufficiently addressed.

Even in Dimension 3, only the acquisition and integration of knowledge is addressed, the higher

two sub-levels, extension and meaningful usage of knowledge, are also not sufficiently

addressed.
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In other words, the commonly prevailing academic process does not directly help the students to
develop those competencies that are outcomes of learning in Dimensions 1 and 2, and also that

of the two higher levels of Dimension 3!

The Competency Mismatch: The Uncovered Required Critical Competencies

The above conclusion prompted us to conduct an extensive survey, based on the taxonomy of the
proposed three dimensions of learning (encompassing thirty five types of competencies), to find
out those critical competencies that represent the uncovered dimensions of learning. The survey
covered - (i) large companies engaged in software services, (ii) large and mid-size companies
engaged in product development, and (iii) small size companies involved in product

development. The findings of the survey are most revealing, and are as follows:

For the Software Services Industry, the ranked list of top competencies recommended were: (i)

ability to work in team, (ii) abilities related to perseverance, commitment and hard work, and

(iii) listening skills. Interestingly, all these competencies can be achieved as outcomes of learning

Dimension 1, usually not covered by the present academic process.

For large and mid-size IT Product Development Industry, the required pivotal/critical
competencies were: (i) ability to work in teams, (ii) ability to apply knowledge, (iii) abilities
related to perseverance, commitment and hard work, (iv) accountability and responsibility, (v)
analytical skills, (vi) problem solving skills, and (vii) research skills. Here again, all these

competencies can be achieved as outcomes of learning Dimensions 1 and 2, that are usually not

covered by present academic process.

For small size IT Product Development Industry, the required pivotal/critical competencies
comprise of all that are required for a large product company (with some minor change in their
ranks), along with a few additional critical competencies: (i) attention to detail, (ii) readiness for

lifelong learning, (iii) quality consciousness and pursuit of excellence.
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It clearly indicates the gap which needs to be filled. The goal must be to address the learning of

Dimensions 1 and 2, and also the higher level of Dimension 3. It is also imperative to

understand that these learning outcomes can be achieved mostly through changes in academic

process, and also inclusion of a few additional courses, so that all required changes in the

academic process can be facilitated.

3. Distinguishing Features of Software Development

As our study and investigations showed, most of competencies required for general engineering
are also required for software engineering, but the latter does require additional competencies

that are critical for their profession. This prompted us to investigate the distinguishing features of

software development, so that we would be able to propose what types of instructional reforms

would result in addressing the competency mismatch. It would also help formulate what changes

in curricula (deletion / modification / addition of courses) would be necessary to facilitate the
changes.

Programming as an Art to Software Engineering

In the initial days, programs were mostly written by individuals, and the programming tasks were
handled more like an art. A set of mathematical and algorithmic courses formed the major
portion of computing education.

As the programs started handling more complex tasks of various applications, their size
increased. Large programs need modifications and enhancements throughout the period of their
active use. The development and maintenance of large programs is no more an individual effort,
but a team work which requires disciplined engineering processes with systematic
documentation of activities of analysis, design, coding, testing, deployment, and maintenance.
This is a qualitative jump in the software development process, and by the mid 80s various
courses covering different aspects of Software Engineering became an integral part of computing

education. Software development evolved out of a mathematical art to an engineering activity for
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handling complex tasks. Similar to other engineering activities, problem solving and technical

competence would be the key critical competencies required for software engineering.

Software as Integral Part of Business, and Need for Comprehension for Software

Maintenance

The engineering approach to software development, coupled with continuous exponential
advancement in computer hardware technology, brought higher level confidence among its users,
and they started to look at this integrated field as ‘information technology’. Software has now
become an integral part of business processes of a large number of organizations. Today, any
development of business/application software must presume that the developed software would
go through repeated changes. To satisfy their clients by the quality of their service, the software
professionals must be capable of comprehending the existing client software, and then perform

the required modifications/enhancements as per their evolving requirements.

The ability to comprehend an existing software is one of the most basic and important ability
required by the software industry. This is presently not at all addressed by computing educational

curricula. Therefore, software developers need to develop the ability to comprehend the software

developed by others, and also write software that can be easily comprehended by other

developers. Increasing dependence on large amounts of Free and Open Source Software (FOSS)

makes it even more crucial.

Software Design: Social Sensitivity and Empathy

Software development in many ways is all about people — users, customers, developers,
managers [12]. Designs that are suitable for a context are not necessarily as suitable for other
contexts. Software developers need to understand users’ requirements from multiple
perspectives. The software developers’ main concern has been gradually shifting from making
“inexpensive” software to “quality” software to “appropriate” software. Thus, social sensitivity

and empathy are the critical competencies required for development of appropriate and quality
software. Development of social sensitivity is not to be taken at the periphery, but at the core of

the software developers’ education program.
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Software Engineering: Process Centric System Development and Maintenance

The term ‘engineering’ in the context of software development refers to having a systems
approach to problem solving, and also following a disciplined process centric/oriented
approach for assuring the quality of the deliverable software system, and their maintenance and
evolution throughout their life cycle. The approach of traditional engineering education mostly
does not pay much attention to user interaction and evolution, and hence is not suitable for
software. The various aspects of the system development process mainly deals with human
processes and engineering management processes. Consequently, it is imperative for software
developers to develop the competencies of process centric system approach and continuous

evolution.

Software Contract: Project Scoping and Estimation

Usually the software projects are based on contracts between the clients and vendors of software
services. Earlier, in most of the on-shore projects, the clients were charged on the basis of
manpower engagements. The software industry is now ready to take up software contract on
fixed cost basis. Project scoping and estimation are the two most challenging tasks of the
software development process, which are not adequately covered by current computing

educational curricula.

Software Development: Learning New Domain and Knowledge Structuring

The software development processes essentially try to map the application domain
requirements to programming constructs. Domain training and even certifications have become
common part of continuous training programs of software developers. Armour [13][14] has
viewed software development as a learning activity, rather than a production activity, and
advocated that software developers need more training in learning, and knowledge structuring
mechanisms rather than in software itself. The software development education program needs
to expose the students to diverse types of domains, and also nurture the ability to learn

nuances of newer domains.
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Software Development Process for Ill-defined Problems

As application domain requirements are embedded in real experiences, it is usually very difficult
to map and concisely describe it as a software problem. Therefore, real life software problems
are mostly ill-defined problems. Subject centric teaching is effective for developing competence
in solving well-defined problems using well-structured procedures, but to solve ill-defined
problems one has to follow ill-structured procedures. Often multiple iterations and
representations are required to define the problems. Further, usually there are no unique best
solutions, only multiple acceptable solutions to partially solve the real life problems. This
characteristic of software problems, and the development process, also contributes to make it a
multi-dimensional activity. Agile methods are increasingly being accepted to develop software

primarily to address this aspect of software problems. Multi-perspective thinking, critical

thinking, creative thinking, and innovative problem solving significantly contribute in

transforming complex ill-defined problems into simpler well-defined problems.

Software Development: Whole-Brain Activity

Like all long-term system development activities, software development also requires several
cycles of left- and right-brain activities — abstraction and concretization, logic and intuition,
critical thinking and creativity, reflection and experimentation, micro-scoping and macro-
scoping, as well as reduction and holistic thinking. Diverse types of left- as well as right-brain
thinking skills are integrated to create good software. Software development is a whole-brain

activity.

Thus, to develop good software professionals, the computing education must train professionals
to understand a problem, looking at all its multi-dimensional aspects with multi-perspective

approaches.

In addition, to solve any ill-defined problem, it is imperative to develop diverse types of thinking
skills, comprising whole-brain activity, among software professionals. Problem centric
learning methods has been found to be more effective for developing the competence to

solve ill-defined problems [15].
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Critical Competencies for Software Development and Dimensions of Learning

Identification of these distinguishing features of software in this section has helped in further
expanding and elaborating the list of thirty-five competencies discussed in Section 2 of the
synopsis. After going through various theoretical and empirical studies, various empirical
surveys, and also based on an in-depth analysis of distinguishing characteristics of software
development, the thesis has enumerated and summarized all the required critical competencies
for software development. This complete set of required competencies will be discussed in more

detail in the thesis.

With an objective of developing and strengthening these required critical competencies through
formal education, these competencies have been categorized into three dimensions of learning.
To overcome the competency deficiency, appropriate interventions for instructional reform in

computing education can be visualized, and experimented.

The most important competencies required for software developers within the three dimensions

are consolidated below.

Dimension 1: Attitudes, Perceptions, and Values

Attitudes, perceptions, and values affect a professional’s ability to practice. The most
important element of education should be to develop required attitudes, perceptions, and
values. The following list enumerates the required attitudes, perceptions, and values for
software developers:

1. Urge to create/ improve things and open-mindedness.

2. System-level perspective: Inclination for reuse and synthesis by integration.
Ability to understand and also build upon other’s work. Ability to work such that
others can easily understand and build upon.

3. Accountability and responsibility, strength of conviction, and self-regulation.

4. Curiosity with humility: self-learning, ability to develop good understanding of
domains’ vocabulary, semantics, and thinking processes, faith in reason, and

review.
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Ability to accommodate himself to others.
Ability to see the self as bound to all humans with ties of recognition and concern:
sensitivity towards global, societal, environmental, moral, ethical and professional

issues, and sustainability.

Dimension 2: Productive habits of mind

The most effective professionals develop powerful habits of mind that enable them to

think critically and creatively. The mental habits that are important for software

developers are listed below:

1.

o ok~ N

Problem solving: ability to synthesize the competencies of the first dimension
with those of the third dimension in the context of new settings and complex
problems. Ability to convert ill-defined problematic situations into software
solvable problem. Project scoping and estimation.

Attention to details.

Abstraction and transition between levels of abstraction.

Algorithmic and structured thinking.

Critical and reflective thinking.

Creativity and innovation

Dimension 3: Meaningful usage, extension, and acquisition of knowledge:

Motivated by their values, attitudes, and perceptions, professionals use their productive

habits of mind to acquire and integrate knowledge. Attitudes, perceptions, and productive

habits help them to extend, refine, and use knowledge for meaningful tasks. The

following competencies are important with reference to software development activities:

1.

2
3
4.
5

Technical and domain competence.
Communication skills.

Analytical, design, and debugging skills.
Decision making skills.

Project planning and management.

Sanjay Goel, JIIT, Sep’ 2009 Synopsis - 13



4. The Phenomenon of Learning

Limitations of subject-intensive teacher-centric instruction

In the traditional form of engineering education [16], based on teacher-centered one to many
learning, the teacher is seen as the source of information. Success in learning is often seen as the
reproduction or direct application of what the teacher has taught. Such instruction, in which
abstraction precedes the instantiation and concretization, helps students in developing skills in

deductive reasoning and succeeds in creating a_knowledge-base as an inventory of concepts. It

also trains students in linear thinking.

In our survey, working engineers and managers in Indian and multi-national 1T companies rated
lectures as one of the most ineffective teaching method [17]. Our survey about the value
orientation of undergraduate computing students showed that most responding students felt that
most of their peers lacked the values of self-direction, benevolence, and universalism. Since, our
required competency set of critical competencies also incorporates these values; the development
of these values has to be addressed by the computing education process. The traditional text book
centric approach to teaching fails to stimulate the learners sufficiently to develop these, as well

as many other required competencies, listed in our three dimensional taxonomy .

Alternate learning approaches

A rich body of literature regarding classical, as well as contemporary, learning theories exists,
and offers the way out to address the competency mismatch and learning deficiencies
[6][11][15][16][18][19][20]. We reflected upon this body of evolving literature to examine its
suitability for computing education [21][22][23][24]. This reflective review facilitated the
identification of the core instructional principles that can help in designing the appropriate
interventions for instructional reform in computing education, with special reference to software
development. Students’ active engagement in inquiry, semester-long projects, collaborative
work, and an integrated curriculum have been identified as such core principles. The thesis

will provide an overview of this review and analysis.
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5. Interventions for Instructional Reform

The visualized interventions for instructional reform in computing education with special
reference to software development range from modifying teaching style, evaluation method, and
course content of some regular computing courses. In addition, some new courses have also been

conceived and created.

In the literature, various approaches in instructional reform have been experimented and studied
to achieve the desired learning outcomes. To overcome the competency deficiencies enumerated
earlier, the thesis considered the following two approaches for designing interventions for

instructional reform in computing education.

5A. Student-Centric Active Learning Approach

Many studies [25] have shown that best learning is achieved when the learner is engaged in
doing and explaining their acts of tasks. Other studies [26] concluded that the knowledge to
understand, frame, and solve problems evolves during the problem solving process itself. As part
of the study, the computing students’ learning experiences in terms of Bloom’s taxonomy was
evaluated, and the findings validate the constructivists belief that knowledge is a learner’s

activity, and learning is an individual’s struggle with the issues within a domain [9][10].

Active learning requires learners’ engagement in various activities relevant to course content,
rather than mainly depending upon content’s acquisition from external sources. Student-centric
active learning treats students’ active engagement as the primary source of learning even at the
beginning of every learning cycle. Further, it offers the freedom of different kind of activities for
different students. Depending upon their prior experience and interests, students can choose or
even define their activities. This helps in enhancing their feeling of autonomy, and hence, their

motivation, and also happiness.
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Cognitive Dissonance and Problem Centric Approach

Many of the attitudes, perceptions, and values (components of Learning Dimension 1)
considered being important for software development activities cannot be assumed to naturally
develop as a natural result of traditional computing education. The Cognitive Dissonance
Theory [27] postulates the following:
- Humans are sensitive to inconsistencies between actions and beliefs,
- Recognition of an inconsistency would result into cognitive dissonance, and would
motivate individual to resolve the dissonance, and
- Dissonance would be resolved in one of three ways: change in beliefs, change actions,
or change perception of actions.
Based on the cognitive dissonance theory, it has been shown by Structured Design for Attitudinal
Instructions [28] that instruction can be designed to create short term dissonance. This
dissonance facilitates the learners to first recognize the need to change the attitude, and then they
should be guided through progressive changes to resolve the dissonance. In a similar approach,
Kort et al [29] view learning as a spiral process of construction and de-construction (of

misconceptions) phases through positive as well as negative emotions.

The thesis has proposed to transform computing education by creating dissonance for a short
period, and then the teacher should guide them progressively to resolve the dissonance to higher
levels of learning. This approach would overcome the competency deficiencies of Learning

Dimension 1.

The traditional teacher-centric lectures do not create any dissonance among learners. The most

natural way to create dissonance would be to lead learners through problem-centric approach.

The problem-centric approach, when applied to teaching, can result into two types of

interventions for_instructional reform: Inquiry Teaching, and Project Inclusive Teaching.
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Inquiry Teaching

Importance of inquiry in the learning process

Bruner and other constructivists [30][31] recommend that instruction should allow the learner to
discover principles for themselves through active dialogue. Instead of aiming to teach some
general rules and theories, inquiry teaching aims to teach how to discover the general rules and

theories.

Empirical study

In an empirical study, covering senior students, to recollect the best lectures that gave the
respondents most effective learning experience, it was found to be either in the form of active
learning, or collaborative learning, involving problem solving, group work, discussions, critique,
and so on. Similar exercise with teachers suggested that most of the faculty members consider
those lectures as their best in which they are able to put the students into one or the other kind of

activities like problem solving, seeking clarifications, design, group work, and so on [32].

It was also found that many students feel that unexpected results, engagement in reasoning, and
even unsatisfactory answers from authority have made significant contribution to forward their
learning. Inquiry teaching is particularly effective in exposing learners’ misconceptions. It is
particularly suited for developing curiosity, self learning, analytical skills, humbleness, inductive

and lateral thinking skills, and hence in facilitating deep learning.

Inquiry Teaching revolves around questions. This will require the teachers and also the students
to ask many more questions in their classes. The lecture delivery process of some courses, viz.,
Data Structures, Computer Graphics, and Orientation to Engineering, were transformed through

Inquiry Teaching. The details of these attempts are discussed in the thesis.

Challenges for Inquiry Teaching

The success of Inquiry Teaching mainly depends upon students’ active participation in the
inquiry process. It requires and also furthers the transformation of students’ perception about

their own role in the process of learning from an information receiver to an active contributor to

Sanjay Goel, JIIT, Sep’ 2009 Synopsis - 17



meaning making. However, for many students, their old habits formed through prior long
experiences with exposition based teaching, can hinder their enthusiastic participation as an
active learner in the classroom, especially in large and unresponsive classes. Such students find
inquiry teaching to be unsatisfactory and miss the opportunity of not only deep but also surface
learning. Therefore, it is most important to sensitize students to this method of learning in their
early courses. For maximizing the benefits of inquiry teaching, students need to ‘learn to learn’
through this method.

Developing Habit for Inquiry Learning through Puzzle Solving

Puzzle solving task is another example of inquiry learning. Puzzle solving activity demands that
the teachers start their sessions with problems rather than concept. Many software companies
include puzzle solving in their selection criteria of new software developers. Puzzle solving
sharpens critical thinking and problem solving ability, and offers a higher potential to develop
many of the multifaceted thinking skills. Therefore, an experiment is underway to redesign the
delivery strategy of the first computing course by starting it with puzzle solving activity, even
before the introduction of the basic syntax of any programming language. A large number of
students have reported benefits along all the three dimensions of our taxonomy in terms of
enhancements in logical, creative, multi-perspective, and out of box thinking, attention, focus,

concentration, patience, comprehension, urge for creation etc.

Project Inclusive Teaching

Importance of Semester long project

According to our survey, on effectiveness of eight types of teaching methods done with working
engineers and managers in Indian and multi-national IT companies, group projects, individual
projects, and practical training were rated as more effective teaching methods than industrial

training/internship, lecture, seminars, and written studies.
Projects offer the opportunities to engage the students in multifaceted academic engagements

like synthesis, application, making judgements, and multi-perspective thinking. Students rated

that all these experiences make maximum/excellent contribution in developing their
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competencies. A semester-long project serves a larger academic purpose by giving highly
valuable process related experience of team formation, collaboration, problem formulation,
literature survey, planning, analysis, design, implementation, testing, deployment, and
documentation. Often projects demand that the students also learn some additional concepts and
theories. In order to complete the project, they usually also have to integrate the learning of many
earlier courses and also some application domain. Further, evaluation of project work requires

students to write project reports, present and demonstrate their work, and also face viva-voce.

Semester-long project experience helps in developing multidimensional competencies in all the
dimensions. With respect to the first dimension’s critical competencies, it is particularly helpful
for developing the urge to create/improve things, self learning, system perspective,
accountability and responsibility. Further, team projects also develop their ability to
accommodate themselves to others, and some projects also have the potential of developing the
ability to see the self as bound to other humans with ties of recognition and concern. Project
experience helps in developing all of the second dimension’s competencies of multifaceted
thinking habits.

Finally, as regards competencies of the third dimension, projects are particularly effective for
enhancing technical and domain competence, analytical and debugging skills, design skills,
decision making skills, and communication skills. Hence semester-long projects have the

potential to facilitate deeper learning in many significant ways.

Project-Inclusive Reqular Courses

Usually project work is not included as part of the regular courses. This limits the effect of the
courses in terms of developing their competencies. The constructivist paradigm of project-
inclusive teaching challenges this assumption. Rather than viewing a project as the culmination
activity, it is viewed as the instrument of creating richer context for learning the subject matter.
However, as the traditional textbooks are normally not written with this objective in mind, the

project inclusive course teaching requires a change in delivery strategy. Two different models,
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viz., project-centric evolutionary instruction and project-oriented instruction, have been

proposed for achieving this goal.

i. Project-Centric Evolutionary Teaching

In project-centric teaching, the student projects are planned in such a way that most of the
planned topics of the subject can be used in all projects. At the beginning of the course, the
students are required to formulate the initial project problem. Project scope is incrementally
enhanced and made more sophisticated later in the semester, essentially to create the context for
the forthcoming concepts and topics of the subject matter. The project scope is refined before

introducing every main topic.

In addition to offering all the benefits of project-inclusive teaching, project-centric teaching
offers additional advantages of giving the experience of evolutionary software development. It
makes students more open-minded for software evolution, engages them in reflection, and gives
them experience of developing software for future enhancements. During the course of this
research, project-centric evolutionary teaching was evolved for Enterprise Application
Development [33]. Recently, it has been further expanded to many other courses. The thesis

discusses the details.

ii. Project-Oriented Teaching

In many courses, it is not feasible to plan semester-long projects using all the main topics of a
given subject. In such cases, it is better to plan projects on different topics. However, this scheme
imposes some challenges regarding synchronising the project activity with the content delivery
in the class. In order to partially overcome this limitation, a two-level content delivery scheme has been
tried out in some computing courses like Microprocessors and Microcontrollers, Operating Systems,
Computer Networks, and Complier Design.  As per this scheme, the entire course is delivered in
two phases. In the first phase, lasting approximately two to three weeks, an extended
introduction of the course gives a comprehensive macroscopic view of the entire subject matter.

In the second phase, the topics are sequentially picked up for in-depth classroom discussion.
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5B. Integrated Approach for Cognitive Flexibility

As the domains of employment for fresh software graduates are so widely spread, it is important
that they view the curricula as an integrated system, and also learn to integrate concepts across
the domain boundaries. In order to prepare themselves industry-ready, they must acquire
cognitive flexibility [34], the ability to apply the learned concept to different situation. However,
in the teaching of most of the courses of mathematics, basic sciences, and general engineering
disciplines, there is hardly any horizontal reference to other courses. The course contents are

designed in a vertically intensive way, and the education process succeeds in teaching rules and

theories, but fails to develop an integrated conceptual understanding. The learning though
intensive, is completely fragmented and inflexible.

In computing, many concepts, technologies, and practices are highly pervasive, and hence, they
must be understood in integrated way. Hence, in order to provide an integrated approach to
computing education, and to impart cognitive flexibility with special reference to software

development, the thesis has visualized three types of interventions for instructional reform, viz.,

Multilevel Infusion of key technologies and professional practices, Integrative Courses, and

Group and Community Learning.

Multilevel Infusion

As computing is a continuously evolving field, there is always a pressure to introduce courses to
address contemporary trends. Often introduction of new developments is carried out by either
replacing some classical and core computing courses, or as electives, resulting in fragmented

cognition among students.

Contemporary technologies like Web, Mobile, Multimedia and Security and professional
practices like Estimation, Design, Open Source Usage, and Defect Tracking are highly
pervasive. The thesis proposes a model for enriching the existing courses through multi-level
infusion of selected elements of contemporary technologies, and professional practices. This

infusion can be incrementally carried out across most core courses. Consequently, even before

doing the dedicated courses on these topics, the students are fairly well exposed to all these areas
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as problem domains of junior level courses. In addition to increasing cognitive flexibility, multi-
level infusion of selected topics enhances open-mindedness and integrative thinking. It also

nurtures the habit of reflection.

A new graphic notation for modeling the software problems has been developed and
administered in some courses. Faculty and students have found this concept mapping technique
to be very useful. In order to develop estimation skills, the programming process related data as
adapted from the Personal Software Process (PSP) [35] has been administered in many
laboratory courses. Majority of the students have reported benefits in terms of programming
efficiency enhancement, defect rate reduction, activity record and reflection. Many of them have
also reported benefits in terms of improvement in estimation and planning skills. The standard
PSP format has been modified to gain even higher gains in estimation. In order to infuse
debugging experience, taxonomy of software bugs has been prepared with an objective of
designing debugging related assignments in various computing courses [36]. The details of

multi-level infusion of various technologies and professional practices are discussed in the thesis.

Integrative courses

While multi-level infusion helps to integrate the computing curriculum, some integrative
capstone courses can further strengthen the unification of some important computing concepts,
and also integrate the computing concepts with other disciplines. Attempts have been made to
design some courses to bring integration of otherwise widely spread computing concepts. The
integrative courses help in strengthening nonlinear, integrative and systems thinking and flexible
learning. They also have the potential to integrate, and hence, consolidate the already learnt
material and also provide a stronger foundation for further studies. The thesis elaborates upon
some experiences in designing and delivering some courses that try to contextualise and integrate
computing with selected elements of human sciences. These human science concepts have been
carefully chosen based on their relevance and importance for enhancing some critical

competencies.
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Courses for Integration with selected elements of Human Sciences

In modern times, the integration of seemingly disconnected disciplines of human knowledge
offers very exciting research and learning opportunities. Armour [13][14] viewed software
development as a learning activity rather than a production activity, and advocated that software
developers need more training in learning, and knowledge structuring mechanisms rather than in
software itself. In a course of ‘“Theory of Knowledge, Learning, and Research’ at Jaypee Institute
of Information Technology, the students are exposed to a spectrum of learning theories. All
these theories are also used for reflecting about learning in general, and also with specific
reference to software development. It enhances their understanding of their own learning process
and also helps them identify their misconception about learning. These theories and models help
sharpen students’ questioning skill, critical thinking, and reflective thinking. It helps the students
to become better learners. Understanding of the diversity of learning styles also prepares them
with enhanced ability of self-regulation, ability to accommodate themselves to others and also
makes better prepared for understanding of domains’ thinking processes. Further, there is strong
tradition of formally teaching ‘Research Methodology’ in many non engineering disciplines.
However, such content is not usually offered in engineering disciplines. The research in the field
of software development combines the research methods of engineering as well as social
sciences. This is included in this course, and it also helps in enhancing the critical and

integrative thinking, analytical skills, and also self-learning.

The other multi-disciplinary integrative course ‘Human Aspects for Information Technology’ at
Jaypee Institute of Information Technology, aims to explore the humanistic grounds for
information technology and software development. The students evaluate the information
technology and also the activity of software development with respect to multidimensional
aspects of social welfare and professional decision making. Various activities of this course help
the students to understand the meaning and importance of professional responsibility. The other
part of this course is about creativity and innovative problems solving.
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Group and Community learning

Learning in a collaborative environment is a process that could be subject of two different
perspectives: individual effort and social sharing of knowledge [37]. However, sharing of
knowledge is useful only if students are engaged in collaborative activities. Engagement in
collaborative activities causes individuals to master something that they could not do before the
collaboration [38]. Two models have been tried out — pair programming prepares the students
for team work and benevolence while learning pyramid is aimed for preparing them for larger
organizational concerns, universalism, and responsible citizenship of larger communities. Group
and community learning helps in enhancing students’ ability to accommodate themselves to
others, to see themselves as bound to all humans with ties of recognition and concern, sense of

accountability and responsibility, as well as multi-perspective and creative thinking.

Pair Programming — A Novel Approach

In the popular form of pair programming, the pair sits on the same computer all the time and
takes turns to write the code. This technique has a major disadvantage when one of the students
in a pair is dominant, or a very high-scoring student, as compared to the other student. The
stronger student does most of the work, diminishing the learning experience for the weaker
partner. In this thesis, a novel approach for pair programming is discussed [39]. Each
laboratory exercise for the first programming course was designed in two parts. The first part
required two students to work independently. After solving their individual task, they were given
a combined task. The difficulty of the combined task was higher compared to the individual
tasks, and it was designed such that its solution required the students to combine the concepts,
logic, and code of both the individual solutions. The students reported benefits like enhancement
of problem solving skills, efficiency, quality, trust, and teamwork skills. Further, it provides
experience in reading and understanding foreign code, writing code for others’ understanding,

and integrating one’s code with foreign code.

Learners’ Pyramid

The students of senior level undergraduate courses at Jaypee Institute of Information Technology

are designated as mentors of a junior level project. Through this arrangement, a pyramid of large
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number of learners can be created wherein the senior students learn the leadership and mentoring
skills, while the juniors have the benefit of more easily accessible and friendly guidance. As the
seniors guide the juniors, and sometimes also help them in debugging their work, it gives them
the practice of reading and comprehending foreign code. It gives the opportunity to refresh their
basics, and also enhances their knowledge, by asking more questions related to ‘how,” ‘why,’
and ‘why not’. It helps to visualize the same concepts from another perspective. This deepens
and consolidates their learning, and helps appreciate the interrelationship of advanced level
courses with junior level courses. Mentors have reported several other benefits for themselves —
experience of joy and satisfaction, enhanced confidence, improved understanding of self and
others, appreciation of diversity, development of patience, empathy, multi-perspective and out of
box thinking, improvement of analytical and debugging skills, as well as enhancement of

communication, collaboration, leadership and decision making skills.

6. Summary and Future Scope of Work

We have made efforts to identify the critical competencies for the software engineers. Further, we have
reviewed the educational literature to examine its applicability for developing these competencies through
appropriate interventions for instructional reform. We have finally proposed the following five main types
of interventions for instructional reform in computing course, with special reference to software
development:

1. Inquiry teaching

2. Project-inclusive teaching: project-centric and project-oriented teaching

3. Multilevel infusion

4. Integrative courses

5. Group and Community learning: pair programming and learners’ pyramid
All these interventions were administered in some chosen set of computing courses. Inquiry teaching
has been tried out in some core courses. It was found out that many students are not able to
change their earlier learning habits, and hence, could not experience the advantages of deeper
learning using this technique. Hence, in order to develop inquiry learning habit, puzzle solving
has been integrated as the first component of introductory programming course. Initial results are

very encouraging. Future research is required for its impact analysis, and also to investigate the
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applicability of inquiry teaching in the context of different computing courses. Both forms of
project-inclusive teaching have been adapted in many computing courses. More systematic
studies are required to validate the effectiveness of the model in the context of specific

computing courses.

A new graphic notation for modeling the software problems has been developed and infused in
some courses. In order to develop estimation skills, the process data as adapted from PSP has
been infused in many laboratory courses. In order to infuse debugging experience, taxonomy of
software bugs has been prepared with an objective of designing debugging related assignments
in various computing courses. Through multilevel infusion, the students are also becoming
familiar with web, graphics, multimedia, mobile, security, etc., very early in their course work.
This is bringing deeper integrated learning, higher levels of enthusiasm, and challenge in the
courses. Further, some new courses have been designed to strengthen the integrative thinking.
Some of these courses make an attempt to integrate several computing areas, while some other
make an attempt to integrate computing content with human sciences. Future research is

required to evaluate and refine the work.

New form of collaborative learning have been proposed and tried out. A novel approach of pair
programming has been tested once in a large first year introductory programming course. A
novel form of collaborative learning, Learning Pyramid, has been evolved, tested and scaled up.
The results of sample tests were found to very encouraging. Further research is required to
examine the impact, and also to investigate the ways of pervasively integrating it into the
educational system.

With regards to future possibilities, there is a need for redefining, administering, and validating
the multidimensional learning objectives and student engagements with respect to each
computing course. Large classes offer a huge challenge. There is a need to explore the possibility
of a complete revamp of the computing education and curriculum through multilevel infusion
integrated with inquiry teaching, project-centric teaching, and group and community learning

with special reference to software development. While some interventions have been
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successfully tested with large classes, others were not as successful for large numbers. Hence,
new ways of motivating students need to be explored. More work is required for creating an
integrated curriculum, where not only the computing course, but also other courses offered by
other departments for computing students, will also be well integrated into a single whole. More
work is required on finding out the ways of increasing domain sensitivity and expertise of

graduating software developers.

Thesis layout

The first chapter of the thesis introduces the thesis and also gives an overview of the motivation,
objective, background, research method, and results of the reported work. In the second chapter,
the required critical competencies for software developers are explored with the help of
published recommendations of accreditation agencies, professional societies, and published
research. Fresh survey has also been carried out for this investigation. These competencies are
then consolidated into a three-dimensional taxonomy. Another survey was conducted to find out

the distinguishing requirements of the software services and software product companies.

In the third chapter, the distinguishing features and multidimensional aspects of software
development are analyzed with a view to further analyze the required competencies. In this
process, a large number of software professionals have been consulted on various issues related
to software development and required educational inputs. The three-dimensional taxonomy of

competencies proposed in the second chapter is further refined in the light of newer findings.

The fourth chapter gives an overview of the chosen classical and contemporary learning theories.
We review these theories with respect to their applicability for computing education, with a
focus on development of required critical competencies for software development as
consolidated in the third chapter. In this chapter, we also identify the core instructional principles
that can help in designing the appropriate interventions for instructional reform in computing
education. These principles are then used for designing the interventions for instructional reform

discussed in the fifth and sixth chapter.
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The fifth chapter focuses on the rationale for student-centric active learning. We examine the
process of creating such a learning environment using inquiry teaching and project-inclusive
teaching — project-centric as well as project-oriented. The notion of cognitive dissonance is
central to our discussions in this chapter. Further, we also elaborate out attempts to apply these
models to design some interventions for instructional reform in some regular undergraduate
computing courses. A project-oriented approach does not necessarily require a transformation in
the way of delivering the lectures. However, delivering courses through project-centric and

inquiry teaching methods require a total transformation in the attitude of faculty and students.

The sixth chapter elaborates the interventions around the idea of integrated curriculum and
collaborative learning through multilevel infusion, integrative courses, and group and community
learning. The idea of cognitive flexibility forms the underlying theme of the discussions in this
chapter. Many computing courses have been enriched by multilevel infusion of some pervasive
computing concepts, processes, and technologies. In order to enhance cognitive flexibility, some
courses attempt to integrate computing with human science. These human science concepts have
been carefully chosen based on their relevance and importance for enhancing some critical

competencies.
The seventh chapter provides a summary, and suggests future scope of research. In addition, an
annexure is also included in the thesis to provide a review of published literature on evolution of

computing curriculum in the last five decades.
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