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ABSTRACT

A good first course in SE is becoming very important in the midst of the ICT revolution we find ourselves today. Yet this is one of the most problematic courses for the students. We describe 15 years of researching, designing and teaching a different undergraduate SE course, spanning number of higher education institutions and 1500 students in three departments: Computer Science, Industrial Engineering and Computer Engineering. The aim was to develop a better SE undergraduate course using novel educational constructivist theories, inspired by Montessori method, and a new SE paradigm – Organic Knowledge, used to make order in the much more chaotic and free learning environment. The course uses extensively ICT but strict engineering methods guaranty students’ constant advancement. The results, measured both qualitatively and quantitatively, were very encouraging. 
Categories and Subject Descriptors

K.3.2 [Computers and Education]: Computer and Information

Science Education—computer science education
General Terms
Performance, Design, Experimentation, Human Factors 
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1. INTRODUCTION

This paper reports first results of a longitude study in novel paradigm used to improve the SE undergraduate course. The study spanned over 15 years and 25 semesters, including approximately 1500 undergraduate students. The course was taught separately in Computer Science, Computer Engineering and Industrial Engineering Departments.
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The first author has been teaching for 15 years a SE course in four Israeli higher education institutions: Technion, Ben-Gurion University, Jordan Valley College and Ruppin Academic Center. From the first semester she has become aware of the inherent shortcomings of the traditional method of teaching this course. Having the advantage of her positions in the course of the years as Head of the Information Systems Program, Head of the AI and Robotics Lab and Head of Ruppin Junior College, the first author had the opportunity to transform the course using a novel Organic Knowledge (OK) paradigm.
The second author has collaborated in the pedagogical aspects of building and rebuilding the evolving SE course, semester after semester. The aim was to use the best pedagogical theories and methods the educational research has provided over the course of 20th century for the 21st century students benefit.
Very early in the course of those 15 years it became clear that we are faced with a tragic paradox in this field. On the one hand we have the technology, especially ICT and the magic wand of the INTERNET. On the other hand the educational research of more than a hundred years has produced a great consensus of well defined modern educational approaches, including very powerful practical empirically tested educational know-how. The meeting of those two great tides of knowledge should have made it very easy to create excellent SE courses. Alas, the paradox is it did not. And the case could even be made for the argument that the deluge of new ideas and technologies has confused the faculty and students alike to a degree it became a distraction and created a problem instead of solution in this a-priori problematic area.

The solution proposed very early by the authors was to use SE clear and exact methods to create order in this chaos. So we would use SE to teach SE.

For this purpose a special SE approach is needed. Such SE paradigm would combine the precise engineering methods and philosophy with the very flexible, art-like, human centered educational approach. The Organic Knowledge (OK) paradigm, though being a general SE paradigm, applicable to a wide variety of real life problems, is tailored to fit the requirements of the SE teacher and enables him to use the ICT to implement the most progressive wet dreams of the educational researchers.

The educational research has always been torn between the general agreement upon the best practices for the students and the real life limitations which made the desired impossible in practice. So there is quite a consensus for more than a hundred years that teaching using frontal lecture should be replaced by self-study, student-centered, project-driven, telescopic (paced by the individual student), motivated (driven not by grades or desire to get a degree) etc. We will call this universally accepted approach “Montessori approach” after one of its first proponents, and undoubtedly the most colorful, dedicated and recognized by the general public figures – Maria Montessori. Though she died 50 years before the Internet, she would embrace all the modern progressive educational methods with great enthusiasm as answer to her prayers and perfect fit to her requirements of educational technology. 
Our argument is that at last, due to the ICT, and Internet especially, the educational dream became possible even in such a mine ridden area as the SE undergraduate course [13]. But only if we use very sophisticated engineering methods to design and implement such a course [17]. One such toolbox and its empirical application on a very large scale is described in this paper.

The structure of this paper is as follows. First we describe the better pedagogical approach as proposed by the science of education under the general title of “Montessori pedagogy”. Then we describe the OK paradigm of SE to be used in implementing the pedagogy in real life course. In the next section we describe the SE course implemented using those approaches. The results section describes the success of the method, measured both qualitatively and quantitatively. The last short section is dedicated to our vision of the future of SE education, which is quite optimistic, enthusiastic and even exuberant.  

2. MONTESSORI PEDAGOGY
Legacy of Montessori
The pedagogical toolbox used by us and proposed as the preferred method for SE courses will be called “Montessori pedagogy”. The name is both scientifically correct and morally justified, though the theory and techniques included are due to the efforts of many a researcher and educator, some after the death of Maria Montessori, whose name we propose to honor in this designation.

Maria Montessori was the first not only to theorize about a better educational approach but to implement it and in a very scientific and engineering oriented way. And not only was she the first, she was the most successful in many ways. Today some 8000 schools all over the world are called Montessori school. She is to education what Einstein is to physics. Ask a member of general public to name a physicist and he will name Albert Einstein. Ask him about an educator and he will name Maria Montessori. What was and is so special about her?

Montessori was the first woman to become a physician in Italy in 1896. What was very important for the success of her method is that before studying medicine she was drawn to engineering and studied it for many years. She was great believer in scientific and engineering method, e.g. in what we came to know as feedback mechanism. In 1907 she opened her first Casa dei Bambini, in which she implemented her approach. 
She believed in educational technology and created an engineered environment for her students in the center of which was the best educational tools the technology of the day allowed her to build [7]. Today we call the method constructivism, but Maria Montessori even today, after more than a hundred years is unique in both her dedication and belief in the student and the engineering technological approach which made her so successful.
Her great success came when her students, who came from underprivileged families, and some were even considered retarded, demonstrated unbelievable success in their study. Most learned to read and write at four, and all of them at five, and they were winning mathematics competition against children in private schools. And all these achieved while it looked like they were left to do whatever they liked, instead of studying. The later superficial impression was but illusion of course.

The modus operandi of Montessori was to create such an environment that students had to study. But they saw it as play. The teachers went to great length to create special toys which were really educational tools. Today we call it gamification. Students weren’t left to they own devices. They were closely watched and not allowed to just waste time. But there was no strict schedule, lectures or mechanical memorizing. Montessori was the first and most ardent child rights advocate. Her students felt totally different in the House of Children compared to traditional school, as is evident from the next dialogs.
"Who has taught you how to write?", they asked and the children would look up in wonder and answer, "Taught? No one has taught me". 

"So, this is a place where you do what you like, is it not?" The child answered: "No, Madam, we do not do what we want, we want what we do" [8].
Her other vital contribution was the central role of feedback in the teaching process almost half century before Norbert Wiener’s Cybernetics and Skinners Learning Machines, though not before Pavlov. 
Constructivism Education

In 1938 John Dewey published his seminal work extensively describing his educational theory in the spirit of Montessori and since then it is known as constructivism [1].

Modern educational research is a very rich field. But unlike many other disciplines, during the 20th century there was a convergence of approaches, so that though there is a great variety of different methods, the general ruling consensus in this field could be well defined as the one variation or another of the constructivist approach. 
Some of the principles of constructivism: knowledge arises through a process of active construction, not a passive process, knowledge is constructed, not acquired

Knowledge construction is based on personal experiences and the continual testing of hypotheses. Each person has a different interpretation and construction of knowledge process, based on past experiences and cultural factors.

The constructivist learning environment could be described thus [5]:
1. multiple representations of reality 

2. represent the complexity of the real world 

3. individualized knowledge construction not knowledge reproduction
4. authentic tasks in a meaningful context replacing abstract instruction out of context
5. real-world settings or case-based learning instead of predetermined sequences of instruction
6. student is helped to thoughtful reflection on experience 

7. collaborative construction of knowledge through social negotiation, not competition

Among the many names given to constructivism inspired methods of study are:
· Lab-based

· Project oriented

· Telescopic

· Individually customized

· Student centered

· Association driven

· Non-frontal

· Peer-oriented

There is a general agreement upon the need to replace the traditional lecture by the lab based student proactive individually tailored study through successful completion of projects [10, 11]. The rub is that the plethora of approaches and technologies has made urgent the need to balance this free-for-all liberal approach to achieve the course learning aims.
3. ORGANIC PARADIGM
Organic Knowledge
In addition to using all the principles of SE, the organic SE adds another special layer of tools [16]. It simulates and incorporates both the knowledge of the software engineer and the knowledge of the domain expert.
In a nutshell the organic approach is treating the problem and the solution process as a living organism (or ecology of organisms if more appropriate). The organic solution is non-algorithmic and evolving using feedback and data-to-knowledge mechanisms. It is as if the solution is like a child – in the beginning having no knowledge (except some basic mechanisms needed for evolution), and by process of feedback and Darwinian natural selection the solution gradually evolves into better and better reactions using the growing body of knowledge [9].
The most basic aspects of the paradigm are the especially big body of organic knowledge and the organic life-cycle. 

Organic knowledge is simulating as far as possible human knowledge and as such it is:
· Very big

· Evolving

· Dialectical

· Conflict-resolution included 

· Organized
· Gestalt for prevention of divergence

· Default scripts and behaviors

· Mechanisms for self-awareness, study and reflection

Organic life-cycle is reminiscent of the prototype cycle but it is much more sophisticated. It simulates the growth of human intelligence, creating solutions more and more plausible using mechanisms of feedback and learning. The testing and maintenance stages become the most important. Human feedback, whether by the designer, the human domain experts or the users is crucial and remains vital part for the duration of the life-cycle (though as time goes by the system becomes more and more automated). 
The Organic Knowledge (OK) system built using this organic paradigm can have, in principle, different degrees of automation, from totally automated systems to totally human operated solutions. But in real life a system will be situated on the scale somewhere between the two extremes, being partially automated, part that will continuously grow with time.
OK systems implementation

The computer implementation of such a system can be described in more precise terms. Organic Knowledge (OK) systems are ICT systems incorporating human expertise. One would be tempted to describe them as Expert Systems (ES) “on steroids” transforming them into Knowledge Systems (KS). If at all, they are an ecological system of many different and sometimes contradictory experts, called organs. But in reality the OK systems are so much more in almost every aspect that it is more correct to say they are the fulfillment of the ES vision. Other spiritual ancestors of OK system are Turing’s “child programs” [12] and Minsky’s learning, evolving and non-algorithmic Society of Mind proposals [6]. 

OK system is:

· intelligent

· evolving

· learning

· organized

· distributed

· dialectical

· very big knowledge base

Each organ is simulating an independent expert, and includes:

· knowledge base (data, meta-data and procedures)

· feedback apparatus:

· knowledge acquisition mechanism (interfaces and communication)

· learning mechanism (inference of new knowledge and processing)

· evolution mechanism (creating and changing organs in view of the new knowledge)

· interfaces:

· environment (local)

· subjective (user)

· objective

· communication (network)

· with other organs (o2o)

· with remote servers

· with remote users (p2p)

· with remote resources

· execution (proactive)

The Gestalt-Multiplex-Layering (GML) combination described entails: gestalt – a deeper model of the expert knowledge and reasoning process; multiplicity – simultaneous use and cooperation of different and conflicting approaches; layering – use of a hierarchy of independent layers of control and processing, through which the input and intermediate results are propagated. The independence of each layer enables implementation of different approaches at different layers. The hierarchical layering of control and abstraction of lower by upper layers enables the cooperation and solution of contradictions arising from the use of a variety of different approaches. In very broad, plain terms, at each layer there is a small knowledge system controlling, generalizing and inducing the cooperation of different approaches in a larger knowledge system of the next layer.

Gestalt

Gestalt is the skeleton, the deeper model, the concept, the meta-model of the lower layer, abstracting, generalizing, controlling and interfacing it, and mediating between the lower layer, the upper layers and the user.

KS are frequently built around such approaches as ontology, schema, meta-model controlling and coordinating a multi-agent KS; tentative designs, templates; scenario generation; knowledge acquisition filtered by models; story model; fuzzy model; active behavioral database of goals and rules coordinating the knowledge database; declarative and executable object-oriented model; data structure at object level; frame templates; interaction manager; knowledge model used by agents to manage the others.

Gestalt has at least three facets: the declarative: the data and knowledge, the static aspect of knowledge; the procedural: the reasoning models, the data processing techniques, the inference engines, the dynamic aspect of knowledge; organizational: the interaction control of the multiplicity at the lower level, conflict resolution, user interface control, user involvement, feedback, the integration manager.

In general, the gestalt will involve a different approach than the lower level and include more than one component. Architecturally it is a quite complex structure. It can be viewed as a small knowledge system at the heart of and controlling the larger one. In a multi-agent society, it’s the ruler, the governing ideology and body.

Multiplicity

The basic commonplace of: “two heads are better than one” is validated by such hard science approaches as dialectics, to become a central component in the basic approach. The cognitive science teaches us that the integration of a variety of different techniques in a soft approach has immense advantages. 

Many KS have been integrating more than one basic method: multi-agent society of different behavior patterns and different roles; integrating inductive decision trees and neural networks; multiple input channels and methods; CBR with RBR discrepancies solution; three independent models of knowledge representation and inference; integrating CBR, neural networks and discriminant analysis;  blackboard method of integrating multiple experts (sources of knowledge); integrating KS with DB approaches; integration of various rule paradigms into a single KBS; a hybrid neuro-fuzzy reasoning; voting over multiple different learners; multi-knowledge systems combining such different approaches as extensional and intentional; integration of conflicting schemas; integrating different analytical decision model; integrating semantic expressions with examples; combination of relational and object-oriented paradigms. 

As a guideline, the more different, even conflicting techniques are used, the wider and deeper view of the solution will be achieved. But this is too general and there arises the need for a more restrictive and precise method of integration
First option is merging into compromise. While compromise loses some of the positive features of each ingredient, a price paid for one monolithic consistent approach, merging recruits all, as contradictory as they may be, and the larger the diversity, the softer and fuzzier the result.

This requires such components built into the system as conflict resolution, control manager of interaction, data flow and resource allocation, user transparency and involvement, priority indexing of approaches. These are among the components of our gestalt, deep model driven, structural, hierarchical, layered architecture paradigm, which transforms the chaotic multiplicity into a well behaved, disciplined one. 

Layered Approach

The layered approach proved itself very useful in such different areas as computer networks (the reigning seven layers model), operating systems (e.g. the UNIX kernel-shells model), compilers (the three layered: lexical, syntactical and semantic model), client-server, front-end back-end approach. Among the many advantages are: independence, structuring, error protection, abstraction, precise interaction model, modularity, transparency, portability.

In the KS domain it has been widely used: structured libraries of behavior; client-server approach; hierarchical cases and domain specific indexing; two-level model with kernel and coordinating module; three layers: semantic, syntactic and lexical for structured processing; a hierarchical architecture modeling and inference; an object-oriented organizational layering; intentional layer over extentional; layering by generalization of schemas; hierarchical structuring of models; dual hierarchy, by structure and logic of data; three layers structured by human-computer interaction; a layered agents society.

In this approach the layering permits structured abstraction, conflict resolution by a higher level, different approaches at different layers, control and management, changeability and user involvement.

OK systems vs. other KS  

The essence of the approach is it’s softness, a very popular feature in many KS and general AI: fuzzy rules and terms; fuzzy logic in imprecise language systems; fuzzy qualitative constrains; fuzzy analysis; fuzzy inference integrated with neural network; fuzzy logic modeling.

It should be emphasized that though the layering concept has a linear structure connotation, the gestalt component certainly enables a much more complex architecture. The gestalt makes the structure dynamic rather than static, it actively and intelligently intermediates at each layer and between layers and directs the intermediate results. It’s rather a network of many possible interconnections and interactions between the different components of the system. The gestalt chooses at each stage the next path to be taken. The choice defines the layering, i.e. the sequence of nodes in certain order, of data processing, along the chosen path.

Such a distributed approach was adopted in multi-agent societies; multi-agent systems; distributed multi-agent environments.

The KS could be seen as a model of multi-agent society with one, very clever, best connected agent, as the ruler.
4. ORGANIC SE COURSE
The SE course is one of the more important courses of the undergraduate studies. It is seen so not only by the lecturers but very importantly by the students. The industry attitude is not surprisingly even more zealous of the courses role. And it is also one of the more difficult for the undergraduate student, who had no industry experience, no previous engineering understanding and if at all very rudimentary and superficial programming knowledge, certainly not of real life programming challenges. For the same reasons the motivation is not the highest, to express it mildly. And yet, notwithstanding all those, the course usually has been taught in very traditional, dry way. The results were very poor compared to the great potential of this most interesting course.
Today we have the possibility to teach the course in much more exciting, meaningful and efficient way. In theory it sounds easy. The educational research has reached the point of telling the lecturer quite clearly what needs to be done pedagogically, and ICT and especially the Internet has provided the means to do what needs to be done [48]. Unfortunately it is easier said than done. Experience teaches us that in many cases, notwithstanding the good intentions, just throwing at the student the myriad data pieces, educational devices, discussion groups and forums, to experiment for the sake of experiment, using classroom technology and all the rest of the web and gadgets avalanche - just buries the student under it all, leaving him yearning for the simple (and preferably simplistic) traditional black on white text.
The solution is to use this arsenal as we would use it in programming project – using strict SE methods to balance the many dimensions of freedom created by the sheer cornucopia of the 21st century classroom technology. The reasons for use of SE and not general engineering or other stabilizing and streamlining methods are beyond the scope of this paper. We only should be reminded that our aim is for good SE practices to be constructed in the inner world of the student. Constructing such solutions – is that not exactly what SE is closest of all to doing?
Starting with a standard course in 1999 we have gradually added a great variety of ICT tools [48], but only in the context of well defined pedagogical aim with pre and post conditions, proper documentation and feedback and treating it as a very pedantic project life-cycle. During the years the knowledge system became very sophisticated and permitted wider deviation from traditional instruction, and wider use of ICT.  
To mention just some of the special features of the SE course:
1. The courseware is adjusted before each semester using the cumulative feedback from previous semesters and initial data about the students.

2. The course is adapted to the students. So in different departments the course is taught quite differently. Even in the same department the course is constantly adjusted to fit the students taking it that semester.

3. The course is lab-driven as labs are half to quarter of total teaching hours.

4. Printed versions of the course lectures are given to the students at the beginning of the semester. Lectures can be found at the course website. But they are only the basis and can be adjusted as needed.
5. Weekly meeting with the students outside the classroom for in-depth interviews, feedback translated the same week into changes as required in the course.

6. Weekly meetings with teaching assistant – to create a most suitable weekly assignment. They include regular updates and adaptations of next week’s activities according to feedback.

7. Collaborative problem solving in class and during lab hours – at least twice a week students are given some problem to solve. Later the same problem is solved by the whole class using both round table discussions and Socratic dialog with the lecturer. 

8. During the semester students can work individually at home using interactive specially built tools such as self testing using online system (available through MOODLE).

9. Weekly formative assessments with unlimited number of trials and immediate feedback via MOODLE test system built for the course and updated regularly.

10. Online Lab – students could online create Internet programming simple projects and remotely in real time deploy and test them in a very friendly environment specially written for the course
11. Peer review during lecture problem based exercises – working in groups (usually pairs) during the lecture.

12. Peer review of assignments in CS SE class. One team gets documents or code of the other team for review. Sometimes they are paired up and each partner reviews the other partners work. Feedback has shown that  formative assessment is preferable to summative assessment in this activity . Summative assessment is not recommended.
13. Creativity in designing home assignments in CS SE course – given a challenge of choosing real life problem, students use their imagination to write their own requirements, design and implement at least five classes with polymorphism and inheritance features (a mini project).

14. Lego Lab – using Lego blocks for building using OOP methods and techniques and in the process of the game learn much more OOP. 
15. Robotics Lab used to give the students the opportunity to experience real life SE project in the exciting area of robotics using both industrial arm robots and Lego Mindstorm robots.
16. Gamification is used as much as possible during the lectures as well as in the labs.
The statistical data such as grades and feedbacks is stored for future use. But in addition, a body of knowledge is created which includes the knowledge gathered from past students and experience. 
5. RESULTS
The success of the course is evaluated both quantitatively – through grades and precise feedback, and qualitatively – through in-depth interviews and observations. The grades are getting better while the more sophisticated method of teaching makes it possible to teach more material and aim for more significant knowledge. The test is very demanding requiring both analysis and synthesis.

And yet, though it is one of the more challenging courses, seen as very demanding, the students are highly motivated and report satisfaction and wish to add more and more projects, labs and other activities.  
We will demonstrate this point using one instance of feedback, evaluating one of the real life projects using such pedagogical tools as gamification and tactile learning – our Lego Lab [18].
In the Lego Lab students are given the real life project of building a structure using Lego building blocks. This is one of the OOP labs. They are given thousands of blocks of every variety. They have to treat each kind of blocks as a class and each block as instance of the class. The requirements are not just to build a structure but to create something useful. The students have to do it using all the SE principles, defining and fully documenting all the stages of the project. Afterwards each project is presented before the whole class orally and a written document is submitted. The teams are created by the students spontaneously. This lab is one of the most popular activities.

In Table 1 we can see feedback reports from one of the Lego Labs – that of spring 2015. We see from the table clearly that though students found the activity highly challenging, yet their satisfaction level and motivation are even higher. 
Table 1. Lego Lab Feedback
	Question
	Percentage
	Number of positive  responses

	Active Learning satisfaction
	91%
	32

	Involvement better than in class
	89%
	31

	Difficulties in teaching peer 
	63%
	22

	The project is difficult
	86%
	30

	Total
	100%
	35


The general feedback from students of the course, compared with other courses and analyzed by various parameters of the course is conducted each semester at the end of semester by an independent body – Quality Improvement Unit (QIU). The QIU is asking the students to fill quite detailed questionnaires anonymously and is responsible for statistical inferences used by us as very important totally objective feedback.

Table 2. Students feedback 2015 SE course
	Question
	Course average
	Standard deviation
	Median
	Number of respondents

	Syllabus
	5.4
	0.7
	6.0
	25

	Knowledge acquisition
	5.4
	0.6
	5.0
	25

	Critical thinking
	5.2
	0.7
	5.0
	25

	Design
	5.5
	0.7
	6.0
	25

	Clarity
	5.1
	0.9
	5.0
	25

	 Stimulating
	4.5
	1.0
	5.0
	25

	Active participation
	4.8
	1.2
	5.0
	24

	Student faculty relationship
	5.6
	0.5
	6.0
	25

	 Timing
	5.6
	0.6
	6.0
	25

	Concentration
	4.5
	1.3
	5.0
	25

	 General assessment
	5.1
	0.7
	5.0
	25

	 Lab contribution
	5.0
	0.8
	5.0
	24


Table 2 and Figure 1 represent the feedback of students reported by the QIU after spring 2015 semester. The data is very significant as it clearly demonstrates two very important results for the organic SE course:

· though it is one of the most difficult courses, student satisfaction is significantly higher compared to easier courses – a very difficult result to achieve traditionally
· the most important positive reports were about two most difficult and vital aspects of this course and students undergraduate studies as a whole: knowledge acquisition and critical thinking [15]
Those are just the results last known at the time of writing this paper, but they are representative of the feedbacks in previous semesters too.
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6. VISION

As ICT becomes omnipresent if not omnipotent, we predict that the old model of classroom will become even more obsolete than it is today and in fact will disappear completely. It could happen in ten years, it could happen in three years, but it will happen. We are in the midst of a revolution.

The revolutions of the last centuries that have changed our lives drastically are:

18th century - the industrial revolution

19th century - the scientific revolution

20th century – the technological revolution

21st century – the intelligence revolution

We are in the midst of revolution which will infuse our environment with intelligence, and an active intelligence at that. This revolution will be felt in very few years in the higher education institutions, as students will be able to learn from anywhere and at an institution and lecturer of their choosing. The learning materials and devices available to them will be improved to the degree of such wearable gadgets as electronic teacher and electronic memory enhancement.

The SE knowledge will become one of the most important, and it will be taught at pretty high level from primary school on and at highest levels for older students in much greater numbers than today. In such competitive environment we should guaranty the quality of learning, the best possible SE knowledge being offered to as many students as possible. As price of education will be much lower we can at last offer it to the poorer populations, thus fulfilling our moral obligation toward them.

But to do it as well as we need and should, we need a very systematic approach, an engineering infrastructure and environment of highest pedagogical standard. We hope we contributed in this paper to that noble end.  
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Figure 1.2015 Students Feedback – Quality Improvement Unit.
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