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Abstract

Software design problems are-structured, in which the prédm space and solution space are
not welkdefined. In problem spacehe requirements are not well definathda designer has to
formulate incomplete requirements into specific datadels, main software functionsnd sub
functions.In solution spacetheremaybe multiple solution pathsalternative design optionand
the criteria to evaluate and select an optimal solution may not be clearly Sta¢adsues in
software design arthat the quality of the design is heavily dependent on the expertise
experience of the designeroMces tend tothink atthe programming level and reduce early to

the solution design, which affects the quality of the design in many ways.

Research studies have shown that systematically expanding and reducing the-podintiem
spaces improves the quality of the solution desigm.this thesis, we refer to the ability to
expand the prokimsolution space and eventually reduce towarddution, as expandeduce

(ER) skills. In problem space, the ER skill is the ability to explore the problem as a whole and
reduce the problem into sydfvoblems based on the goal to be achieved. In solution space, the ER
skill is the ability to generate attetive solutions and reduce to one solution by evaluating and
selecting based on selection criteria.

The existing research studies have established the importance of ER skills in solving ill
structured problems, but not much research is done in theiairexd teachingearning of ER

skills to novices. To address this research gap, the broad research objective of this thesis is:
At e a-earmning @f ER skills to novices using technolegnhanced learning environmend

Our research is scoped to teachiegrning of ER skills to undergraduate computer engineering
students in the context of solving software design problems using appropriate data structures and

algorithms.

We have used desigmsed research (DBR) methodology to design the techneligyced
learning environmentamed Fathomfor teachinglearning of ER skills. We have completed
three DBR cycles to desiggvaluateredesign our intervention based on the feedback from
learners and practitioners. Four research studies were carriedwbigh included two

exploratory studies and two pretgststtest experimental studies{y=200). Both quantitative



and qualitative data eve collected and analyzed. Quantitative data was usededasure the
learning of ER skills bycompamg t h e | e ariormancedirs pregest, interventioand
posttestQualitative data in the form of log data, screen capamne focus group interviews were
used to analyze the behaviors exhibited by learners while interacting with the learning

environment and student jpeptions about learning ER skKills.

The results showed th#te Fathomwas effective in learning ER skills for novicéghe major
contributions of this thesis arproviding insights about the cognitive biases of novice towards
applying ER skills, identifiation of effective cognitive and metacognitive scaffolds in
technologyenhanced learning enemment identification of ER cognitivetools and, the

development of learning environment for learning ER skilishe context of software design.

Keywords: Expandreduce skills, technologgnhancedearning environments, software design,

ER cognitive tools, Cognitive and metacognitive scaffolds, novices.
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Chapter 1

Introduction

1.1 Background and motivation

ABET is a nonprofit organization that accredits engineering progrdrased on thejuality
standards of the profession for wi¢hat program prepares studemdscording to ABET
guidelines, one of thetendedoutcome of engineering education @ ability to design systems,
components, or processes meeting specified needs for baefdigd engineering problems
appropriate to the disciplinABET 2014).During engineering educatioangineering studesit
should acquire the ability to solve desigolgems

The design problems are 4tructured and complekRecause they possess conflicting goals,
multiple forms of problem representation, multiple solutions methods;-engimeering

constraints and unanticipated problems (Jonass&d06). In computer regineering discipline,



software design is one dfi¢ important competenciesquiredfor a software engineer to sustain
in theindustry(Tang 2008;201Q Carman 2007)

Software design probims are ilistructuredin which the problem space and solution space are
not welldefined Some of he characteristics oh software design problem in terms thfe
problemsolution spaces are shown in figure 1.1.

Software Design problem

Problem space Solution space

|__Incompletely stated

requirements Multiple

" solution paths

|__Multiple stakeholders

involved Alternative correct

" solutions exist
|_Unknown problem

domain
Criteria to evaluate and
SprrOblemS: data models —=select solution may not
—and functional models are be stated.

not welldefined

Figure 11. Software @sign problenctharacteristics.

In problem spacehe requirementare broadly definedand thedesigner has to elicgpecific

requi rements from wvarious st ak g the stakeholders per s
involved may not be initially known ahe domain in with the software is to be designedy

be unfamiliar to the designerA@elson, 1985;Tang, 2008) and designer has to formulate
incomplete requirements into specific data models, main software functions afithstdns

(Guindon, 1990; Pressman, 2010he solution space may have multiple solution paths and
multiple alternative design optionand the criteria to evaluate and select an optimal solution

may not be clearly stat¢donassen, 2006)

Based on various expert studies in software dg@igelson 1985; Guindon, 1990; Tang, 2008;
2010), we wil/l il lustrate the experfibésaagpmpr oa
library record keeping systetn.The expert initially explores the problem space by simulating

various scenarios and usingrious representations like diagrams, tables, list, etc., as shown in

2



figure 1.2. This process helps them to derive new requirements and constraints which are not
stated in the problemn solution space, multiple solutions exist as the data can be refgese
various ways, like flat data model (arrays, linked list), hierarchal data modeedB), network

model (graphs), entityelation model and objecelation model. Similarly, the operations can be

implemented using various algorithms (linear sedoaiary search, etc.). The designer has to choose

Design a Library Record-keeping System (LS)

Issue_hooks()
Issue_books() Generate solution
1 gk avaladle ‘ 1. Search book availability
student issue book Update the date of issue or el 2. If available issue book
assess if the solution is
teacher request new books to be ordered l\ generating the desired
retum bock —-‘dd\?;’.‘ﬂ“..“_i\ behaviour Order_books(}
1. Books to be ordered are A  struct
loraran oders new books _ Generatesolution|  taken by teachersand | Selection criteria / rray of structure
o ordeg
~ stored in array _ — BTree
Order_books[) Identifies vendo 2. Search vendor.. Low execution\

. Vector list
time.

Problem space Solution space

Figurel.2. lllustration of the ® p e probtem@solving process

appropriate data structure representation and algorithms by critically evaluating the options based on
the criteria (reliability, cost,»>@cution time) and constraints ( high reliability, low execution time )
applicable to the given problem domain (Tang, 2010; Guindon, 19%@®.experts reduce the
solution space by doing tradéf analysis of solutions against the selection criteria tecté¢he

single solution. They go back and forth between prokdehation spacesfor example, after
generating a solution, thdgst the solution against achieving the statedstraints andn the

process go back to problem spacgeoerate new requiremis.

The novice approach to solving the problénD e s a ligrary record keeping systeémwill be

that they tend to focus on one of the salient requirement in the lisesagch a bookand tend to

write a program to achieve the requirement without thinking of other related requirements such
as, librarian issues a book, update book statetc.. They lack theability to understand the
problem as a whole from the perspective of varioiakeholders involved, which leads to
incomplete problem formulations (Adelson, 1985). In solution design, novices tend to select the



design option without searching and evaluating from all available design gpiibith may
affect the solution quality (Tay, 2010). They also have difficulty in identifying the selection
criteria and constraints, which leads to the premeaselection of design options.

Oneissue insoftware designis that the quality of the design is heavily dependent on the
expertise and>@erience of the designeAdelson, 1985Tang 2008). The expert designers are
adept at applying various cognitive skills in problsatution spacand ceevolve both problem
and solution space in an interleaved manmerproblem space, the designers wdw initial
problem exploration by simulating various problem scenagas identify more problem
statements and constraints. In solution spteeprocess ofdentifying alternative solutions and
decision making based on selection critdr&ps to desig effective solutioa (Tang 2008.
However,novices have difficulty in solving design problems as théynk at programming level
andreduce early to the solution desigvhich affectshe quality of the design in many ways like
defining the prblem toonarrowly, solving the wrong problem, failure to see how various sub
problems relate to one anothandanchoron thesingle solution without explicitly evaluating
other alternativdCarmen 2007 Ellspermann, 2007).

To address the issues faced by nouimsigners in solving software design problem, we
extrapolated literature review at a broader level to identify the skills and techniques proposed in
solving ill-structured problems across domaih#erature in ilkstructured problem solving
suggestshatin problem space, expansisireductionist skills are usefth structure iHdefined
problem intoa well-defined problemThe &pansionist approach involves understanding the
system as a whole by identifying the parts and interrelationship between rtise gual
reductionist approach involves decomposing the problem into subproblems which may be more
solvable (Ackoff 1979 Volkema 1983). The solution spacecan be expanded by generating
alternative solutions using variotschniguedike brainstorming, analogous thinking, attribute
listing, etc (Liu, 2004). Eventually, the solution space can be reduced by evaluating alternative
solutions against the selection criteria techniques tikdeoff analysis, analytic hierarchy
processandthe decision matriXPugh 1991)

In this thesis, we refer to the ability to explore the problem space or solution space and
eventually reduce towards solution as expandeduc€ER) skills. In problem space, the ER

skill is defined as thability to explae the problem as a whole and reduce the problem into sub
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problemsbased on the goal to be achievéu solution space, the ER skill is the ability to
generate alternative solutions and reduce to one solution by evaluating and selectinghbased o

selectioncriteria (Figure 1.3.

The research studies in software design suggest the need to apply ER skills to improve the
quality of the design, especially when the designer is not having prior experience in designing or
if the problem domain is unknown. Much airrent research is focused on eliciting the cognitive
processes used by designers while desigfaglson 1984;Carmen, 2007Tang 2008 2010,

and less research done in the direction of teaeleiaigning of these skills to novices.

The engineeringeducation curriculum isnore focussed oreaching software design using
formal designartifacts like UML diagrams and DFDshan the cognitive skiller thinking that
are used informally by the expert designers before creating formal design artifact2(Léhg

The focus is not given on teaching ER skills explicitly, and it is assumed that students learn these

ER in Problem Space ER in Solution Space

Expand

Understand
the problem as
a whole

Generate
alternative
solutions

Select solution
based on
election criteria

Define the
goals and sub
goals

Reduce

Figure 13. Expandreduce skill in problem space and solution space

skills on their own while solving weltlefined problems (Jonass&006).In this thesis, we aim
to address this gap by designing and developing a learning environmérgtiEachinglearning

of ER skills to novices.
1.2 Research objective

In this subsection, the overview of the research in ER skills in the context of ga\softwae
design problem and the need tosining novices in ER skills is summarized, followed thg

formulation of our research goal and objectives



1. The literature on problemolving (Ackoff, 1979; Volkema, 1983; Liu, 2004;
Ellspermann, 2007has wel established th@eed forER skills in solving iltstructured
problems to generate quality and quantity problem statements and solutions. The think
aloud studies done on experts to elicit the implicit cognitive skills reveal that they
systematically expahreduce in both problem and solution space, while novices lack
these skills Adelson 1984 Tang 2008. In figure 1.4 the topmost triangle represents
this research area.

2. Research studieflonnasen2006; Dorst, 2001; Dym, 200b suggests that students at
undergraduate engineering level lack #kdls to solve design problems effectively as
they are not trained in the cognitive and metgmtive skills related to solvinghese
problems.

3. The computer science and engineering (CS®ucationis more focussed on using
innovative teachingearning techniques for teaching conceptagadish2012 Janitor
201Q Ramon 2004 Reddy 2015 Velazquez2012 Warendorf 1997)and lesfocused on
teaching complex problem solving skills to degraduate engineering students
(Cooperrider2008 Dym, 2005)

The current research work in ER skills ahd gap in teachingearning of the ER skills ta
novice is summarized in figure 1.Zhe literature review in the three areas: ER skills in
solving design problemthe need of training these skills to novices; and current education
scenario; suggests the need of teach#agning of ER skills to novices anbere are very
few research stiles done on teachidgarning of ER skills to novices.
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explicitly teach
these skills for
effective design

Figurel.4. Research gam teachinglearning of ER skills taéhenovice.

Based on the research gap identifiear broad and specific research goalsdeéned:
Broad research goal

Designtechnologyenhanced learning environment (TELE) for effecteachinglearning of ER

skills to novice learners.
Specific research goal

Designtechnologyenhanced learning environment (TELE) feathinglearning of ER skills to
undergraduate computengineering students in the context of software design proebtdwing

in data structures and algorithm course

1.3 Research Methodology

To achieve the research goalewnay haveto conduct research studiegith novices to
understand the difficulties anelvel of scaffolding needenh the learningof ER skills anddesign

the intervention by addingemoving or modifying the design featureased on the feedback



from learners The development of the TELE and its evaluation is a continuous and cyclic

process

Design based resear@@BR) is a framework that helpghe researcher tanalyze the real world
problens, integrate design principlegith technological advancestmsolution development, test
and refine learning environments as well as define new mgsigciples(Reeves2006 Amiel,
2008) We used designbased research (DBRmethodology as it is aligned with our

requirementsnd iterate through desiggvaluateredesign phases

The DBR cycle consists of four phasgsoblem analysissolution developmentevaluation and
reflection as shown irfigure 1.5. In the problem analysis phasthe problem isinalyzedoy the
researcheyandpractitionesin collaboration todrmulate the research questiomsthe solution

Problem Solution Evaluation Reflection

= = =

A 4

Analysis Development

Refinement of problems, solutions, methods, and design principles

Figurel5. Stages in each cycle of DBR

development phase, the solution developed based on existing design principles, and
technological innovations suggested in the literatimethe evaluation phase, the solution is
tested with practitioners in the real world, followed by a reflection phaseentify the
limitations andaccordinglyredesign the interventiofhe outcome of DBR is to produce design
principles which can be used by other researchers.

In this thesis, we have completed three DBRIley as summarized in figure 116 first DBR
cycle, we addressed two sgbals(1) assess the level of a novice in applying ER skills in the
context of solving a software design problem, and (2) identify the effective scaffolding
techniques to facilitate novice in doing of ER skills. Thesegndls were formulated as the
current reearch has stated that novices lack the ability to sohstriittured design problems

(Jonnasen2006;Dorst, 2001; Dym, 200h however there are very few studies done to identify



the level of scaffolds to be provided in the learning environment fohitegtearning of ER

skills to novices.

DBR Cycle 1

DBR Cycle 2

DBR Cycle 3

Problem
analysis

1. To assess the level of ER skills in nov
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cognitive tools and learning techniqu
Study 1(N=40), exploratorystudy

of
scaffolding and introduce reflection activiti

To redesign the TELE withnimproved leve

To revise the metacognitive activit
for  effective  monitoring an
controlling of ER skills.
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Evaluation|Study 2= 49 engineering studen|{Study 3 49 students, experimental p|Study 4 50 students, experimen
exploratory study posttest. pre-posttest.
Results Students were having difficulty |Results Students could do ER skills HResults Students could do ER ski
doing ER faced difficulty in evaluation of ER skills |and monitor ER skills.
Reflection |Prompts are not effective if learners do [Novice learners are not able to selfaluatd The pedagogical support in terms

have prior experience in ER cognitive sk
Improve the design by adding m(
scaffolds.

to monitor and control ER skills.
Improve metacogriite support.

cognitive and metacognitive supp
and cognitive tools are effective
doing and learning of IE skills.

Figure 1.6 Designbased research cycles applied in this thesis

To achieve théirst subgoalwe did studyl to answeResearctQuestion (RQ)

RQ1- What is the level oanovice in applying ER skills in solving software design problem?

Based orthe results of studytvhich informed us about the level of the novice in applying ER

skills, the first version of technologgnhared learning environment (TELBjathomVerl, was

designedand developed The main design features of Fathdfarl was to proide structured

guidancetowards applying ER skills in solving software design probl&athomVerl was

evaluated using study a&nd heresearch question asked was:

RQ2 What are the difficulties faced by novices in performing ER skills using Fatfeni?

Based on the difficulties faced by the learnerpenformingER skillswhile solving a software

design problemthe design features of Fathererl were improvedn thenext DBR cycle. In



thesecondcycle of DBR, the focus was dearningand transfeof ER skills. TheFathomVer2

was redesignedndevaluated usingtudy 3 The research question askeds:
RQ3 How effectiveare the design features of Fathdfar2 in learning ER skills?

We saw in study 3 that learners had difficulty in evaluating tblgits and take appropriate
action to improve. Thusnithe third cycle of DBR, the solution was redesigned to scaffold
metacognitive skills ofvaluating the ER skillsThe Fathorrver3 was redesigned and evaluated.

The research questi@skedfor study 4wasRQA4:

RQ4 How effectiveare the design features of Fathd®ar3in learning ER skills at cognitive

and metacognitive level?

The results showed that students were effectively doing ER skills during the intervention and
were able to transfer these skilldiey were able to monitor and take appropriate control action

plan to improve the ER skills during the intervention.
1.4 Solution Overview

Our solution approach is grounded dme constructivist approachs t at e d by Vygot
scaffolding theorie®n the zone of proximal developmeZPD) (Roblyer, 2012) The ZPD is
the differencebetween novice and expert in performing certain skallgl he novice can learn

the skills onlywhenscaffolding is providedby a teacher or peer with a higher skill set.

The tehnologyenhanced learning environment (TELE) nankedhom is oursolution forthe
teachinglearning of ER skillsFathond pedagogical features are designedupport novicgin
learning ER skills in the context of software design problem solusigg appropriatalata
structuresand algorithmsThe desigrrationale isto scaffold novicdowards thdearning ofER

skills usingcognitiveand metacognitiverocesses andds used by experts

The pedagogy of Fathom is designed based on the integadttechnological affordances, and
principles suggested in learning sciences literature on effective cognitive and metacognitive
instructions for novices (Bannert, 2013; Xun, 20I4)e overall pedagogical features of Fathom

are:
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1. Thelearners arsystenatically guided to do ER skills by providing support at three levels

(figure 1.7): Understanding the skillSystematic guidance with prompeplanation of

new terms, and worked example to illustrate how to use ER §irken color boxes in

figure 1.7).

2. Practice ER skillsLearners performs the ER skiil the context of solving a software

design prol@m (blue color box in figure 1)7

3. Engage in metacognitive activitgystem generated formative feedbami|aborate with
peers to evaluate, monit@nd reflect on the skil(Pink color boxes in figure 1)7

The amotated screenshot in figure 1shows the design features implemented in Fathom.

[ 1. Problem Analysis
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J
[
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’
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.
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"
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.

Learning path for each skill

\L _ | - . ~
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L T nd refl

Systematic
Guidance to
ER skills
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to triggers
the ER skills

Metacognitive activity

Cognitive activity- The workspace will be provided to
perform the activity supported with cognitive tools for
ER skills.

The responses are saved into

database.

Figurel.7. Solution design of Fathom
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Software  Design
Prohlem Posed

Prompt

Problem
phases

solving

Hint and Example

The college library maintains books of various departments like Computer engineering, Electronics engineering, etc. The library staff maintains records of all books, return and issue of
books to students and teachers. It was becoming tedious for teachers and students to search for a book in library. The librarian decided to provide online service for students and
teachers to search availability of the books. The system will search for the availabilty of the given book and display if the book is available/not available with its shelf number(location
of the book).Your task is to design a software for the requirement stated by librarian, using appropriate data structure and algorithm.i

1. Undertsand the Problem

Activity- Think of all the stakeholders involved in library and diagrammatically represent the library system from the perspective of all the
stakeholders.

Problem Analysis

|Under5ta|1d the Problem
Formulate Goal

Draw entities involved in the system and interactions among them. Entities are people and items/objects involved in the system and interactions are relationship among the entities.
For example, "In a shop, enfities are "shopkeeper”, "Shop items” and, interaction between them is "shopkeeper searches for an ifem”.

~
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Peer review Medium [Has missed few stakeholders and interactions ]
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Justiry:

Next (evaluate your response)

Figurel.8. Screenshot of Fathom
We have identified the cognitive processes and tools related to ER skills from literature based on
expert studies on software design (Tang, 2008;2010; Carman, 2007; Adelson, 1985), engineering
design(Howard, 2008; Madhuri, 2015; Saaty 2008; Pugh, 199Xhnital
solving(James, 1995) and creative problem solving (Liu, 2004; Basadur, Zefipm is

problem

equipped with cognitive tools tenable learners tsystematically expanceduce problem

solution spacesas shown in figure 1.9
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Cognitive tools- Expand-Reduce in Software Design
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Figurel1.9. Cognitive tools for learning ER skills in software design

1.5 Scope of the thesis

We scope the research done in this thesikermsof design of learimg environment for ER

skills, learnercharacteristicgproblem andlomain context and technology

Learner group: The learnersonsideredare undergraduate engineering students from second
year onwards, with specialization in the field of computer engineering or information

technology.

Problem and Domain The problem seleet for practicing ER skills argoftware design

problens in data strutures and algorithms course.réalworld context is posed in the problem

and the software has to be designed using appropriate data structures and algorithms, for
exampl e, ADesi gn s of t wh availabflitp of books, lusing gperoptiateb r ar y

data structure and algorithno

Context: Fathom is designed for sddarning for novicesand the role othe instructor is not
active. The instructorcan facilitate student® usingFathom inthe lab, either n between or at

the end othedata structures course.
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Technology: Fathom is developed and deployed using clgamter architecture with fromnd
technologies: HTML5,JavaScript, JQueryBootstrapframewak, and backend technologies:
PHP and MySQL

1.6 Contributions

This thesis makes contributi®m terms:

1. Providing insights about the cognitive biases of novice towards applying ER skills in the
context of solvinga software design problentEngineering educators and educational
technology researchers case these implicatian

2. ldentification of effective cognitive and metacognitive scaffolds ainechnology
enhanced learning environment forirtp and learning of ER skills bg novice. These
findings are useful for engineering educators, instructionalgaes, educational
technologyand learning scienaesearchers

3. ldentification of ER cognitive tools for doing and learning of ER skills in the context of
solving a software design problemThese are useful for engineering educators,
instructional desigers and educational technologgsearchers

4. Educational technology researchers can use the research studies with replicable research
methods, data collection methods (quantitative and qualitative), assessment instruments
(rubric to assess ER skills), afiddings.

5. Development of a systerRathom thatcan be used by

1. Engineering students to practice and learn ER skills,
2. Engineering educators for teachilegrning of ER skills to their students.

3. Educational technology researchers to conduct studies
1.7 Structure of the thesis

The thesis is organized as follows:

In chapter2, we set the context by discussing the literanmesoftware design problesolving
and issues faced by designers, falal by discussion and definition &R skills and the
importane of these skills in problersolving. Further the research studies related to ER skills in
software design are discussed to establish the research gap and our research goals.

14



In chapter3, the overview of desighased research (DBR)ethodologyand its réevance to our
research goals is discussed. The overview of three DBR, @gte@spondingesearch questions

and studies are discussed.

In chapterd, thefirst DBR cycle 1:problem analysis phasie discussed. In problem analysis, the
study 1 to undersand the level of novices in applying ER skills is reported followed by the
literature surveyto identify ER cognitive tools and technique@soposed by researchers and
experts in various areas of problawmlving. Based on the literature survey, the learrang

design conjectures are identified for the desigtheolution.

In chapter5, the design of the itial version of FathorVerl is discussedollowed by the
evaluation study to investiga the effectiveness of Fathevferl in performing learning

activities designed to learn ER skills.

In chapter6, the DBR cycle 2phases are discussed. problem analysisthe principles for
effective scaffolding techniques for novica® identified. Irsolution designtherevised version
of FathomVer2 is discussedollowed bythe evaluation study to investigathe effectiveness of
FathomVer2 inlearning ER skills and theeflection phase in which the implications of current

study and feedback for next cycle is established.

In chapter7, the DBRcycle 3 is discussed. Iproblem analysisthe principles for effective
metacognitive scaffolding techniques for noviegs identified. Insolution designtherevised
version of FathomVer3 is discussed, followed bthe evaluation study to investigathe

effectiveness of Fathoier3 inlearning ER skills andeflection phase.

In chapter 8we summarizean overview of research, answers to RQs, claims, limitatiand
generalization of our researd other domainsFinally, in chapter 9, we conclude with
contributiors of the thesis, future worland final reflection.
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Chapter 2

Literature Survey

This chapter providean overview of ilstructured problersolving literature that led us towards
the characterizain of expandeduce(ER) skill$ollowed bythe difference in expert and novice
approach in applyinghe ER skills,and thecurrent state of engineering educatidhe overall
literature review informs us towards formulating tlesearch gapresearch goalsand solution

design

The overall flow of literaturereviewmapped to various aressshown in figure 2.1.
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Figure 2.1 Overview oftheliterature review

2.1 Software design problems

Software design problems are-siructured in nature as these problems may not have a well
defined problem and solution space (figurg).2n problem space, the stakeholders; goals: sub
goals; and constraints are not always wdelined or initially known to the designer. In solution
space, such problems have alternative solutions; multiple solution paths; and multiple criteria for
evaluatingsolutions(Jonassen, 2000).

____—Software Design problems __

-—

Problem space is not well-defined Solution space is not well-defined
&8 ¢ < @) S
¢ What are the “j\) ("— S —
_ . 3 .
% goals and . O ( What_ =l alte.rnatlve : ,lehat are the criteria
subgoals > e N C solutions exist?
e A to evaluate and
—— -* Who all are the T S /
. takeholders? > B — ~ select solution? >
—  Stakeholders: _ —
— P 1\_“7_’\\_7#_/,_7-

Figure2.2. Software design problem characteristics

For example, in the software design problée si gn sof tware for a mant

aut omat e r e p alretprobtem space astnot ovaliruaured as the remement are
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broadly defined and designer has to formulate incomplete requirements into specific data
models, main software functions and dubctions. The solution space may have multiple
solution paths and multiple alternative design options, and ttexiarto evaluate and select an
optimal solution may not be clearly stated. The designer has to choose appropriate data structure
representation and algorithms by critically evaluating the options based on the criteria and
constraints applicable to the giv problem domain (Pressman, 2010; Tang, 2010; Guindon,
1990).

Software designs the procesgollowed by designers to desigoftware for a given redife
problem.The design process iterative and broadly consists foflowing phase$ Establishing

aneed, Analysis of requirements, Designd Implementation (Pressma10).

Establishing a needphaseis where the requirements tife systemare elicited by identifying
stakehol der s, recogni zing requi rements from

collaborating to make a final decision on requirements needed.

Analysis of the requirement phase is where the requirements are elaboratedriottelsthat
depict the overall design. Thatd modebepics the information domain for the dotem, flow
oriented modelsepresent the functional elements of the sysfeperations and attributes), and

scenariebased models of the requiremeatefrom the point of view of various system actors.

The designphaseis where the final drawings or model of tsgstem or product are completed.
For example in software engineering, the design model provides details about software
architecture, data structuresterfaces, and components that are necessary to implement the

system.

Implementation phase is where the designs are implemented by programmers using appropriate
programming frameworks and later deployed and tested with the actual users.

In the softwae development procesthe design is the most important phase as stated by
Guindon (1990) At he most expensive errors to correc
those made during higlevel system design and not during codinuring the designphaseif

the designer is not exploring the problsoilution spaceghen one may end up with incomplete

or suboptimal design (Tang, 2010).
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During design, the design decisions made by the designers are implicit and based on the
experience and expertis¢ the designer (Guindon, 1999). The novice problem solvers with no
prior experience in design may not think of the problem space fully and end up with incomplete
problem formulation (Ackoff, 1979; Dennis, 1999Adelson 1985)in terms of eliciting
requirenents from the viewpoint of various stakeholders, identifying the modules and sub
modules, and data items. If the solution space is not explored in terms of all alternative design
options and evaluating and selecting based on the selection criteria, themagrend up with

wrong or suboptimal solution (Carman, 2007; Tang, 2008). The issues in solving design

problem which is ill -structured summarized in 3.2.

are

Not able to think of problem as a whole and
decomposition may not cover

important subproblems

(Ackoff 1979, Dennis, 1999, Adelson 1983).

Think at programming level or

command level and not

able to abstract sub-problems at

higher level of abstraction (Adelson 1983)

Not able to identify constraints

may affect the number of
solutions identified

problem space

Issues in
salving design
problem

solution space

figure

then their is a possibility of
designing a satisficing
solution than optimal solution
(Carman 2007).

Anchor to a single initial solution without
considering alternative options (Tang 2010)

Not able to evaluate solutions against
selection criteria (Adelson 1983)

quality of decisions would heavily
depend on the experience and
expertise of the individuals(Tang 2008)

(Dennis 1998, Samson 1988,
Volkema 1983).

Figure 23. Issues in solving design problems if probleaitution spaces are not exmdr

In the next subsection, we have reviewdthe literature on ilistructured problem solving to

explicate the cognitive processes and techniques used in prebletion spaces to address the
issues shown in figure 2.

2.2 Cognitive processes and

techniques in ill-structured

problem solving

The quality of the design depends on how well the proldelution spaces eevolved. The

problem space has to be expanded enough to understand the system as a whole before you reduce
to formulate the subproblans such that they are directly solvable. In solution space, the
alternative design options should be explored, evaluated against the constraints identified in the
problem and select the optimal options (Tang, 2010).
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In this subsection, we have reviewdte ill-structured problersolving literature to explicate
various cognitive processes and techniqpesposed to expanceduce the problersolution
spaces effectivelyThe various areas of 4itructured problem solving literature reviewed are:
problem $ructuring @ckoff, 1991 Volkema, 1983ennis 1999Kunene 2005 Ellspermann,
2007); creative problem solving (Liu, 2004; Basadur, 20B0spermann, 2007 engineering
design (Howard, 2008; Pugh, 1991; Saaty, 2008; Madhuri, 2015) and software desyofAd
1985; Guindon, 1990; Tang, 2008; 2010).

2.2.1 Problem structuring

Problem structuring is a preliminary step for solvingsthuctured problems. As stated earlier, in

ill -structured problemshe stakeholderinvolved are not directly stated, the problem space is not
well-defined and the goals and specific goals to be achieved are not clearly stated. Research
suggests that problem structuring processes are useful approaches to formsiatetuled
problens (Basadyr200Q Dennis 1999 Ellspermann, 200Kunene 2005).

It is argued irthe literature thathe quality of the problem formulation depends on the ability to

see the whole problem space and then decompose the problem into subcategories1g¥&koff
Dennis, 1999) This process is categorized asgpansionist and reductionistVdlkemg1983)
approach in which the problem space is expanded before reducing (decomposing) the problem
into subproblemsThe epansionist approach involves understandingsysgem as a whole by
identifying the parts and intelationship between the paread reductionist approach involves
reducing the problem into sygyoblems Ackoff, 1979)

Risks of problem structuring if the problem space is not expandedarais 1999, Samson,
198; Volkema, 1983)

1. Decomposition of tasks may not completely cover the problem spaceay miss
important subcategories

2. It may be more difficult to create good, holistic solutions without considering all
subcategories of the problem sinameously. It leads to the inability to see the whole
picture and its interconnections.

3. If the problem definition is narrow, it may affatie number of solutions identified
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Several techniquesra used toexpand and reducéhe problem spaceStrategic Options
Development and AnalysiSQODA) is a method used by consultants to solve complex and messy
problems of their clienté€Eden 2001) It relies on the concept of cognitive mapping to explore a
problem area. A cognitive map is used to representamp@&s® t hi nki ng about ar
directed graph, consisting of nodes (ideas) and arcs (connections between ideas). Typically, there
are over 100 nodes on a map. SODA is implemented through the use of interviews conducted by

a facilitator with individuégs concerned with the problem area in question. The individual maps
canthen be combined to produce group maps.

MACRAME (Multiple Actor RepresentAtion ModElling) is a methodology tleahsiders the
problem from the viewpoint of various stakeholders ingdlin the problem situation. Problem
is formulated using actorial structure from general level $pecific level. The structure shows

how various stakeholders and actors are interrelated to each other (N68&ge

Why-Wh at 6s St oppi ng m(siNMi&ipg tectmniqua to pormulate-dructured
problems. It combines expansionism, reductionigmd creative thinking processesThe
expansionist approach allowed user to explive problemby aski ng question

we . forckexample,iftheor obl em st at ement is AHow might w e
broadening question would be, AWhy would we
narrowing question would be, A Wh at i $he st oppi

empirical study was done tinvestigate the effects of training in the usaVWS technique on
the quality and quantity of problem statememessults shoed significant improvement ithe
guantity of problem stateents generateahdno significant difference in quality and uniqess

of problem statemem experiment group comparedttee control group(Ellspermann, 2007).

The cognitive processes$ools and techniques proposed in problem structuring literatoire
explore problem spaceare usually used by system analysésd experienak professionalso

identify and formulate the problem asdbproblems to be solved in an organization.

2.2.2 Creative problem solving

The creative problem solving is another area of researchstruttured problem solvingvhich
focuseson creative thinking skillsThe creative problesarenonroutineproblemsfor which the

solution or the solution path is unknowhhe creative problems are saliveising creative
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problemsolving modelsbroadly consisnhg of three stages: Understand thelgem; Generate

ideas; and Planning for action (Treffinger, 1995).

The divergent and convergent thinking skills are integréheé@reative problensolving process

to generatguantity and qualitysolution (Basadyrl990;Howard 2008).Divergent thinkingis
associated with generating alternatsadutions and convergent thinking skills arpros & cons
analysis of various solutions, making suitable assumptions for a given problem, selection of
accurate solution based on constraints ifledtin a given problem and justifying selected
solution (Madhuri2015).

Divergent thinking techniques
Various divergent thinking techniques are proposed to genateas (Liu, 20Q40slapas, 1993

Analogical thinking: transfer an idea from one contexa new one,
Brainstorming: encourage to individually generate ideas ajititus on quantity and not
guality in less amount of time,

1 Mind mapping: variant of brainstorming, where ideas are represented in pictures as well
as words

1 Attribute listing: dentify attributes of a subject and think up ways to modify, reverse,

combine or improve on each.

A research study has shown that brainstormingffesctive in a group interactiooompared to
individuals working alone. In a groupeople hear about othpre o p | e ,owvbich iotteewdss

they wouldnot have thought of and build on these ideas generating more ideas. It is even more
effective when people are working on sufoblems to generate ideas rather than on a problem
not divided into suiproblems. Thisis explained as cognitive phenomena as individuals
presented with the problem as a whole, would tend to focussomall portion of the solution
space and generate few ideas. They explore a few relatech®gories in depth rather than
think of a broaderange of suizategories of the overall problem (Kunef605).

Brainstormingis widely used to generate ideas in a g{wmene 2005) while othercreative
thinking techniques like attribute listing map or analogous thinkingneadeen widely usedr

tested in generating ideas for solvingsiltuctured problems{lspermann, 2007
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2.2.3 Engineering design

Engineering design is the processlasign systems, components, or processes meeting specified
needs for broadhgefined engineering problemgmopriate to the disciplindt is a decision
making process (often iteratively which the basic sciencesjathematicsand engineering

conceptsare applied to convert resources optisned meet a stated objecti¢aBET, 2014).

The engineering desigmmrocesdroadly consists of four phases: Establishing a need; Analysis of
task; Design Implement(Howard, 2008) It is implicitly assumed inthe engineering design
process that designers generate alternative design options, evaluate and select. Howwever, i
arguedin the literaturethat by integratig the engineering desigand creative problersolving
procesdy explicity generatingdeasand evaluating thepthe quality of design improvesThese
models are referretb as divergentonvergent modelgHoward, 2008;Cooperrinder, 2008;
Basadur, 1990

The dvergent thinking techniques wedéscussed irthe previous sulsection: creative problem
solving process, and in this sectiome will discuss various convergent thinking techniques
proposed irthe literature.Convergent thinking techniques are used to evaluate the alternative
ideas on various criteria and select appropriate idea. For example, taking decision on buying
equipment for a company involves evaluating all alternatives based on variai®sealdteria

cost, usability, etcSome of the tools widely used for evaluating alternatives are decision matrix
(Pugh, 1981); andnalytic Hierarchy Process (AHP) (Saaty, 1980).

i. Decision matrix (Pugh 1981) is used to take design decision by evadting
alternative designs based on multiple criteria and decide which one best meets all the
criteria. The decisions thare based on multiple criteria is complethus resulting in
inconsistent and irrational decisions. The Pugh Matrix provides a siappeachto

compare alternatives designs against each criterion.

The alternative designs and criteria are listed in atablshown irfigure 2.4 Thefigure

shows the use @decision matrix to evaluate and select from the alternatives.
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Designl Desgn2 Design3 Design4

Criterial 3 4 3
Criteria2 5 4 2
Criteria3 3 1 3
Criteriad 2 1 4

Total 10 13 10 12
score

Figure2.4. Example of decision matrix

In figure 2.4, four design alternatives ae¥aluated against four criteria. The designs are

rated on a scale, for example5 against each critenh and the total rating for each

design is calculated. The design wilie highest rating is selected. The alternative is to

weight the criteria baseah its importance over other criteria and multiply the ratiity w

the weight of each critesn, before summing.

The

fail if the selection of criteria is incomplete orcim r r e c t

advantage

of

as

t he

P thagithisdeasy w aec \IVhsla tlsnmethoa il | x 1 s
effecti

matrix is related tdhe quality of the selection criteria. If the selection criteria are not

correct or incompletdghen the selection decision can go wrong.

ii. Analytic Hierarchy Process (AHP) is another popular technigysoposed by Saaty

(1980)which isused to choose among multiple criteria and choices, for example, select a car

by evaluating alternative choices (Baleno, Honda city, Ford aspire) against the multiple

criteria (cost, style, nieage reliability). The basic principle of AHP is to da pairwise
comparison of criteria an@erform matrix calculation (Een-vectol) to find the relative

importance of one criterion over anoth€&he steps followed are

a. The

other. For example, thec r i t e r i aoméwmbaimsotr ce

fcost o

iiampor t a then

Saat y 06 s21)sis askdeto caldulatthe irmportance of one critesh over

t han

Band aft tdy lad/d These pairwesé aomparssans ake carried out
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for all factorsto be considered,

(second table)

and the matrix is compleasdshown in Table 2.1

Table2l. Saatyowthexamhpleng scal e
Intensity  of | Definition Explanation
Importance
1 Equal importance Two factors contribute equally to the objective
3 Somewhat more importan Experience angudgmentslightly favor one over
the other.
5 Much more important Experience angldgmentstronglyfavor one over
7 Very much more| Experience anfudgmentvery strongly favor one
important over the other. Itsnportance is demonstrated in
practice.
9 Absolutely more The evidencdavoringone over the other is of the
important. highest possible validity.
2,4,6,8 Intermediatevalues When compromise is needed
Style Cost Mileage Reliability
Style 1 1/3 5 1
Cost 3 1 5 1
Mileage 1/5 1/5 1 1/5
Reliability 1 1 5 1

b. In next stepthe Eigenvector is calculated by standard method as (0.232, 0.402, 0.061,

0.305). These four numbers correspond to the relative values of style, cost, mileage,

reliability. The 0.402neans that cost is the most preferred criteria over all otredshe

next preference is given to reliabilifysaaty, 1980Coyle, 2004).

The main advantage of the AHP is its ability to rank choices in the order of their
effectiveness in meeting conflicting objectives. The drawback is the ambiguity in the

interpretation of

t he Saatybés rati nsg

2.2.4 Research studie sin software design

In this sectionwe have explicatethe important cognitive processes and behaviors exhibited by
designers while solving softwa design problemg@Adelson, 1985; Guidson, 1990; Tang, 2010;
2008).Four expert stdies were reviewedvhich are focused on eliciting expert behaviors while
designing software for familiar and unfamiliar domains (Adelson, 1985), preddérng
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heuristics used by experts to design satisficing solution (Guindon, 1990)eaigh deasoning

techniques to improve software design qudlitgng, 2010; 2008).

The designers soldedesign problems by iterating and-ewolving between problersolution
spaces.Figure 2.5describes an iterative design decismaking process consisting of two
stagesdesign planning and problesolution space decision. Stage 1 is when designers plan the
design session by scoping the problems and pamgtithe issues. Stage 2 is where designers
solve the design problem by iterating and-ewolving between problersdution spacesThe
problem space decision making involvesoblem analysis and formulation. Solution space
decision making is abowgenerating solutions and other potential options, evaluating between

different options and selectig the most appropriatelsition (Tang 2010)

a b

Design Planning: Reasoning Techniques:

1. Scoping ¢  Conte(X)tualise situation
2. Identify Key Design (S)implify situation

3. Priortise Design Problems Sc(E)nario generation
(C)onstraints consideration
(T)rade-off analysis
(O)ption generation
{(I)nduction

(D)eduction

Design
Planning

Problem Space Decisions:
1. Analyse Problem
2. Formulate Problem

Solution Space Decisions:
1. Generate Solution

2. Evaluate Solution

3.  Select Solution

Figure 2.5 (a) iterative design decisianaking model, (b) general design activities and
reasoning tactics (Tang, 2010).

Solution
Space
Decision

The cognitive skills and behaviors exhibited by designers in problem and solutiorbapadeon

four expert stdiesare discussed followed by comparison of the studies

1. Problem space related cognitive skills:
In problem space, the designers start withbfem analysigo identify the informatiorrelevant
to a problem followed by problem formulationto articulate what problemand subproblems
need to be solved or how to proceed to solve thiemdentify the sukproblems to be solved,

the techniques used by designers for exploring and expanding problem space are:
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i. Formation of mental models:Expet designers form an internal working model of the design
in-progress which is capable of supporting mental simulation. The evidence of these models is
the experts generated external modelshmform of sketches which depicted some form of
actions in thesystem(Adelson, 1985)

ii. Systematic expansion of the mental model by e®volving between problemsolution
spaces:The nature of the mental model change as the design is progressed. The model started at
an abstractlevel and expandetb the next level of detailFor example, while designing email
system, the designer started with a model depictivegflow of information as commands
(READ, WRITE) atanabstract level and progressed to a detail level by representing information
astheflow of tokens. This progression from one level of abstractidcheémext immediate level

is known as systematic expansiontioé mental model. This mentahodelis used tadentify

subproblemsand its corresponding solutions.

The prior domain knowledge playsnaajor role inthe simulation of the mental model and its
assessmenin problem design library record keeping systewhere the designers did not have
prior experience in solving similar problem, the mental model formed was not as detailed as
the one inthe familiar domain. The designers only represented how the system would appear to
the user and did not considatherissues of how the system would interact with the operating
system. The simulations were done by representing commands (read, replpyestmulations

done were local considering each command in isolation and not as a whole in terms of how
different commands interact with each other. Ppheson wasot doing global simulation on how

commands are affecting other commagaidelson, 1985)

iii. Requirement understanding by simulating scenarios: Experts tend to generate
requirements from the incomplete problem statements by simulating scenarios in the given
problem(Guindon, 1990; Tang 2010) For exampl e i f tlhegipa ofbdrema il
then designers simulate the scenario of lift moving up or down across floors using didgrams

the procssof drawing, designerdeduce new requirement®r example the lift should locate

thelocation of the floor, or constraintséiin o si ngl e poi nt , aHlichhayi | ur ec
not be part of specifications. ¥perts come up with subprobleamd its associated solution to
satisfythe new requiremest These requirements allow designers to reduce the solution space

and do a quk tradeoff analysis to sele@ solution based on the constrai{@uindon, 199Q)
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iv. Initial problem exploration: The study by Tang (2010) showed that for the design task:
Adesign traffic simulation progoadcdi foonsandeh
the team thastarted upfront with theolution without exploringhe problem space sufficiently
formulaed only few problem statement¥hereas another team thgpent more time on

exploring their plan, designed layout dfet road andther design issues, generaidarger

number of problem statements.

2. Solution space decisions:
In the solution space, théhree general stepfollowed are generating solution optign
evaluating the available options, and selecting a solution fromveitable options
i. Generating solutions:
Designers select design strategies and notations based on their prior knowledge. For axample,
the study by Guindon (1990pne of the designsiselected entityaction notation and DFDs to
structure the probfas and used it as a guide towards design decomposition. This behavior is
consistence with his software engineering backgrodmbther asigner chose state transition
diagram as his design notation, as he has experience as an electrical engineer ahavittorke

problems similar to the lift problem

Different design behavioral patterns were observed depending on the experience of the
designers.The experienced designers may not consciously generate multiple solution options
explicitly, but consider alteri@e solution options during various contexts like during problem
refinement, constraint specification, and while considering new scenario (Tang, 2010). While,
for i nexper i emtabdesigrebedargentteir finad design.hleeypeared to adhe

to their initial designs, from where they continued to design for additional requirements. After
each decision point, the inexperienced participants especially spent little efforts on reassessing
the consequences of additional changes to the initigdgriddsowever, the study by Tang (2008)
showedthat when designers were prompted to think of alternatives and justify the selection, the
qguality of the design solution improved. The need to justify their decision made them to
constantly assess the desigrcid®n against t requirements and constraints, especially for
inexperienced designers.

The studies have also shown that designers generated more design optioasigghennumber

of subproblems are identified in pragah space (Tang, 2010; Kune@805.
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ii. Evaluating alternative solutions:

1 Trade-off analysis: Regarding evaluating alternative solutions, experienced designers
rarely considered more than one alternatosthe problem. Even if they considerédey
rapidly eliminated without irdepth evaluation using a quick tradf analysis (easy to
design). For example, in the lift example, the designer did nahdo-depth analysis of
design alternative distributed versus centralized control process but quickly chose
distributed based on ¢hrequirement of no single point of failure. Designers tend to
elaborate only one main design idea, usually selected early in the design process. The
selection is attributed tasimilar solution that has worked in the past and the limited time
to design Guindon, 1990).

1 Preferred evaluation criteria: Designers select preferred evaluation criteria to reduce
the set of possible designs to consider and useatpasnary guide in searching fa
satisfying solutionwhich may not be ra optimal solution For example, in the lift
example, the designer selected reliability as preferred evaluation criteria and used it to
selectadistributed control system and to rejdut centralized control system.

Preferred evaluation criteria if wisely selectedn effectively reduce the complexity of
the design process. However, in need to reduce the searchispaperiencedlesigners
may early commit to wrong choices that are difficult to recover later on. Delayed
commitments until more constraints on tiesign have been uncovered may be more
desirable (Guindon, 1990).

iii. Selecting a solution
Some of the skills that are used by designersatuate and select a solution effectivahe:
1 Explicit reasoning: Explicit reasoning is the use of explicatadjuments to support or
reject a design problem and a solution choitlee empirical studyby Tang (2008)
showed that the test group that was equipped with design reasoning produced a higher

quality design than the control group, especially for inexpegigesigners.

1 Representing constraints, plansand notetaking: Designers keep track of constraints,
critical requirementand assumptions in the problem statement by making a note of it.

They referred back to their notes to check if all the critical requirements were met in the
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final review of the solution design (Adelson, 1985; Guindon, 1990). The designer
simulated solutn design and compared them with what was demanded by the

requirements.

3. Comparison of the expert studies in software design

The four expert studies in software design process reviewedcompared alonwith the

parameters: objectiygarticipants, desigproblem solved and cognitive processes ushdwn

in table 2.2
Table2.2 Comparison of the expert studies in software design
Expert study Objective Participants Design problem| Cognitive
solved processes
identified

The role of the 1. To identifythe Experts- 1. Design an Formthe mental
domain experience behaviors and 8years of electronic model, systematic
in software design skills of a experience in mail system. | expansion of
(Adelson 1985) designer when designing 2. Design a model, simulate

designing in a communication library record | themodel and

familiar domain | sysems. keeping assess, plan

andanunfamiliar | Novice- system solutions, note

domain. several years | 3. Design an taking.

2. Difference of experience interrupt

betwea novice in handler.

and expert programming

behavior. andtwo years

in designing.

Knowledge To describe how Two A lift control Simulate tle
exploited by designers exploit designers 1. systemdesign a | problem scenarios

experts during
software system
design (Guindon
1990)

heuristics and
personalized
evaluation criteria to
constraint a design

Five years of

experience in
designing real
time systems.

logic to move lift
between floors
with the given set
of rules.

to create new
requirements,
constraints, partial
solutions and test

process and select a | 2. Tenyear cases. The

satsfactory solution. | experience requirements were
with the the basis for
communication| reducing the desig
system alternatives.

What makes
software design
effective (Tang
2010)

Study how designers

dotheplanning, ce
evolve problem
solution space, and
use reasoning

techniques in softwar;

design and its
influence on design

Two teamsof
two
experienced
software
designers each

Design traffic
simulation
program for
students to
understand traii
lights, condition
and flow.

Initial problem
space exploration,
minimal context
switching,
problemsolution
co-evolution and
explicit reasoning
can help effective
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effectiveness. software design.
Design reasoning | The goalof this work | Twenty design a Ul for thg Designers
improves software | is to investigate if participants monitoring system prompted to think
design quality there is any quality | with an of alternatives and
(Tang 2008) improvement to averageof justify the
software design wher| eightyears of selection, led to
design reasoning is | experience. improved design
applied. quality, especially
for inexperiencd
designers.
Summary

Based on the four expert studies discussed abbge;dgnitive processes used dssignersn

problem and solution spaeeesummarized

Problem spacelt is observed in studies that thesignerexpand problem spadw creating and
simulating mental models at various les/ef abstraction. Eventuallyrom these mental models

the subproblems are decomposed.

Designers creata mental model of the system by using external representations like drawing a
state transition diagram or listing the entities and their respective properties and ddimns.
drawing chosen is based on prior experiencéhefdesigner for example, if the designer has
prior experience with designing control systethen he may prefer state transition diagram and

a software designer may prefer endtgtion representation or data flow diagramslf the
problemto be solved isdesign alibrary managemensystem for a collegethen different
representations that can be used by dbsignes arestae transition diagram (figure@, or

listing entities and corresponding actigfigure 2.7).

if book available
student issue book update the date of issue or return

if before GLIeAGa[E f
teacher request new books to be ordered

check if no‘t available return book BiE overcu@* \
pay fine

librarian orders new books E—
arn ej\A

identifies vendors

Figure2.6. State transition diagram dielibrary management system
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Entity Action

Librarian Issue books, return books, maintain cards, o
books, calculate fine.

Teacher/student Issue/return books, {fissue book, request ne
books

Book Update date of issue or return

Figure2.7. Entity-action list of the librarynanagement system

Solution space After initial problem exploration andtating the requirementsgdesigners
generatesolutions for each requiremehy following three general stepgeneratingsolution
optiors, evaluatingthe pros and cons of the available options when there is more than one
solution option, and selecting a solution from the available optidms.solution design is often
interleaved with problem space, as designers may identify new requiresnentsstrants while

designing a solutioand go back and forth in problesolution space

The experienced designers are good at identifying the selection criterjamay not doan
exhaustive search in solution space and quickly reduce to few alternzBexdn the selection
criterigz quickly do tradeoff analysis of the available options and take design decisions.
However, the inexperienced designer benefits more by explicitly generating all possible
alternatives explicitly stating the selection criteri@valuating alternative optionsagainst the
selection criteripand takingdesign decision to select by explicitly justifying the selectibinis
process helpthe designerto backtrack to other alternative solution if the current solution is later
found tobe unviable

The cognitive skillsollowed by the designers is shown diagrammaticalliygare 2.8.

Problem Space Solution Space

Simulate the problem
scenarios by drawing
diagrams

Generate alternative
solutions

Generate problem
statements, constraints, te
st cases

Trade-off analysis, Explicit
reasoning of the design
choice

Figure2.8. Cognitiveskills in problem and solution space.
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2.3 Expand-reduce skills in solving design problems

The ill-structured problersolving literature states the process of understanding the system as a
whole from the perspective of multiple stakeholders viewpoint as expansionist thinking, and the
process of decomposing the problem into-pudiblems that are directly solvable as reductionist
thinking (Ackoff, 1991, Volkema, 1983; Ellspermann, 2001n creative problem solving, the
emphasis is given on expanding the solution spg@enerating alternative idesslutions using

various divergent thinking techniques (Liu, 2004; Basadur, 200M),im engineering design
process, the emphasis is on using convergent thinking techniques to evaluate and select
alternative solutions based on multiple criteria (Howard, 2008; Pugh, 1991; Saaty, 2008;
Madhuri, 2015). The software design literature is eexd to identify the cognitive processes

used by experts ithe design process. The cognitive tools and processes relatked égpand

reduce problem and solutionasye are summarized in figure 2.9

Draw cognitive map to represent persons's thinking about an issue (Eden 2001)

Consider the problem from the viewpoint of various stakeholders (Norese 1995)
Expand (Understand the problem as a whole) Ask broadening question (Ellspermann, 2007)
Simulate problem scenario (Guindon 1990)
Systematic expansion of mental model ( Adelson 1985)
Problem space
identify sub-problems that can be solved independently (Guindon 1990)

Reduce (Decompose the problem into sub-problems /' Identify new requirements

Ask narrowing questions (Ellspermann, 2007)

ER skills Brainstorming (Liu 2004)

Expand (Generate alternative solutions)/Attribute listing

\ Analogous thinking

Analytic Hierarchy Process(AHP) (Saaty 2008)

Solution space

Decision Matrix (Pugh 1990)

Reduce (Evaluate solutions and select solution)
\Identfy selection criteria to evaluate and select (Guindon 1990)

Explicit reasoning (Tang 2010)

Figure 29. Summary of the ER skills and tools used in problem and solution space

In this thesis, we characterize expaeduce skilldased on expansioniseductionist thinking in
problem spacdAckoff, 1991, Volkema, 1983; Ellspermann, 200@nd divergentonvergat
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thinking in solution spacéLiu, 2004; Basadur, 2000, Howard, 2008; Pugh, 1991; Saaty, 2008;
Madhuri, 2015) We define expandeduce(ER) skills as the ability to explore the problem space

or solution space and eventually reduce towarsislution. In poblem space, the ER skill is the
ability to explore the problem as a whole and reduce the problem inrfareblems based on the

goal to be achieved. In solution space, the ER skill is the ability to generate alternative solutions

and reduce to one solutidy evaluating and selecting basedselection criteria (Figure 2.1.0

ER in Problem Space

ER in Solution Space

Expand

Understand
the problem
as a whole

Generate
alternative
solutions

Select solution
based on
selection
criteria

Define the
goals and sub
goals

Reduce

Figure2.10. Expandreduce skills in problersolution space.

2.4 Comparison of expert and novice cognitive skills

The comparison of novice versus expert behawiosolving design problems identified in the

four expert studies are summarized below (Adelson, 1985; Guindon, 1999; Tang, 2008; 2010):

i.  Formation of mental model#Novice considers commands at a programming level and
not able to form or simulate the mentaodel. Novice considers some or singieb
problem or commandat a time and is not able to consider silbproblems and
interactions of the system.

ii.  Novices have only lovlevel representations ahe programming knowledge level,

whereas experts have repentations at both abstract and concrete levels
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iii. Experts do not tend to generaevide range of alternatives, they intuitively rule out
unviable design alternatives, whereas inexperience designers benefit from explicitly
considered design options (Ta2§08).

iv.  Experts use design heuristics to guide their searchdesign solutionfor example may
not committo the design decision until sufficient information on the requirement and
constraints is available. However, novices may differ in using thastiearefficiently;
for examplethenovice may commit early on decisions (Guindb®99).

v. The inexperienced designers tend to adhere to their initial desigoh eventually
became final design. As the design progresses, they tend to ignore the mandatory
requirements and do not assess the design against the requirements. However,
experienced designers are good at identifying the selection criteria and selecting the right
option. This expert behavior also depends tbeir prior experience withsimilar

probems.

The research studies in software design suggest the need to apply ER related cognitive processes
to improve the quality of the design, especially when the designer is not having prior experience
in designing or if the problem domain is unknowneTlesearch studies were more focused on
eliciting the cognitive processes used by designers while designing, but to our best knowledge,
thereis no research done in the direction of teacHeayning of these skills to novices. tine
nextsubsection, thassues in engineeringducation athe undergraduate leveare discussetb
understand the state of formal education in teacl@aming of complex problersolving skills

to novice engineers
2.5 Engineering education

AEngi neer i ng creasive procgss. A fasueteghaht ywescription is that engineering is
about design under constraint. The engineer designs devices, components, subsystems, and
systems and, to create a successful design, in the sense that it leads directly or indirectly to an
improvement in our quality of life, must work within the constraints provided by technical,

economic, business, political, social, and ethical issi{fEsomthebook: The engineers of 2020

One of the outconwof engineering education is the ability tdentify, formulate and solve

engineering problemsjesign a product under a given set of constraints, which directly or
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indirectly solves some reéife problems and improve quality of our Is#dABET, 2014) The
design problems are 4fitructured and thekills needed to solve design problems need to be
taught explicitly to studentduring engineering educatiorlowever, agineering education is
more focussed on teaching content and solving-stelctured problems.

The wellstructured problems are dirBcsolvable by applying known concepts and principles
and they have obvious correct or incorrect answers. Tsé&uittured problems are not directly
solvable the problem is vaguely defined, possess multiple solutions and solution paths. It is
implicitly assumed that by solving wedtructured problems, studemantransfer skills to solve

ill -structured workplace problemblowever, researchstudieshave shown that solving wekl
structured problems does not readily transfer tstilictured problems (Jonnasg®0g Sharp

1991).

Thebook-A The engi neer s o fssus&sha2iyoeering alucatiensisvwehilsit h e i
observed byanindustry that the gapetween enginesiin practice and engineein academics

has developed and grown. This is the reason t
to enter and sustaithemselves n t odaydés wor kforce. The curri (
reduce thé gap by focussing othe development of skills to solve complex problems, use

technology to enhance learning, and migfkeelong studentearner

In this thesis, we address to reduce ¢ja betweerengineers in practice and engineers in
academics bydentifying the cognitive skills that designers apply while solving software design
problems and design a learning environment for teadeisming of complex problersolving

skills tonovices.
2.6 Research gap in teaching-learning of ER skills to novice s

Thegapin teachinglearning ofER skillsto novicess summarizedbased on:

I. Researctstudies in problersolvingthathave established the importance of ER skills
in solving design problems efficientlyAckoff, 1979; Volkema, 1983; Liu, 2004,
Ellspermann2007 Adelson, 1984¢Guindon, 1990Tang, 2008
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il. Research studies have shown that novice leagamsotapply ER skills effectively
in solving ill-structured problems, but limited research is done to address the problem
of teachinglearning of ERskills to novice learner@onnasen2006;Bennart 2013)

iii. Engineering education is not focussedtba teachinglearning ofthinking skills to
solve ill-structured problemso undergraduate studen{€ooperrider, 2008; Dym,
2005)

The research gap idéfred is the needor teachinglearning of ER skills to novice®ased

on the research gap identified, our broad and speeifearch goals are defined:
Broad research goal

Designtechnologyenhanced learning environment (TELE) for effective teacheaging of

ER skills to novice learners.
Specific research goal

Designtechnologyenhanced learning environment (TELE) for teacHe®ayning of ER skills
to undergraduate computer engineering students in the context of software design-problem

solving in data structures and algorithm course.
2.7 Research goal

To address the research gap in teach#agning of ER skills to novices, we conjecture that
designing a learning environment to trigger ER skillshe context of solvingoftwaredesign

problems will fostethelearning of ER skills to novices. Obroad research questian

Broad research questiorn How to teachER skills to novice lealrs in thecontext ofsolving

software design problem?
The spedic research questions (RQ) are:

i. How to assess the level of the novices (undergraduate engineering student) in applying
the ER skill®

i.  Whatis the level of scaffolding that is needed in teacléaging of ER skills?
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iii.  How cantechnology affordances be used in learning ER skills?

To trainnovice in ER skillswe have scoped our problem to software design probidved

using appropriateata structures and algorithmhé learners trained are seceyehr computer

engineering students who have completed data structures and algorithms course.

Thesoftware desigproblems used for traimg novices in our research are:

Problems Posed

Shop
inventory

problem

The local automobile retail shop seflarts for different car model®il, filters, brakes, batteries
etc. The shop owner notices that if any part is getting out of stbek there is a risk of losing

customers. So he wants to have a software developer create an inventory control prograr
tracks the quantity of all the parts and creates a report of &nts phat needs to be orderesb

there is minimal risk of items getting out of stock. Each night the program cesapsrt of the
parts whose quantity is belamcertain value so that they can be ordered to bring the stock ¢
back up to the rightumber.

Come up with multiple possible solutions by using appropriate data structures and operati
solving the above problem. Justify which solution is most efficiettidabove stated problem.

Library
problem

The college library maintains books various departments like Computer engineering,
Electronics engineering, etc. The library staff maintains records of all books, return and iss
books to students and teachers. It was becoming tedious for teachers and students to sea
book inthelibrary. The librarian decided to provide online service for students and teachers
searchthe availability of the books. The system will search for the availability of the given b
and display if the book is available/not available with its shethber (location of the book).
Your task is to design software for the requirement statékddiiprarian, using appropriate
data structure and algorithm.

Bank

problem

A new branch of bank XYZ hagened in a city. The bank providesfollowing services to
customers: maintaining customer accounts, withdraw amount, deposit amount, antheheck
balance in their account. The bank manager wants a software system to be designed for i
customers to provide a service of checking their accbalance, while other services will be
of fline. The system should take customer

account.
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Your task is to design software for the above requirement agsiagpropriate data structure
and algorithm.

In these problems the rdde scenario is posed, for examplbank, library or a supermarket and

the requirement® be achievedre stated at a very broad level f or exampl e, HfADesi
system to search for book availabilitytirelibrary. ®he problem is not webtructured as the

data items and operatio(@ubproblems)are not clearly defined in the problem. The solution

space consists of searching and selecting appropriate data structure and algorithms for each data
item and operationsased on the selection criterighe solution space is not welefined as

multiple solutions exist, and the selection criteria-grdblemsand constraints are not directly

stated.
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Chapter 3

Research Methodology

Based on the literature surveye have stated our research objectivéitasdesign technology
enhanced learning environment telachng-learning ofER skills to novices in the context of
software design problesolving ®o achieve our research objective which is interdisciplinary,

it is important to ask the right research questions based on the principles suggested in various
disciplines like educational technology, learning sciences, prebtdving, software design, etc.

To answer the research questions, the learning environmeno lesdesigred, and research
studieshave to be conductet evaluate oumnterventionand contribute back our findings in

terms ofaninnovative solution, new principles or reconfirming the existing principles.

In this sectionwe will discuss the research methodology useddoevethe stated research

objectiveand overview of our research.
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3.1 Research Objective

To achieve the stated research objec¢tnamely teachinglearning of ER skills to novices in the
context ofsoftware design problemsing TechnologyEnhanced_earning Eivironment(TELE),

we need to know the level of scaffolds to be designed in the learning environment for the novices
to perform and learn ER skills.h& subgoalsthat we will be addressing to desitgarning

environmenfare

1. Assess the level of the novige applying ER skills in the context of software design
problemsolving

2. ldentify the relevant cognitiveools andprocesses in software design that can be used to
teach ER skills to novices.

3. ldentify the level ofcognitive and metacognitivecaffoldingthat isneeded in teaching
learning of ER skillg4o novices.

4. Identify the technology affordances that can be used in teatdkanging of ER skills.

To achieve our suboals, ve may have toconduct studieswith novice to understand the
difficulties and level of scaffolding neededtime learning of ER skills, and design and redesign
the intervention by adding, removing or modifying the design featomesd on the feedback
from the evaluation studiesThe development of the TELE and its evaluatioill be a

continuous and cyclic process.

Design based resear@@BR) is a framework that helghe researcher to analyze the real world
problem, integrate design principles with technological advancesahition development, test
and refine learning environments as well as define new design principles (R2@8@&#Amiel,
2008). We will be usinghis DBR methodologyfor our research, as it suitsur research

requirement of workig with practitioners anderatingthrough desigrevaluateredesign phases.

3.2 Design-Based Research (DBR)

The desigrbased research (DBR) is a framewosded ineducational researdfiReeves 2006
Amiel, 2008) DBR ains to build strong connections betwe&ducational technology,

educational researchnd realworld problems The emphasis is on an iterative research process
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thatinvolves desigrevaluate an innovative product or intervention, and systematically refine the

innovation while also producing design principles.

In traditional empirical predictiveresearchthe interventions are designeatkevelogd and tested

with learnersas a single onshot studyandresearchers rarely engage directly with practitioners

in the design process and, if this is done, participation isdd@niVhile DBR gives the advantage

of evaluating the design with learndtgoughout the design and development cyclet the

final stage of researcibBR framework allowsthe researcher to understand homteigrating
technologies into the classroom leadssubstantial changes in social organizatistudent

teacher relationships, and a myriad of other factors that cannot be investigated successfully by
predictiveresearchThe research studies are done in schools or colleges in which researchers
investicate in realworld settings while attempting to control for critical variables identified

through theory and previous reseaf8miel, 2008)

The DBR cycle consists of four phasd2oblem Analysis, Solution Development, Evaluation

and Reflectiopas shownn figure 3.1

Problem Analysis Solution - Evaluation- Reflection
Analysis of practicat_r Development of [_h Iterativecycles of [ Reflection to
problems by —( solutions informed ~—( testing and produce fq_
researchers and by existing design refinement of principles
practitioners in principles and solutions in enhance solution
collaboration technological practice implementation

innovations

Ar A

Refinement of problems, solutions, methods, and design principles
Figure3.1 Stages in each cycle of DBReeves2006

In the problem analysis phaséhe problem is analyzed by researchers and practitioners in

collaborationand the research questions are established that are worth to be investigated further.

In the solution deelopment phase, thdesign for the learning environment is proposed to
address theesearch problem. This design could be a new set of strategikésould be based

on research gathered from previously tested design principles.
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In the evaluation phasethe solution is tested with practitioners in realrld setting, br

examplein aclassroom setting with students.

In the reflectionphasethe results are analyzédo pr oduce fde Dasgdontper i nci g

feedback from the evaluation stydgdesgn the intervention.

The development of design principles will undergo a series of testing and refinement cycles.
Data is collectedystematically to relefine the problems, possible solutions, and the principles
that might best address thefs data ise-examined and reflected upon, new designs are created
and implemented, producing a continuous cyafledesignreflectiondesign. The outcomes of
designbased research are a set of design principles or guiddime®d empirically and richly
described which can be implemented by others interested in studying similar setims
concerns. While the ultimate objective is the development of theory, this might only occur after

long-termengagement and multiple design investigations.
3.3 Overview of DBR cycles in our research

For the current research problem, we required three DBR cycles, summarized in table 3.1.

3.3.1 DBR Cycle 1

To achieveour research goal of teachidgarning of ER skills to novices, it isnportantto
understand thdifficulties facedby novices in doing and learning of the ER skills in the context
of solving software design problenamd thelevel of scaffolds to be designed in the learning
environmentAs a first step towardachieving our research godietproblem analysis thefirst

DBR cycleis dividedinto two subgoals:

1. To assess the level ahovice in solving software design problem using ER skills,

2. To identify theinstructional strategies faeachinglearningof ER skills.

A preliminary study, we will call it studylwas done for our first sufpoal. The esearch

question for study 1 is:

RQ1- What is the level o novice in applying ER skills in solving software design problem?
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Participants and research method Si nc e

t he ai m

of the study

difficulties in performing ER skillswe used exploratory research meth@kploratory research

is used as it isconducted for a problem that is not studied clearly and aims to acquire more

insights toformulate a more precise problem or develop a hypotlighiglds, 2013)The study

was done with 40 second year undergraduate engineering tstudergthe worksheet in which

the students were instructed to solve a software design problem in theulzstaes course:

Problem- The local automobile retail shop selparts for different car modelsoil, filters,

brakes, batteriegsand. The shop owner notices that if any part is getting out of,stoamk there

is a risk of losing customers. So he wamtshave a software developer create an inventory

control program that tracks the quantity of all the parts and creates a report of the parts that

needs to be orderedo there is minimal risk of items getting out of stock. Each night the

program creates report of the parts whose quantity is belawertain value so that they can be

ordered to bring the stock levels back up to the right number.

Come up with multiple possible solutions by using appropriate data structures and operations

for solving the abaw problem. Justify which solution is most efficient tioe abovestated

problem.
Table 3.1 Overview of DBR cycles completed in this thesis
DBR Cycle 1 DBR Cycle 2 DBR Cycle 3
Problem 1 To assess the ability of thl  To redesign the TELE 1 To redesign the TELE to
analysis novice in applying ER with animproved level of scaffold the learners to
skills and the level of scaffolding and introduce regulate the evaluation of
scaffolding required tc reflection activities. the ER skills.
teach ER skills(Study 1) | 1 To assess the learning of| § To assess the learning of
1 To identify the ER skills. ER skills.
instructional strategies fo
teachinglearning of ER
skills based ora literature
survey
Solution Fathom-Verl: The TELE Fathom-Ver2: The activities | Fathom-Ver 3: The

was designed to enable
learnerdo practice ER skills
in the context of solving

software design problem.

were redesigned with more
scaffolding. The self
evaluation techniques were
added to monitor and take

metacognitive scaffolds were
improved in terms of system
generated formative feedback

peer review; selevaluation;
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control action plan to improve
ER skills.

and active collaboration.

Scaffolds 1. Prompts withthe 1. Worked example and 1. System generated
definition of new terms, videos to illustrate the use feedback,
examplesandanimatiors. of the cognitive tool to 2. Peer review to evaluate

2. Cognitive tools drawing perform ER skill using a peers response and self
diagramgon paper,) pros similar design problem. evaluatetheir response.
and cons analysis, 2. Drawing tools build in 3. Active collaboration chat
decision table, textboik TELE. facility to clarify, suggest
writing goal, subgoal, 3. System generated and apprecia
solutions, justification. feedback (few activities) responses.

4. Self-evaluation
5. Analyzethenew problem.

Evaluation | RQ- How effective are thd RQ- How effective are thg RQ- How effective are the
design features of TELE i| design features of TELE if design features of TELE if
doing ER skills? learning ER skills? learning ER skills?

Study2 with 49 second yea| Study3 with 49 second yea| Study4dwith 50 second yea

computer engineering compuer engineering computer engineering student
students. students. Experiment- Pretest

Exploratory study Experiment- Pretest | Intervention Posttest

Results The activity | Intervention Posttest Results Significant

supported with simulation, | Results Significant | improvement from préest to
prompt with the definition of | improvement from préest to| intervention score, Significar

new terms and example we| intervention score, Significarf improvement from pre test t

effective improvement from pre test t| post test.

Prompts are not effective as| post test.

students had no prior | Self-evaluation activity only

experience of solvingdesign| 24% of students improvec

problem. their responses, 76% did n

change the response.
Reflection | The level ofthe scaffolding of| The selfevaluation activity| The pedagogical supporin

the activities has to Dbe
improved.

Our goal inthe next cycle is
to engage novice

in a reflection activity to
evaluate the gap between f
current and the desired lev
and take appropriate action |
improve the skill [James

Flavell, Narciss].

was not effective as the
students werenot able to
evaluate their response al

take appropriate action wit
just one intervention
Scaffolding is needed t

regulate the evaluation skill
in novices.

FathomVer3at bothcognitive
and metacognitive level is

effective in performing and
learning of ER skills for
novices
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Data Collected and analyzedTo measurethe level of students in performing ER skillge

evaluated h e s tadfdcesusingdtterubric designedo asses&R skills

Results of studyl The resultsof studylshowed tht students weraot able to expandeduce

effectively in problerssolution spacesvhich led to weak solution design and reasoning.

Based on the results of studyittwas evident that student®uld notapply ER skills on their
own. Our next step was to design a learning environmethddeachinglearning of ER skills to
novices.We based the design of the learning environment on the instructional design pminciple
by Willis ( 2009)which states thato design a learning environment, tingtructional designer
hasto make the right choices about guiding theories of learning (e.g., behaviorism, cognitive
science, constructivism, etc.); general strategies for teaching and learnindifecg instrucion,
studentcentered instructions, etc); and pedagogies (e.g., preidesed learning, anchored
instruction, tutorial, etc.)Since we are developing a learning environment for teadbarging

of thinking skills, the design process is based on Techndiodyanced Learning of Thinking
Skills (TELOTS) frameworkMurthy et al, 2016), that recommends$eps to be followed by the
researchers and designers to desgreffective smart learning environment for developing

thinking skills.

To get insights on theerified instructional strategies suggested wstitictured problersolving
literature, we did further literature reviewBased on the principles of effective instructional
strategiedor ill-structured problersolving skills suggestedn the literature we designed and
developed He initial solution fiFathomVer1o, which wasequipped with ER cognitive tools.
Study 2 was done taentify the challenges that students face while performing ER skills using
FahomVerl The RQ asked in study 2 is

RQ2 Whatare the difficulties faced by novices in performing ER skills using Faitiert?

Participants and research method We usedthe exploratory study tandestand the student
behaviors in terms of how weltudentsare using thedesignfeatures of Fathofiverl in

performing the ER skills, and the difficulties faced by the®tudy 2 was done with 49
undergraduate secotygar computer engineeg studentsStudents interacted with Fathem

Verl for almost 2 hrs, followed by student perception survey and stundiemntiews.
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Data Collected and analyzed

A To measure the performance level BR skills by studentsduring the intervention we

evaluated sidents responsewhile interacting with Fathorverl

A St u d earceplicn surveyas used to calculate the percentage of students who agreed
disagreedhat the activities were useful limarning ER skills.

A Focus groupinterview datawith four studentswas transcribed and analyzed to find the
students perceptions on usefulness of the activities in learning ER skills and difficulties faced

while performing the activities.
Results

Thestudent perception survey dataowed thastudents perceived that theiaities were useful
in learning ER skills. However, based on the ER skills performance scoeetthe d leehatvidr s
observed during interaction with Fathérerl and student interview data, we found that they

faceddifficulty in understandingnd performig someof theactivities.

3.3.2 DBR Cycle 2

Fathomverl was designed to understand how effective are the learning activities and ER
cognitive tools in performing ER skills in the context of solvengoftware design problem.
Based on the difficulties faced by students during studye2further decided to improve the
scaffolding structureln the second cycle of DBR, the research goal wasmmmoving the
scaffolds to allow learners tperform and learn ER skills effectivelyfhe solution was
redesigned based on the design principles of providing cognitive and metacognitive support to
facilitate learning antransfer of ER skills. tady 3 was done tevaluate the effectivenesstbe
redesigned solution Fathewfer2. The resealcquestion investigated was

RQ3 How effective the design features of Fathom ver2 atkdiearning of ER skills?
The specific RQs are written to investigate each design feature in detalil

1 RQ3.1 How effetive is FathomVer2 in helping students to perfo and learn ER skills?
1 RQ3.2 How effective is structured versusemistructured sequence of learning
activities in performing ER skills?
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1 RQ3.3 How effective is the feedback mechanism (system generateeaekhted) in
monitoring and controlling theREskills?
1 RQ3.4 How effective areeflectionactivitiesin enablingthe student to analyze the ER

skills in a new problem

Participants and research method Study 3 was done with 52 undergraduate seg@aa
computer engineering students. The research method was experimentatpostest. The
problemsolving literature argues between both structured versus open learning environment for
learning of problensolving skills (Xun 2013; Tselios, 2002). Tivestigate the effectiveness of
both in our learning context, we controlled the varialskeuctured versus semistructured
sequence of learning activitie$he pretespostest was administered to measure the learning

gain of ER skills before and aftdret intervention.
Data Collected and analyzed

A The studers performance of ER skills was measured by evaludtingstuderds artifacts

generated during pretest, posttesid intervention
A Students perception surveythe usefulness of Fathoier2 in leaning ER skills.
A Logdatat o analyze the studentds b¥eRavior while
Results

RQ 3.1.Significant improvementwas seerfrom pretest to posttesicoresin quality of the

problem formulation, solution qualitgnd justification.
RQ 3.2.No significant difference betwedhe experiment and control group.

RQ 3.3.Based on log data analysise found thatmost of the students were revising their
responses based on system generated formative feedbatile activityfiunderstand the
problem &lowever, inother activities the feedback was generatbdsedon selfevaluation

which is not effective asnly 24 % of students were revising their responses

RQ 3.4.The reflection activity based on analyziaghew problem was not effective @sly 10%

of students were able to evaluate correctly.
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The results showed that students were effectively doing ER skills durinigtéineention and in
the posttesproblem, but were not good at selfaluating and reflecting on the ER skills and

were not able to take appropriate action to improve the skill to the desired level.

3.3.3 DBR Cycle 3

The feedback from DBR cycle showedthat novices are weak in s@baluation of skills and

they seek expert feedback to evaluate and regulatepgrformance. Irthethird cycle of DBR,

the solution was redesigned to scaffold metacognitive skills of evaluating the ER skills and
taking appropriate @on to improve andeflect bycomparingwithpeer 6 s 1Stedygonses.
was done teevaluate the overall improved pedagogical features of Fafen®. The research

guestion asked was:

RQ4 How effectivearethe design features of Fathevier3in learning of ER skills at cognite

and metacognitive level?

The threesubresearch question$RQ4.1 to RQ 4.3)were investigatedto evaluate the

effectiveness of each design feature
A RQA4.1 Does the cognitie tools of FathorV er3effective inlearning of ER skills?
A RQ4.2- Are thepedagogical features in Fathever3effective in learning ER skills?

A RQ4.3How effective is the metacognitive activities: formativdeedback and

collaboration activityn enabling students to monitor and evaluate their ER skills?

Participants and research method- Study 4 was done with 50 undergraduate seegrat
computer engineering students. The research method was experimentalposttestand the
control variable is cognitive toalSince the Fathom learning activities were designed around ER
cogntive tools, we used experimenrdantrol group study to validate the effectiveness of ER
cognitive tools in learning ER skills. The pretpsistest was administered to measure the

learning gain of ER skills before and after the intervention.
Data Collectedand analyzed

A The studers performance of ER skills was measured by evaluttiegtuderds artifacts

generated during pretest, posttesid intervention
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A Students perception surveythe usefulness of Fathoter3 in learning ER skills.
A Logdatat o analyze the studentds b¥eBavior whil ¢

A Focus groupriterviewto find the students perceptions on usefulness of the activities in
learning ER skills

Results

RQ4.1.The significant gainn ER skill scores oéxperiment groupverthe control groupin the

posttest This shows that the ER cognitive tools were effective in learning ER skKills.

RQ4.2.Log dataanalysisshowed that thehigh performers were effectively using the prompts,

hints, workedexample, collaboration and feedback

RQ4.3.The analysis of log data showed tllaé system generated feedback and pestew
activity was enabling 80 % (most) of the students to identify the gaps andheductivity.
Further analysishowed that students wiscored high were actively seekitige help provided
in the environment, and based feedback angbeers collaboratioevaluated and improved their
ER skills.

In thefollowing chapters, the DBR cyclel,2 and 3 are discussed in detail.
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Chapter 4

DBR Cycle 1- Problem Analysis

To achieve our r elseamrcihnggoafl : ERtelaichi 8sgt o no
understand the level of scaffolds to be designed in the learning environment for novices to learn
ER skills. As a first step towards aehing our research goal, the problem analysis in the first

DBR cycle is divided into two suboals:

1. To assess the level tife novice in solving softwardesign problem using ER skills.
2. To review various teachinigarning techniques for #ftructured poblemsolving
thinking skills.

In this section, we will first discuss the preliminary study performed to understand the level of
the novice in applying ER skills. Next, literature is reviewed to identify various teaching

learning techniques for itructued problerrsolving skills. Both the study and literature review
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will inform us about the learning conjectures and design conjectures to be addressed in the
design and development of our TELE for teacHeeyning of ER skills in the context of
software dsign problemsolving.

4.1 Study 1- Understand the level of novice s in applying ER

skills.

Thegoalof this preliminary studyvas toaddress our first sufpoal: assess the level of novices in

applyingER skills while solving software design problems.
The esearch question we will be investigating in this study is:

RQ21- What is the level of novices iapplyng ER skills while solvinga software design
problen®

1. Study design and participants

We did a field study with 40 undergraduate computer enginestumgents. The participants
were selected based on purposive sampling techniques, as “tezjpsgte is to have students
who have completed the data structures and algorithm counsereearctstudy design is a

single group exploratory study with twoades, ashown infigure 4.1.:

Phase 1. Students solve a software design problem with no prompts,

Phase 2. Students solve the same software design problem with question prompts to trigger ER

skills.
'/ Phase 1 Phase 2 “\\
Worksheet:Shop-Inventory Worksheet Shop-Inventory
problem g problem
Question prompts given to
\- Mo Prompts trigger ER skills _,/

Figure 4.1 Research studyl design
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Theexploratory sudy design was used for two purposes:

i.  To know how well students casolve software dégn problem without any support

ii.  To understand how question prompts are effective in triggering ER skills while solving a
software design problem. Question prompts wesed to enablée ear ner sdé6 t o th
execute cognitive processes to systematically expaghgice in problersolution spaces.

2. Procedure
The procedure for the study is as follows:
Phasel:The participants were given a shiopentory prollem to be solvedn a paper:

The local automobile retail shop selbarts for different car modeloil, filters, brakes, and
batteries The shop owner notices that if any part is getting out of stbek there is a risk of
losing customers. So he wants to have a soéwhaveloperto create an inventory control
program that tracks the quantity of all the parts and creates a report of the parts that needs to be
ordered so there is minimal risk of items getting out of stock. Each night the program caeates
report of theparts whose quantity is beloav certain value so that they can be ordered to bring

the stock levels back up to the right number.

Come up with multiple possible solutions by using appropriate data structures and operations

for solving the above problerustify which solution is mostfieient

The students were asked to write multiple solutions using appropriate data structure and
algorithms and select the optimal solution and jusfifye participants were given 30 minutes to

solve the problem.

Phase 2 Immediately after completing the first worksheet, the students were given the second
worksheet to solve the same shop inventory problem with question prompts, as shown in figure

4.2. The participants were given 30 minutes but took almost 45 minutesedlseproblem.

Worksheet Activity of solving Open Problem

Open Problem: The local automobile retail shop sefiarts for different car models...

1. Understand and analyze the problem:

1.1 | List all the entities and actors [Nouns]:entities are the existing real things or obje
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for example person, organization, table, etc. To list entities look for nouns in the ¢
problem

1.2 | List the data generated from the perspectig of each entity listed in 1.1data is the
information like customer entity will have data: custofittmame, age.

1.3 | List all the operations that are performed onthe above data from the perspectiveof
each entity listed in 1.1 operations are the actions performed on the datdikee
customer places an order or cancels an order.

1.4 | What is the requirement in the above problem: the requiremen is the task to bt
achieved irabovestated problem.

1.5 | Identify the data (listed in 12), needed to solve the above requirement:

1.6 | Identify the operations out of theilst in 1.3, needed to solve the problem:

2. Problem-solving:

2.1 | List the desirable Data Structures that can be used to solve the above problem:

2.2 | For each DS, give solution tosolve requirement given in 14 using data and
operations identified in 15 and 1.6 respectively:

Solution 1:

Data Structure and data:

Operationsand dgorithm:

Solution 2:

Solution N:

2.3 | Identify the efficient solution based on constraints (space, time, complexity) ar
requirement in the problem. Justify.

Figure 4.2 Worksheet with ER related question prompts

The prompts were designed t o -selyilgprecess towacdal | y ¢
ER skills in both problem and solution space. In problem space, the prompts Bindidure

4.2 were directing the student to think of the problem space by listing all entities and its
corresponding data items and operations involved in the problem. The prompts 1.4 to 1.6 were
used to reduce the problem space by explicitly writingrégeiirements and identifying the data

and operations to achieve the stated requirements. In solution space, the ER prompts 2.1 and 2.2
are designed to direct students to expand solution space by listing all alternative data structures
and algorithms, gemate multiple solutions, and then reduce (prompt 2.3) by evaluating against

the constraints and requirements applicable to the given problem, select and justify.
3. Data sources and analysis

As the purpose of the study was to understand how studentslcarma swftware design problem
and assess the | evel of ER skill s, we coll ect

both the phases using the rubric shown in table 4.1.
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Table 4.1. Rubric to assess ER skills

Worksheet | ER skills Levels of skill demonstrated during intervention and pre-posttest
steps against questions asked.
3: High 2: Medium 1: Low
1: Understanding the problem
Expand Understand  the Listed all possiblg Listed some possibl Listed few entities
Step 1.1 problem as ¢ entities and operations| entities and operationy and operations
1.2,1.3 whole
Reduce Identify Most of the constraint] Some of thg The constraintsvere
Steps  1.4] constraints and assumptions wel constraints werg identified but
15 identified correctly identified correctly partially correct.
Selection of| Most of the| Some of the| The component
solution components wer¢ components wer{ were partially
component selected correctly selected correctly identified correctly
2: Problem-solving
Expand Generated Student was able t( Student was able t{ Student was able t
Steps 2.1, | alternative generate >= 3 generate 4 generate 1
2.2 solutions ideas/solutions ideas/solutions ideas/solutions
Solution The ideas are clearly arl The ideas are clearl The ideas are ng
quality correctly explained ata | and correctly| clearly explained.
more detailed level by explained ata more
showing the datq abstract level by
representation, operation showing the datg
input, and output data g representation,
each operation, and ste| operations, inpytand
to perform the operation. | output data of eac
operation, without the
steps to perform th
operation.
Reduce Pros and con{ The limitations and The limitations and The limitations ang
Steps 2.3 analysis advantages of most of th advantages of some ( advantages of fey
attributes of the concep] the concepts analyze¢ concepts analyzed
analyzed effectively
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Justified Justified the  selecte| Justified the selectel Selected the solutio

selected solution based on most ( solution based o1 by without

solution the constraints an( some of theg considering the
assumptions and explaing constraints ang constraints of
using evidence. assumptions. assumptions

The rubric is created to assess expagttlice skills in both problem and solution spaces. The
assessment criteria are based on the ERskilb derived from the ilstructured problem

solving literature discussed in chapter 2. The assessment criteriginupedblem space is
derived from various problersolving literature(Adelson, 1985Ackoff, 1979; Dennis, 1999;
Ellspermann, 200Q7which suggests techniques é¢gpand the problem space by understanding

the problem as a whole from the perspective of vargtakeholders involved and then reduce

the problem into subproblems. Similarly, in solution space the assessment criteria are derived
from creative problersolving Basadur 1990; Liu, 2004 Oslapas, 1993and engineering
design Howard 2008 Madhuri 2015; Cooperrinder, 2008;iterature which proposes various
divergent and convergent thinking techniques to expand by generating alternative ideas/solutions
and reduce by evaluating and selecting single solution based on selection criteria and constraints.
The assessment of each sl is done at three levels: high (score: 3), medium (score: 2), and

low (score: 1).

In phasel worksheet, the students were asked to generate multiple solutions using appropriate
data structures and algorithms and justfyich solution is most efficient. The phasel worksheet
was assessed in terms of the number of solutions generated by a student, the solution quality, and

ability to justify using the rubric shown in table 4.1.

In phase2 worksheet, the prompts were giverdtor e c t student 6s thinki
expandreduce in both problere ol uti on spaces, as shown in fig

for each step in worksheet were evaluated using the rubric shown in table 4.1.

In problem space if the learner islato expand by identifying all the entities and operations
from the perspectives of all stakeholders involved in the system, then he/she is given three (high)
marks, if a few are missed then two marks are given and if only a few are identified then one

mak is given. The reduce skill is the ability to identify the data and operations needed for
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solving the given problem and assessed based on correctness, complarehdss,level of
abstractiorachieved. In solution space, the ability to expand is asgdssthe ability to generate

all possible alternative solution3he quality ofthe solution is assessed on the correctness
(selecting appropriate data structure and algorithm), and completeness in terms of achieving the
stated goal. The ability to evabea select, and justify based on the constraints and requirements
are assessed as given in the rubric tableée construct validity of the rubric was done by a
research scholar having computer engineering background from the educational technology
departnent.

Both the worksheets (no prompts and with prompts) were assessed using the rubric, and the
average score of ER skills obtained are shown in table 4.2. In phasel, the students were directed
to generate alternative solutions, select and justify the apsolution. Thus, the problem space
subskills and pros and cons analysis of solutions are not evaluated for phasel worksheet, as
shown in the second row of table 4.2. In phase 2 worksheet, prompts were given to
systematically expanceduce both problersolution spaces and were assessed, as shown in the
third row of table 4.2. The-test was done to compare the average scores with and without

prompts for each skill (last row in table 4.2).

Table 4.2. Average ER skill scores with and without prompts

N=40 Problem space Solution space
Understa Identify selection of| Generated Solution Pros and | Justificatio
nd the constraints | solution alternative quality con n
problem component solutions analysis
Without | - - - 1.15 1.44 - 0.02
prompts
(Average)
With 1.78 1.78 1.52 1.71 1.42 0.44 0.47
prompts
(Average)
T-Test (p- | - - - 0.00 0.88 - 0.00
value)

4. Results and discussion

Results showed significant improvement from phase 1 (without prompts) to phase 2 (with
prompts) in generating alternative solutions (p<0.01), pmstification (p<0.01). However,

significant improvement was not seen in solution qugbity0.88)
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In worksheet without prompts, most of the students directly jumped to solving the problem
without an initial exploration of the problem. They could write only one solution in detail in the
form of an algorithm. They were not able to abstract data andtmperat a higher level of
abstraction, as shown in sample worksheet in figure 4.3. The students also had difficulty in

writing multiple solutions, which led to weak reasoning and not able to justify how their solution

is better.

Reduced to single sdion
early without initial problem ! Ackicky o Solving Open Paoblem’
exploration .

Not able to abstract data ar
operations at higher level c
abstraction

Figure 4.3. Sample worksheet without prompts

In worksheet with prompts, students were able to solve the problem by initiallyriegpthe
problem space; formulating the data and operations at an abstract level; exploring the solution
space by thinking of alternative solutions; evaluating and justifying the selection as shown in
figure 4.4. However, there was no improvement in smuguality in terms of correctness or

completeness as the students were not efficiently doing ER skills.
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Figure 4.4. Sample worksheet of a student with prompts.

The RQ1-fiWhat is the level of novices iapplying ER skills while solving software design

problen?0 i s answered based on the worksheet scor ¢
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The scoresn the worksheet without prompts showed that most of the students were generating
only one solution (Solution quantity: mean =1.17). They prematurely reduced to a single
solution, and solutions written were incomplete (solution quality: mean= 1.44/3).wireynot

able to justify how the selected data structure or algorithm is better than other alternatives. The
low scores on solution quality show that students are not able to apply ER related cognitive
processes and one of the reason may be that stuatentsdergraduate level studying in the
second year do not have prior experience in solvirggnlictured design problems. After solving

the problem in phase 1, students were asked to reflect on preblemg by answering the

following questions:

Reflecton on problerssolving
1. How many alternatives did you think of before writing your solutions?

2. Could you identify the most efficient solution among multiple solutions?

For question 1, 27(out of 31) students said that they thought obrtwmore solutions, Ut had
difficulty in understanding and solving the problem. For the second questiergf ahestudent
feedback wadil could identify the most efficient solution, but not able to wsibdl, attempted an
easy s oOverdlliswdent® had difficultyni understanding the problem, breaking the
problem into sukproblems generating alternative solutiorand identify the selection criteria to

selectanefficient solution.

The worksheet with prompts helped students to understand the predldng stragégy in terms

of applying ER skills in problem and solution space. They were initially exploring the problem
space and able to formulate and abstract the solution in terms of data and operations to be solved
and were explicitly generating multiple solutioesaluating and justifying the selected solution.
However, no improvement in solution quality and low scores in ER skills show that only
prompts as the scaffold is not very effective by itself in triggering the appropriate cognitive

processes related tdrEskills to solve design problem effectively.
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5. Reflections

The implications of the novice study are:

1. Students at the undergraduate level do not have prior experience and ER skills to solve

the design problem, which is-#itructured.

2. Tend to jump to dation without initial exploration of problersolution space which
affects the problem formulation and solution quality.

3. Prompts are helping in understanding the prokdefing strategy, but are not efficient

in triggering appropriate ER cognitive proses to solve the design problem efficiently.

To get insights on how to scaffold novices in doing and learning ER skills efficiently, we did

further literature surveySince ER skills are more relevant instructured problersolving, we
reviewed teachigrlearning techniques proposed in-sttuctured problersolving literature
across disciplines. The literature survey questions (LQ) asked is:

LQ1.1 What are the scaffolding techniques feachinglearning of ilkstructured problem

solving thinking skils?

We will now discuss the literature towards answering LQ1.1.
4.2 Scaffolding techniques for teaching -learning of ER skills

To achieve our research goal of teacHeayning of ER skills to novices, we have reviewed ill
structured problersolving literature to identify effective teachutgparning techniques and
frameworks for problenrsolving thinking skills, followed by a disssion on how these

techniques are used for teachiegrning of ER skills.

4.2.1 Technology Enhanced Learning of Thinking Skills
(TELOTS)

TELOTS is an initiative ofEducational Technologydepartment of [IT Bombay, where the
teaching and learning of thimg skills like algorithmic thinking, design thinking, scientific

modeling, problenposing estimation, etc. are promoted.
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TELOTS framework (Murthy et al., 2016) recommendteps to be followed by the researchers
and designers to desigm effective smartearning environment for developing thinking skills

the steps are as shown in figure.4.5

. Characterize the thinking skill

. Identify the competeres of the chosen thinking skill

. Choose an appropriate topic to develop the thinking skill
. Crate learning objectives

. Consider assessment measures

OO0 TQD R

. Design the learning activities
. Decide appropriate instructional strategies

. Identify technology features to realize the instructional strategies

O T 9N

. Create a sequenced set of learning activities

. Build the smart learning environment
. Design the modules

. Design the user interface

O T 92w

. Implement the system

Figure 4.5. &ps and guidelines of the TELoOTS framew(@vlurthy et al., 2016)

We have followed the TELOTS framework for developing TEL environment for teaching
learning of ER thinking skills. The first step is the characterization of ER thinking skills by
identifying the sukskills, topic, and context to tea@R skills and its assessment. The ER skills

are defined in chapter 2, and the context chosen to develop ER skills is software design problem
solving in data structures and algorithm course for undergraduate engineering students. The

rubric for the assessnt of ER skills was discussed in the previous section 4.2.

Next step in the framework, is to design the technokgyanced learning environment by
designing learning activities using appropriate instructional strategies and technology features. In
the rext section, we will discuss the learning technologies and instructional strategies suggested

in the literature for ilstructured problersolving.
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4.2.2 Cognitive and metacognitive skills in ill -structured

problem -solving

The thinking skillsused for iltstructured problersolving are often associated with cognitive
and metacognitive skillssed during the process of probleswiving (Xun, 2004; James, 1994)
and selregulatory learning (Bennert, 2013)

In the context of problemsolving, cognitve skill is defined as an ability to solve a problem
successfully, which involves manipulation and use of the elements of the domain knowledge.
Metacognitive skills are higher level skills that enable the use of cognitive skills efficiently to
obtain thegreatest possible success. It is defined as the ability to evaluate, monitor, control the

cognitive skills, and justify the reasoning process (James, 1999) as shown in figure.4.6

Metacognitive skills

Cognitive

skills

Figure 4.6 Cognitive and metacognitive skills.

The ill-structured problemdoes not have wetlefined goals and suipals, has multiple
solutions, and the selection criteria for evaluating solutions are unknown (Jonassen, 2000). To
solve such problems, the designers engage in the cognitive processes such as understanding the
problemsolving domain, planning the problesolving strategy, identifying problems and sub
problems, generating alternative solutions, and making decisions and justification. The experts
are engaged in applying metacognitive skills of evaluating the cogmitocesses to monitor the

gap between the current goal and the desired goal and take control action plan to improve.
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However, the novice usually lacks these metacognitive skills to evaluate and monitor their
progress, due to lack of prior knowledge angdazience. Research suggests that the novice need
to be trained explicitly in using both cognitive and metacognitive skills needed to selve ill
structured problems effectively (James, 1999; Xun, 2B@4lish 2008 Cooperinder2008).

4.2.3 Scaffolding techniques for teaching -learning of thinking

skills

In this subsection, we have reviewed various scaffolding techniques suggested in the literature

for teachinglearning of thinking skills.

I. Cognitive and Metacognitive prompts

Prompts are classified intcognitive and metacognitive prompts. Cognitive prompts directly
supportas t udent 6 s pr o-specsicsinfonntion, for edamphedalhor elaboration

of the <concepts. Met acognitive prompts suppo
information processing through metacognitive and reflective activities like goal setting,
orientation, planning, evaluation of solutions, etc. Thus the metacognitive prompts allow learners

to apply metacognitive skills adequately during the probdehaing procses. Research and

empirical evidence shows that cognitive and metacognitive prompts significantly improve

cognitive and metacognitive skillsingsystematic instructions (Benng2013 Xun,2013).

ii. Design principles for effective metacognitive instructi  ons

The design principles derived from research on effective metacognitive instruction are (Bennart
2013).-

1. The metacognitive activitieshauld be embedded in the domaipecific instructions and

should not be taught separately,
2. The application andsefulness of the instructed metacognitive strategies shoeixplened.

3. Allot sufficient training time to implement and automate the metacogrativigities just

learned.
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lii. Framework to scaffold ill -structured problem -solving using question
prom pts

The pedagogical approach to scaffoldstiiuctured problersolving using question prompts is
basedon the constructivistapproachs t at ed by (197§) gcaffoldirg yhéosieon the
zone of proximal development(ZPD) (Robly2012). TheZPD is thedifference between novice
and expert in performing certain skills, and the novice can learn the skillsvbatyscaffolding

is providedby a teacheor peer with a higher skill s€Kun 2004).

Ge and Land (Xurn2004) proposed a framework to scaffoldsifucturedoroblemsolvingusing
guestion prompts and peer interactions, mediated with technology. Question prompts include
procedural prompts, elaboration prompts, and reflection prompts, each of which serves different

cognitive and metacognitive purposes

1. Procedural prompts are designed to guide learners step by step through the entire
processes of a specific probleolving task (e.g., problem representation, developing
solutions, constructing arguments, and monitoring and evaluation). For exdh®le
procedural prompgt designedor problem representatioare: identify the problematic
situation anddefine the problem

2. The elaborative prompts are designed to prompt students to articulaténdiugihts and
elicit explanationsFor exampleprompts usedor problem representation amehat are
the facts that suggest the problem, why are the problems occurring?

3. The reflective prompts help students to engage iAmselfitoring and evaluation process
during problemsolving Reflection prompts (e.gWhatis our plan? Have our goals
changed? To do a good job on this project, we need {t@re designed to encourage

reflection on a met&evel that students do not generally consider.

iv. Direct and indirect metacognitive support

The instructions for metacadive support can be direct or indirect. Direct support teaches
metacognitive support directly to the students. The strategies are exptaidedfudents practice
the use of strategy. In indirect suppadine learning environment is opemded and promes the

use of strategies withoutxglaining them explicitly. rect support in the form of extensive

training is needed for students lacking metacognitive competence (Frje82).
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Empirical studies havehown that minimal guidance iiseffective wherlearners have low prior
knowledgeand may have negative results when students acquire misconceptions or incomplete
or disorganized knowledg@&oblyer, 2012; Kirschner, 2006).

Summary

The summary of instructional strategits teachinglearning of thinking skills reviewed is

shown in figure 4.7.

Procedural prompts
Framework to scaffold ill-structured

problem solving using Elaborative prompts

guestion prompts (Xun 2004) )
Reflective prompts

Instructional strategies for Design principles for effective
teaching-learning of thinking skills /' metacognitive instructions (Bennart 2013)

Guidance Indirect- Open-ended leaming environment

(Friedrich 1992, Kirschner2006}[
"\_Direct— Fully guided .

TELoTS Framework (Murthy et al 2016)

Figure 4.7. Summary of instructional strategies for teacl@aging of thinking skills

We incorporatedhe appropriate design implications for the design and development of our
intervention on developingoftware designskills and sukskills identified in the previous

section.The desigrdecisions of the intervention ae&plained irnthe nextsubsectiond.3.
4.3 Design decisions for teaching -learning of ER skills

We have identified various ER cognitiveots used by experts (section 2.3) and various
scaffolding techniques for teachutgarning of thinking skills (section 4.2 ) in-structured
problemsolving literature. The selection of ER cognitive tools and teade@ging technique

for our design ba learning environment is explained below:

4.3.1 Pedagogical approach for teaching -learning of ER skills
The pedagogical approach of our learning environmengraginded onthe constructivist
approactrs t at ed by (1978).§av moside yedrrsers, to learn ER skills which arehbig
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order thinking skills the externalized support or scaffolding is necessary to trigger and learn

cognitive and metacognitive skills (Xun, 2004).

Based on the studyl results (discussed in sectigrmith show that novices lack the ability to
apply ER skills effectively and empirical eviden&oblyer, 2012; Kirschner, 200@)hich states
that stronger guidance is necessary for both effective learning and transfer of skills, we base our

pedagogical pproach on providing fully guided and structured way of teaching ER skills.

The empirical studies by Xun (2004, 2013) shows that framework to scaffatiuittured
problemsolving using prompts is effective in guiding students thinking towards spaspicts

of cognitive and metacognitive skills which otherwise they lack to exhibit on their own. We
propose to design our learnirartivities based onthe design principles suggested in the
framework to scaffold ilstructured problersolving (Xun, 2004; Bnnart, 2013).

4.3.2 Mapping of ER cognitive tools to software design problem -solving

The selection of ER cognitive tools is based on its suitability for solving a software design
problem and students prior knowledge. The ER cognitive tools mapped toftivare design
process in both problem and solution spaces are explained in detail and summarized in figure
4.8.

Software design Mapping of ER skills in ER cognitive tools Example Sustomers
phases each phase perspective
- ~ . 2 employee's
3 Draw the cognitive map of the whole psrspeymwe
.| Expand-Understandthe | -1 gystem from the perspective of multiple
problem as a whole stakeholders point of view
Problem -
analysis N
. Reduce- Formulate the i i i . i
> problem > Write goal and identify sub-goals Based on the goal, identify
L data and operations
4 Arra
N Draw attribute listing map to list all Dat Ve v
Expand- Generate _.| possible data structures and algorithms ata A st
> alternative solutions - for each sub-goal. Combine these N Tree
Design - \_options to generate alternative solutions. Linear
solution s pa
Reduce- Evaluate based on (" Identify design criteria by doing pros and Search X" Binary
> _ criteria and T cons analysis of alternative solutions. N, Hash
constraints, select and justify |\ Identify constraints applicable to the as
\ Q problem. Criteria | Search | Traverse | Rank
\ time time
:
Evaluate alternative solutions against
constraints using decision matrix. Rank Sott Lo Low !
, select and justify. Sol2 High High 3
e Sol 3 High Low 2

Figure 4.8. Mapping of ER cognitive processes and tools to software design.
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ER cognitive tools in poblem space

Drawing cognitive map- The software design problem involves designing software for domains
like the bank, library, supermarkets, etc. Such domains consist of multiple stakeholders, entities,
and complex interactions among them. To aid students in understanding such a complex
problem drawing of a cognitive map from the perspective of various stakeholders will be more
suitable than other techniques. This step will allow the learner to understand and visualize the
problem as a whole in terms of different components involved in thdepnoand interaction
among them. Without this step, the learner would tend to focus on few related components in
depthrather than think of &roader range of componemkthe overall problem (Kunen2005)

which eventually reduces the solution space $earc

Identify goals and subgoals After the initial problem exploration, based on the goal, learners
can abstract theubgoals (lata and operatiohgo be performed from the components and

interactions drawn ithe previous step.
ER cognitive tools insolution space

Attribute listing map - The attribute listing map is used to expand the solution space by listing
all possilbe design options for each sgbal The design options are combined to generate
alternative solutions. By making learners generdierrative solutions explicitly, the risk of
premature selection of solution without considering alternative options will be recurakethe

possibility of designin@noptimal solution is increased.

Pros and cons analysis tableThe pros and cons analgdiable will allow learners to identify
design criteria to evaluate alternative solutions. We have seen in studyl thas newttdo
select the solution that is easy to implement rather than selesteigased on the constraints
applicable to the giveproblem. This step will help learners to explicitly list all possible design
criteria from the alternative solutions generated and identify which one is the important
constraint based on the sgbals to be achieved. This steql allow the leamer to thnk back

and forth between solution apdoblem space.

Decision matrix and justification box- The decision matrix is used to evaluate alternative

solutions against the constraints, reghkm, and select solution. The learner has to gian
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explicit justification of how the selected alternative is better than other alternatives. This will
allow the learner to reflect and assess the effectiveness of the solution in achieving the stated

goal and constraints and explain the same.

The expert studies discussed in section 2.3 gtat@rofessionals may not systematically follow

a topdown approach in terms of explicitly generating all problem statements and alternative
solutions(Guindon, 1990; Tang, 2010yhey frequently go betwaegproblem and solution space

and constantly assess if the goal and constraints are achieved by simulating the solution using
various scenariosNovices tend to jumpo soluton space early and are anchored to the initial
solution throughout the design pess, without considering other alternative options or co
evolving problerrsolution spaces (Carman, 2007; Tang, 2010). This behavior of novice is due to
the lack of metacognitive skill® evaluate and monitdhe current state of theolution agaist

the cesired state and take appropriate control action plaa studies have shown that the ability

to evaluate, monitor, and control the cognitive skills depends on the prior experience and
expertise of the problem solver in solving similar problems (Adel€85;1Guindon 1999).
However, the process of initial problem exploration, formulation ofgadls, and explicit
generation of alternative solutions improves the quality of design, especially for novices
(Adelson 1985; Tang 2008,2010)Hencein our learniy environment pedagogy involves
guiding learners through initial problem exploratidormulating alarge number of problem
statements before moving to solution space and generating all possible alternative solutions

before reducing tasingle solution.

In the overall DBR cycles shown in figure 4v@e are in DBR cycle-lproblem analysis (green

color). In the next chapter, the detailed solution design and its evaluation are discussed.
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1. Toassess the level of ER skills in novi
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Figure 4.9. Overall desigbased research cycles applied in this thesis




Chapter 5

DBR Cycle 1 Solution Design and

Evaluation

In this chapter, we will discuss the solution design of the first version of a techresibgnced
learning environment named Fathdferl, for teachingearning of ER skills and its evaluation

study.
5.1 Design of Fathom-Ver1

The objective of FathorWerl is to design a learning environment with pedagogical features to
support novice learners in performing ER skills. Based on the problem analysis and literature

survey discussed in the previous chaptex,design conjectures derived for Fathderl are:

1. Enable learning of ER skills in the context of solving a software design problem.
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2. Provide structured guidance by designlaegrning activities o di r e ct |l earner

towards applyindR skillssysematically.

3. Designlearning activitiesising prompts with additional support aER cognitive tools.

The design features of Fathevier2 are given below

5.1.1 Software design problem -solving in data structure course

We attempt to develop the ER thinkingillskin students through software design problem in

data structure course, as shown in figure 5.1. The software design problem podeahis a
problem and the requirements to be achieved are stated at a very broad lédvdd @ss i g n
software system for a hk to allow customers to check their account balance quicklfe have

scoped the design towards using appropriate data structure and algorithms. The problem is not
well-structured as the data items and operations-f§soiflems) are not clearly defined tihe
problem. The solution space consists of searching and selecting appropriate data structure and

algorithms for each data item and operations based on the selection criteria.

I Open Problem to be solved is posed below |

Open
desig':r’1 bank Consider a bank whose working and services offered to .
problem its customers are shown in the simulation below.
Understand the existing system by playing with the
simulation. '

The problem with existing system is customers have to go
to bank and wait in queue to avail the services of bank.
The bank may lose the customers if the waiting time is

too long for just checking balance in their accounts. Thus Customer Operations Interactive

the bank |sf1‘nlerleste:1. in |:l;rolv1d|ng ?nloqlme service forllts 1. Check Balance simulation to
customers for chee |j;: alance of their account, so that 2. Withdraw + understand
they can quickly check balance without coming to bank. 3. Deposit v bank

Design an efficient solution using appropriate data

structure and algorithms for the above stated requirement. interactions

Figure 5.1. The redife design problem with simulation posed to studentSathomVerl

The design decision of solving the problems in data structures course is based on the principle
that it is effective to develop thinking skills in a particular domain rather than teaching the skills
in general (Bennart, 2013). Data structuossirse is selected as choosing appropriate data
structure and algorithms is one of the important skills in software design and designer has to

make design decisions based on the criteria relevant to the given problem (Tang, 2010).

The reallife scenam posed in the problem is presented in the form of animation, in which the
bank scenario is animated to show different operatiatthidraw, deposit, and balance inquiry
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in the bank and the interactions between customer and bank teller. Since the laakntrs
experience of redlfe problems, the animation will help in expanding the problem space by

understanding the problem from the perspective of multiple stakeholders.

5.1.2 Structured guidance and learning activities

After learner reads the probleand plays the animation, as shown in figure 5.1, the activities to

be performed are listed on the latind side of the screen, as shown in figure 5.2.

ProblemsolvingPhases  Phase 1. Understand the Problem
1. Understand the

1. Divergent thinking Learning
S —— outcome
Model the existing syste:

1.1 Learning outcome Bm—

i
i

1.2. Convergent thinking Student will be able to explore the problem from multiple perspectives of different entities and users in the system without judging if ths is needed in the Divergent

solution thinking activity

i
‘
]

—
1.1.2 Learning activity

Activity 1- Draw the model of the system to show the components, its properties and
interconnection between components.

Metacognitive
prompt

Components - Parts of the whole system, e.g. Actors, objects, subparts, etc as shown in image below.

Properties- attribut jated with each 2.g. Customer attributes are name, age, phone no, etc as
P Hint on Properties
shown in image below.

8
Detailed | D o

explanation

g | ED

with example || =TT s

Figure 5.2 Learning activity supported with cognitive prompt and detailed explanation.

The activities listed are:

Understand the problem
Formulate problem
Generate solutions

Evaluate solutions

o r w0 DN oE

Select solution

Theselearningact i vi ti es are designed to direct the
skills systematically in both probleand solution space. Each activity is explained in detail:

1. Understand the problem:In problem spacehe first activity uniderstand the problem

(figure 5.2), is designedo explore the problem from multiple perspectives of different
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entities and users ithe system.The learning outcome is shown first to create the
importance of the activity. Then the prompt is displayeddr aw t he model of
to show the component s, i ts properties,
supported with a detailedxplanation of concepts like components, properties, and
interconnections and illustrated with examples as shown in figure 5.2.

. Formulate problem: In this activity, the students are prompted to identify the goal and
formulate the problem by redrawing tmeodel by adding or deleting some of the
components and interconnection. The text box is provided in the system to allow users to
write the subgoals, that is the operations to be performed by the software to achieve the
stated goal.

. Generate solutions:In the solution space, the first activity is designed to expand solution
space by generating alternative solutions followed by activities to reduce the solution
space by evaluating and selecting a solution. Gaeerate Solutioactivity is supported

with animation to illustrate the use of attribute listing techniques to generate multiple
designs of a table, e.g., a round table with three legs, square table with four legs, etc.
Then learners are prompted to transfer this learning to generate multiplersolusing
various data structures and algorithms. The text box is provided to list all the alternative
solutions generated by the user.

. Evaluate solutions: After the learner has generated solutions, the next activity is to
evaluate solutions. The evaluatioan be done efficiently only if the learneenidentify

the evaluation criteria and constraints in the given problem, a process which is difficult
for novices (Jonassen, 2006). To help students in evaluating solutions effectively, the
evaluation actiuy is divided into two steps: first, the pros and cons tablepppailated

with the solutions generated by the user is displagesdshown in figure 5,3and the
learner is prompted to write advantages and disadvantages of each solution and identify
the common criteria(e e x ecuti on ti me) 0; and second ste
i.e., the mandatory criteria to be achieved in the given problem.

. Select solution:The last activity isSelect Solution using Decision Matrikhe decision

matrix tool is used to allow learners to evaluate solutions against multiple constraints and
select the optimal one. In Fathom, the decision matrix is populatedheithlternative

solutions in the first column andhe constraints in the first wg and the students are
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Systematicall
y guiding
through
phases from
divergent to
convergent
thinking

Colour
coding
identify
activity
completed
and activity
pending

prompted to rank the solutions according to the identified constraints. In the end, the
learner hago justify their selected solution by explainingvih the selected solution is

optimal.

Phases of Problem Solving
1. Understand the

problem

1.1. Divergent thinking 2.2 Convergent thinking

1.1.2. Learning activity-
del the existing system

Phase 2. Design the solution

Convergent
thinking activity

Metacognitive
prompt

2.2 Learning outcome

M
1.2. Convergent thinking Student will be able to evaluate solutions based on paramaters.

2. Design the solution
2.2.2 Learning activity- Evaluate
1.1. Divergent thinking You need to identify parameter to evaluate solution, which can be done by Pros and con analysis

Pros and cons
analysis table

odel

1.1.2. Learning activity- . R
e Activity 1- Write advantages and disadvantage of the solutions
1.2. Convergent thinking Pro-Cons Analysis / Domain SpeCiﬁC
Solutions Advantages Disadvantages H
T2 Learmng ety hints
Evaluate Solutions array easy to access elements fixed size T

1.2.3. Learning activity-

linked list sequential access dynamic memory allocation

Decision Matrix

heap quick access of elements
Activity 2- List the common parameters, if advantage is "execution time is less” for soll and “execution
time is more” for sol2, then the parameter is execution time on which both solutions are evaluated.
Parameters(seperated by .}

execution time, memory allocation

Figure 5.3. The design featurggompts, systematic guidance, color coding, ERstcand
domainspecific hints inFathomVerl.

5.1.3 Domain-specific hints

The domairspecific hints aralesigned for each activity to assist students in recalling demain
specific concepts required to complete the activity. These hints are designed at various levels,
from general to specific to support learners with different levels of prior knowledged&dign
decision is based on the principle stating that the cognitive load of the student is reduced by

providing flexible domain knowledge (Bennart, 2013).

5.1.4 Overall design of Fathom -Verl

The overall design features of Fathdfarl are shown in figurg.4.
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Problem solving steps Learning path for each step

[ 1. Problem Analysis The responses are saved into

database.

Guidance to multiple perspectives

Systematic [ 1.1Understand the problem from ]
ER skills
[ 1.2 Formulate the problem ]

Prompts+
‘ % N Learner

explanation & .
SR performs Activity
\ E ’ J

The prompts to triggers the ER
skills

The hints were provided to help
learners with low prior
knowledge.

2. Design the solution

2.1 Generate Solutions

' ™)

2.2 Evaluate solutions

The workspace will be provided to perform the activity
2.3 Select solution supported with cognitive tools for ER skills.

o »

Figure 5.4 Design of learning activities in Fathewerl

The learning environment of Fathewerl is designed to guide learners to systematically
expandreduce in both problem and solution space. The learning activities are scaffolded with
prompts, &planation of new concepts with examples, animations, hints, and ER cognitive tools.
The overall structure is to allow learners to expand problem space by drawing a model of the
system, followed by problem formulation activity. Next, expand solution spgcdrawing

attribute listing map and generate solutions, followed by evaluation activity with pros and cons
analysis tables and decision tables preloaded with solutions. The text boxes are used in activities
for writing goals, problem definition, solutionand justification. The response of the student in

each step is stored in the database. These responses are fetched and loaded if the student has

already answered and wants to go back to the previous steps to refer to their answers.

In this version, thelrawing tools to draw model and attribute listing map are not incorporated

into the system, and the students were instructed to draw on paper.
5.2 Evaluation - Study 2

The goal of this studywas toinvestigate the effectiveness of Fathdt@arl in performingER

skills. The research question asked was:

RQ2.X How effective arethe novices able to perform the ER skills using the learning

activities designed in Fatheher1?
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5.2.1 Study design and participants

We did a field study with 49 undergraduate comp@aegineering students. The participants
were selected based on purposive sampling techniques, as ttegjgsgte is to have students
who have completed the data structures and algorithm coutsese3earcktudy design was a

single group exploratory gy, as shown in figure 5.5.

e Intervention ™

Fathom-Ver1
Bank Problem

Single group
Exploratory study ¥ structured guidance
Prompts, Hints, Explanation
of new terms with example,
Cognitive tools

\- /

Figure 5.5. Research stu@ydesign.

The single group exploratory study was used for three purposes:

I. To investigate the effectiveness of prompts with additional scaffolds: explanation,
example, hintandanimationsin performing the activity.
i. To understand hovstudents are using the ER cognitive tools while performing the
activity.
iii.  To assess the performance level of students in ER skills with Fafleoin

5.2.2 Procedure

The overall steps, followed by the studemisre:

1. Register and logn into the system
2. After login, the first openingpage provided an introduction R skills, learning
objectives, and overall learning path in Fathom.
3. Problemsolving
a. Thesoftware desigproblem(Bank problem) waposed with animation.
b. They were systematically guided through the steps of prebtduing phases. In
each step first, the learning outcome was shown, and then the prompts were

shown to perform the activity.
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4. At the end of the training, a survey was takising five points Likert scale to reflect on

how well the prompts helped in performing the activities and two-epeled questions

were asked to express their likes and dislikes about the system.

5. An interview of four students was taken to elicit what thearned, how the activities

helped in applying ER skills, and their confidence in applying the ER skills to solve

similar problems.

Students interacted with Fathexerl for almost 2 hrs.

5.2.3. Data sources

As the purpose of the study was to invesigthe effectiveness of Fathom in performing

activities and performance level of ER skills, the data collected were:

a. Learnergenerated artifacts (responses of each learning actdutyhg interaction with
FathomVerl.

b. Student perception survey time usefulness of learning activities. The survey questions

asked were:

Five-point Likert scale questions:

The activity of drawing the model of the existing system helped in understanding the system
better.

The activity of writing the goal and remodeling thestem helped in formulating the problem.

The activity ideate, helped in generating multiple solutions.

The activity of identifying parameters based on pros and cons analysis helped in analyzing
solutions.

The activity of identifying parameters based omspand cons analysis helped in analyzing
solutions.

The activity of identifying constraints and decision matrix helped in evaluating and justifygng
selected solution.

Openended questions:
Write what did you liked and disliked the most in the system?

c. Semistructured focus group interview of students to elicit how the design features of

FathomVerl were useful in performing and learning ER skills.

5.2.4 Data Analysis

The data analysis was done to analyze the performance of ER skills using rubric, correlatio

of scores across activities, student perception survey and interview.
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1. Assessment of ER skills using rubric:The student artifactgenerated during the
intervention were evaluated using a rubric (table 5.1). The rubric used in study 1 was
redesigned to assess the performance of ER skills using the cognitive tools in both
problem and solution space, for example, the-silb associatd with expanding
problem space is to draw the complete model of the system arskifudssociated with
reduce is to write a goal and formulate the-gobls. The scores given are either high (3

marks), medium (2 marks), and low (1 mark) based on ttierpgance of the students.

Table 5.1. Rubric to evaluate ER thinking skills.

Activity rating levels

High( score3)

Medium(score2)

Low( scorel)

Phase 1. Understand the problem

Expand
Draw model of the Most of the actors Some of the actory The actors, entitieg
existing system entities,  poperties,| entities  properties,| properties, and

and interrelations ar
shown in the model.

and interrelations ar
shown in the model.

interrelations arenot
identified clearly.

Reduce

Identify the goal Most of the goaly Some of the goals al The goals that are
given in the problen identified and writter] written are not
are identified anq clearly explained clearly
written

Formulate thg The data items an Some of the dat{ The data items an

problem operations needed {items and operation operations were ng

achieve the goalvere
identified and written
clearly.

needed to achieve th
goal were identifieg
and written clearly.

correctly identified or
not clearly written

Phase 2. Design the solution

Expand

Generate solutions

Most  (47)of the
possible solution:s
with data structure
and operations wer|
listed.

Some (34) of the
possible solution:s
with data structure
and operations wer|
listed.

One or two solutios
was listed.

Reduce
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Pros and conanalysis

Most of the
advantages an
disadvantages of th

The advantages ar
disadvantages of th
solutions were no
identified correctly.

Identify criteria

solutions were
identified
Most of the commor
criteria were
identified.

Some of the
advantages an
disadvantages of th
solutions wereg
identified

Some of the commo
criteria were

identified.

The criteria
incorrect.

WEere

Evaluate solutions

The evaluation tabl
was correctly filled
for all parameters an
solutions.

The evaluation tabl
was corretly filled
for some parameter
and solutions.

The evaluation tably
was not correctly
filled.

Identify constraints

The constraints in th

The constraints wer

The constraints wer

given problem wer¢ partially correct. not correctly
identified correctly. identified.
Decision table The table wag Partially correctly| Not filled

correctly filled for all
solutions ang
constraints and ranke
appropriately.

filled for all solutions
and constraints an
ranked appropriately.

Justification

The justification for
selecting the optimg
solution had gooq
explanation and
clarity based on gog
and constraints
identified.

The justification given

had averagge
explanation and
clarity based on gog

and constraints.

The justification given
was not based o
either goal of
constraints.

2. Student Perception Survey and interview:The student perception survey was taken to

reflect on how well the cognitive prompts helped in performing the ER thinking

activities, on the five points Likert scale (strongly agree, agree, neutiadyeks strongly

disagree). Two opeanded questions were asked to express their likes and dislikes about

t he

system.

The

me an

and

standard

devi at i

know the tendency of students towards the usefulness of the tgromgoing cognitive

activities.

summarized.

Content analysis of the opem d e d
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3. Correlation Analysis: The correlation analysis amottige scores of each activityas
done to find the correlation between activities to usi@dad the relationship between the
performances of ER swgkills. This may help us in taking further design decisions
towards improving the learning of ER skills.

5.2.5 Results

The results are discussed as follows:

1. ER skills performance scores:The averagescores and standard deviation of the ER
skills are shown in table 5.2. The scores show that most of the students scored at medium
level in the activities: draw model, generate solutions and evaluate solutions, while in all
other activities: formulate goand subgoal, identify constraints, decision matrix, and

justification, the average scores were below medium.

Table 5.2 Mean scores &R thinking ills

Phase 1. Understand thg Phase 2. Design the solution
problem
Expand | Reduce Expand | Reduce
Draw Identify | Formulate | Generate| Pros and Identify Evaluate | Identify Decision | Justifi
model of | thegoal | the solutions | cons parameters| solutions | constraints| table cation
the problem analysis
system
Average 2.08 1.85 1.51 1.91 2.20 2.02 2.02 1.88 1.49| 1.63
Score
(maximu
m score
3)
Standard 0.49 0.91 1.00 0.57 0.58 0.63 0.95 0.88 0.84| 0.95
Deviation

2. Student perception survey and interview:The results of student perd¢am survey are
shown in table 5.3The mean and standard deviation of the studeatsg against the
effectiveness of the prompts in doing the activities are calculated. Most of the students
agreed that the learning activitieglped perfornthe ER skills,and the whole process
helped in designing better solution and justify

81



Table 53. Mean scores of students ratinglie perception survey

Survey The activity of | The activity of| The activity | The activity of | The activity of | The overall
; drawing the| writing the goal and| ideate, helped in identifying identifying process of
Question X ; X .
model of the| remodeling the| generating parameters base| constraints and problemsolving
existing system| system helped ir] multiple on Pros and cony decision matrix| helped in
helped in| formulating the| solutions. analysis helped helped in | designing a
understanding problem. in analyzing | evaluating and| better  solution
the system solutions. justifying the | and justify why
better. selected solution] the solution is
most optimal.
Mean 5 411 4.06 4.09 4.15 4.09 4.15
strongly
agree to I
strongly
disagree)
Standard 0.52 0.60 0.65 0.59 0.69 0.47
Deviation

The student responses to the epeded questions on likes and dislike about the system

are listedwith the frequency of students givirget same response in parenthesis:

Likes:

i.  Great way to approach apyoblem(1)
ii. A goodeasyway for an optimal decisiofB)
iii.  Easier to concludgl)
iv.  Helped in understanding the concepts prop@r)y
v. Innovative(1)
vi. Easy to usand has a simple Ul(4)
vii.  Efficient in teaching how to solve a probléh
viii.  Good learninffl)
ix. Develops angzing and designing skillgl)
X.  Better analysis of problem statem@nt
xi.  Helps in understanding the problem defini{ibn
Xii.  Interesting2)
xiii.  Helpsin building multiple solutions (2)
Xiv.  Step by step approach to the given proilem
Xv. It gave knowledge otheflow of how to go abut the problem statement given(1)
xvi.  Multiple ideas and solution to a specific prob{én

Dislikes

I.  Time consuming2)

ii.  Very confusing(1)
iii.  More simulations required to demarage more examples (2)
iv.  Lack of problem statement (1)
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v. Cannot save our dapaoperly(1)
vi.  User interfacd2)
vii.  Animations can be bettét)
viii.  Not everything was clear what was taught tgl)s

The analysis of the opeended questions and interview data showed that students
appreciated that the whole process helped in solving probdemerating multiple
solutions, and the activity helped in developing analyze and design skills. Some students
said that they wanted animation and examples to demonstrate the use of ER skills in
every activity, and some found the whole process to bedomguming.

Correlation Analysis: The Pearson correlation between the ER thinking activities
showed a significant correlation between actiggnerate solutions and activitgros

and cons analysis (p= 0.002) and justification (p= 0.04). This shows tidantt who

are good at expanding solution space also tend to be good at evaluating and selecting a
solution. In our learning environments, we should take measures to ensure that students
are doing enough thinking in terms of exploring the current systainganerating

alternative solutions.

Putting all results together, we now answer the Rifow effective arehe design featuresf o

FathomVerl in performing the learninactivitiesd

The scores of ER skills show that in some of the activities like unddysiamulate
problem, and evaluating using decision matrix and justification, most of the students
scored low; thus these activities have to be redesigned with improved scafdds. on

the students interview and our observations durthg intervention, we found that
studentshad difficulty in understanding the activity to be performed. For exantipde,
promptin the activity,understand the probleniiDraw the system model by identifying
the components, its properties and interactions antohge wasdifficult for anovice to
understand the activity to be performed even though explanation and examples were
given. One of the reasons maydiehat the prompt was at a hegtlevel and not tied to

the domain in whiclthe problem is solved.

The ognitive tools were not effectively useathich resulted in low performance in ER
skills. One of the reason was that the drawing of the emtigraction diagram and
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attribute listing map was on paper and students were finding it difficult to keepatrack
the same in subsequent steps.

During the interview and survegiudents perceived animations and examatasseful

in understanding the activitgndthey wanted such kind of suppantall the activities.

5.3 Reflection

The plan of action for the nexycle of DBRfrom the aspects of improvingdhdesign of the

FathomVerlare:

iv.

Improve the learning activities by redesigning prompts such that they are easy to
understand, more specific, and related to the domain in which the problem is solved.
Provide nore support, in the form of animations, simulations, explanation, and examples
for all activities.

Incorporate assessment of the activities in the form of feedback to allow students to
evaluate and improve their skills (Narciss, 2013). These can beeifiotm of peer
interaction, seHlevaluation by comparing with expert solution after the activity is
performed, system generated feedback or reflective prompts at the end of each activity to
help students in monitoring, evaluating and assessment to eedgudat thinking Xun,

2013; Bannert, 2013)

Improve user interface.

Till this chapter, we have completed a discussion of all the phases of DBR cycle 1, as shown in

figure 5.6. In the next chapter, the phases of DBR cycle 2 are discussed in detail.
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DBR Cycle 1

DBR Cycle 2

Problem
analysis

1. To assess the level of ER skills in nov
2. Literature survey to identify the E
cognitive tools and learning techniqu
Study 1(N=40), exploratory study

To redesign the TELE with amproved leve
of
scaffolding and introduce reflection activiti

Solution

FathomVerl

mesigran st . Undarsind the Probiem

ouome

—— bigacly

[

[
|

Evaluation

Study 2 49 engineering student
exploratory study

Results Students were having difficulty
doing ER

Reflection

Prompts are not effective if learners do
have prior experience in ER cognitive sk
Improve the design by adding mq
scaffolds.

Figure 5.6 Overall desigrbased research cycles applied in this thesis
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Chapter 6

DBR Cycle 2: Improved pedagogical

support for teaching -learning of ER skills

In previous DBR cycle, we saw that nowscare not skilled to apply ER skills effectiveiy
software design problesolving. In a learning environment Fathdrerl, novices faced
difficulty in performing some of the activities in which the pedagogical suppastminimal in

terms of highlevel prompts, example, or animation.

Research suggesthat for effective learning of complex problesuolving skills, the learners

need to be engaged at both cognitive and metacognitive level (James, 1999; Xun, 2013;
Bannert, 2013). The expert designers exhibit metacognitive behavior in the form of caslfinuou
assessing the solution against the test cases and constraints to identify the gaps and take

appropriate control action plan to improve (Adelson, 1985; Tang, 2010).
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The goal of DBR cycle 2 is to revise the pedagogical features of the activities tovéntpeo
performance level in doing of ER skills and regulate the learning of ER skills by engaging
novices in both cognitive and metacognitive activities. In the next section, the literature is
reviewed to identify the principles for effective scaffoldiilog novices for doing and reflecting

on the ER skills.

6.1 Problem Analysis - Effective cognitive and metacognitive

scaffolding techniques

The literature survey was done with the focus to answer the following questions.
LQ 2.1 What are the effective cdtime scaffolds to do ER skills effectively?
LQ2.2 What are the effectivenetacognitive scaffolds to learn and improve ER skills

The answers to LQ 2.1 and LQ2.2 are discussed below.

6.1.1 Coqnitive scaffolds for problem -based learning
Jonnasen(2011) suggested that learning to solve different kinds of problems from-well
structured to iHstructured requires different kiadof instructional methods and cognitive

scaffolds

To supportthe learner tesolve problems, some combination of worked examplesctatal
analoguescase studies, prior experie@s; alternative perspectives, asdnulations may be

accessetb help learners interpret and solve the problem.

One of the building blocks of problebased learning environmefRBLE) iscases. A case may
be eallife examples or a case studyassolved problemA case may comprise anything from a
sentence level example to a complex, mpdtge or video-based case study. As instructional
components, most of these cases are prowaldatlp learners make sensithe problem to be

solved.
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The main components &foblemBasedLearningenvironmentgPBLE) are:

i.  Problem to solveThe focus of any PBLE is the problem to solve. According to problem
based learning principles, learning is anchored in an authentideprato solve.The
problem provides the purpose for learning. For example, we assdtware design
problem for learning ER skills.

ii.  Worked examplesWorked problems are usually used with wsthuctured problems
enable learners to model the processab¥ing the problem. Howevet,is unknown how
effectiveworked problems are for very-#itructured problems

iii.  Structural AnaloguelLearning to solve welstructured problems can also be supported
by providing analogous problems for students to compaite thhe problem to solve.
When students compare the problem to solve with structurally similar problems, they
gain more robust conceptual knowledge about the problems.

iv.  Case Studiesin casestudies, students study a problem that was previously experienced.
Students analyze the situation and processes and evaluate the methods and solutions. In
most case studies, students are not responsible for solving the problems, only analyzing
how others solved the problems and engaging in-fhiainking.

v. SimulationsSimulations are environments where components aofproblem are
manipulated by learners. When learners interact with the simulation, they can tiienge
values of some (inputjyariables and observe the results on the values of other (output)
variables. Theas exploratoryenvironments afford learners the opportunities to test the
causal relationships amofagctors in the problem. The feedback provided by the system
confirms or uwndegsmming of the reladianshipsad represented by their

mentalmodels of the problem.

Jonassen (2011) has suggested that the cognitive scaffolds in the form of studying worked
example, structural analogies, case studies, and simulations in relation to the problem to be
solved enhances st ud eblemama theimadilgies sots@dve-gtructuggd of t h
problems.The majority of research goroblemsolving has focused ono$ving well-structured
problems,and less on #Hktructured problems. The techniques that work with learning ill

structured problersolving are not empirically validated.
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6.1.2 Feedback in online learning environments

Feedback is important in improving learning in various instructional contextading online

| earning environments. F e etldellearcek @owt theirlagualr n e r s (
state of learning to regulate the further process of learning in the direction of the learning
standards (Narcis2013). In tutoring, formative feedback heljpe learner to become aware of

any gaps that exist between their desired &ed turrent state of knowledge or competencies.

Narciss has provided Interactive Tutoring Feedback (ITF) model on providing formative

feedback on t he gaeprningprocess.gul ate | earner so

6.1.3 Reflection in action
In-action reflection is a metagaoitive activity in which learner reviews his/her cognitive process
or experience. This review process allows learners to identify deficiencies in their performance

and specific skills that they need to improve on.

Learners can review their performance $si-assessment against a performance scale. The
process of selassessment is not an easy tasks | ear ner seStimateear dnder o o v e
estimate their performance. The satisessment process can be improved by providing students

with scaffolds to hip to assess against the scale accurately

RiveraGutierrez et al. (Rivera, 2016) proposed to useaciion reflections to develop
interpersonal skills such as empathy towards patients, to medical practitioners. Thes learner
interactedwith virtual agents @ying the role ofa patient. During the interaction, the learners
were prompted to sedssess their performance with regards to empathy. The ebodyicted

with third-year dental students showed thia¢ students were relativebocurate in their self
assessment of how empathetic they werahe virtual patient andvere significantly more

empathetic to the patient after theirantion sefassessmermf their empathy

6.1.4 Intelligent Tutoring System
Intelligent Tutoring Systems (ITS) providm individualized learning environment for learning
concepts in various domains like language, MathslMedicine. These are computer programs

that model learners' psychological states to provide individualidiction (Koedingerl997).
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One of the popular ITS tutoring approach used was to develop a cognitive model of how students
should solve problems and use this model to interpret the student predlkeny behavior and

to guide the students through theolplemsolving process. The cognitive model consists of
production rules and is capable of producing any acceptable solution path for a problem. This
model is supplemented with errors and misconceptions that students are observed to make. When
students mak errors during problersolving, the cognitive model is used to interpret the error

and provide appropriate feedback. Studies have shown that these tutors enabled students to
acquire problensolving skills in domains like geometry, algebra, and computegramming
language (Anderson, 1992).

ITS model is popularly used to teach watiuctured problems in which the solutions path are
known and can be easily modeled into the system in the form of rules and misconceptions, for
example, maths, physics, langeag etc. However, ITS is not used for tutoringstiuctured
problems due to unknown solution path, uncertainty about correct/incorrect solutions, and

limited knowledge on the kind of errors or difficulties faced by students.
Summary

In our learning envonment, the focus is on learning ER skills in the context of software design
problemsolving. The focus of problem analysis and literature review was to identify cognitive
support to improve the understanding of the ER skills and metacognitive suppoprtwe the

ER skills by monitoring and controlling the cognitive tasks. The summary of the instructional
strategies for cognitive and metacognitive support suggested in the literature on grabéem

learning is shown in figure.6.1.

Problem to solve

Worked example
Cognitive scaffolds
(Jonassen 2011) Structural analogue

Simulations

Instructional strategies
for problem based learning

Formative feedback (Narciss 2013)

Reflection in action (Rivera 2016) Self-assessment
Metacognitive
scaffolds Intelligent tutoring system (Koedinger 1997)  adaptive feedback

\Case studies (Jonassen 2011)

Figure6.1. Cognitiveand metacognitive support for probldrased learning
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We have selected worked example as a cognitive scaffold to illustrate the use of ER skills in a
similar software design problem, as it will help students to improve the understanding of
applying ER skik. It will also aid students to understand the similarity of the two problems (case
study and problem being solved) and compare with their prebtéwng process.

For effective learning and transfer, it is necessary to engage learners in metacagtititres
towards monitoring and controlling their performance (Bennart, 2013). However, research has
suggested that novices are weak at metacognitive activities due to lack of prior experience and
skills (Adelson, 1985; Tang, 2008). In Fathom, the mejaitive scaffold is based on the-in

action reflective framework (Rivera, 2016) in which we propose to usasstssment to engage
students in metacognitive activities. The detailed design of the revised version of fatHbis

discussedn thenext setion.
6.2 Solution Design - Fathom-Ver.2

The design of FathotWer2 is discussed by presenting the design conjecture, followed by a
detailed explanation of design features and learning activities design for learning ER skills in
FathomVer2.

6.2.1 Design conjecture

The design conjectusdor the revised version of Fathexer2 are:

I. The prompts which are simple and specific to the domain will help learners to
understand the activity better than general promipts. example, the prompt in
FathomV e r Draw thie system model by identifying the components, its properties
and interactions among themn
is redesigned to:

ADi agrammatically represent the I|ibrary
among them 0

il Adding more scaffolds ithe form of worked exanple across all activities will help
learners to understand the skill better and improve the performance in doing ER
skills.
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iii. The learning environment equipped with ER cognitive tools and woekadples
demonstrating the use of cognitive toualdl help learners to use the cognitive tools
more effectively.

Iv. The system generated feedback and-sgHluation activity will enable students to
monitor and control their ER skills during the activity and be able to analyze the case
study by assessing and explaining how well the ER skills are applied in a new

problem.

6.2.2 Design features
FathomVer2 is designedwith increased scaffolds in the form of cognitive and metacognitive
activities. The system is structured to solve the software design problem in data structures with

following learning activities designed to ptece ER skills

i.  Problem Analysis

a. Understand the problem

b. Formulate the problem
ii.  Design solution

a. Generate solutions

b. Analyze solutions

c. ldentify constraints

d. Evaluate and select

The phases and su#ills are listed in Fathofiwer2 on leftside of the screen to scaffold learner
to follow the structured learning path. The slils are clickable button, and when selected, the
learner is prompted to do the learning activities tograrfthe targeted sedkill. The learning

activities for each subkill consist of:

i.  Prompt to guide the thinking process towards the targetedlaliland solve the training
problem.

ii. Worked example illustrating the use of ER skills and tdolssolve the structurally
analogous problem. This will enable students to compare the problem to solve with a
structurally similar problem and gain more understanding about predménmg skills

such as ER skills.

92



iii.  Hints are proided for a detailed explanati@bout tke skill with example.

iv.  Feedback is generated based on theesalfuation of the ER skill applied.

v. Post activity, reflection prompts are given to allthelearner to reflect on how much the

activity helped to achieve the targeted skill. Learners are po#hda new solved

problem,andthelearner is asked tanalyze and rate how well ER skills are appli€kis

activity ensures that learners reflect on their learning of the targdieskgluand apply it

to analyzea new problem.

The design of the overditarning activities in Fathom is shownfigure 6.2

[ 1. Problem Analysis

Learning path for each skill

.

1.2 Formulate the problem

( ) ¥

1.1Understand the problem from ( Demo/ (" Prompts ) Learner Feedback Evaluation of
| multiple perspectives ) bample | +Explanation+ J7 performs (system, sel- = ER skills for a
r N\ P Hints Activity evaluated) new problem

-

2. Design the solution

I

2.1 Generate Solutions

\

I

2.2 Analyze solutions
-

7

2.3 Identify constraints
.

r

2.4 Evaluate and Select

\

database.

N

Systematic The prompts
Guidance to to triggers
ER skills the ER skills

Metacognitive activity of
self-evaluation of ER skills

The workspace will be provided to perform the activity
supported with cognitive tools for ER skills.

The responses are saved into

Figure 6.2 Design of learning activities in Fathom

The design enablebe learner to see the overall path to be followed to solve the problem as

shown inthe lefthand side of figure 6.2. THearning activities are explained in detailnext

subsection.

6.2.3 Learning activities

After the learnehasloggedin to FathomVer2, a training problem is posed. The problposed

is alibrary management problenstated asi The c ol | e g ains lbooksomvayousma i nt

subjects taught in various departments like arts, scieacd commerce. The library staff is

involved in issuing books to students and teacher. The students need to return the book in 15
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days while teachers can return in three months. The library staff maintains records of all books

in thelibrary, books issued, returned and colledate fee ifthebook is not returned in time.

Librarian decides to provide online service for studentseachers to searcthe availability of

the books irthe library. Your task is to design a system to solve the above problemarsing

appropriate data structure and al gori

t hmo.

Next, problemsolving steps are displayed on {atind side of the screen, a®wim in figure 6.3.

Thelearningactivity designed are:

1. Understand the problem activity

After learner clicks on the stamderstand the problenthe activity page opens where the demo,

hint, prompt, and activity area are displayed as shown in f§Gte

Diagrammatically represent the library system by drawing entities involved in the system and interactions among them.

Problem Analysis

Understand the Problem

Formulate the Problem

Design Solution

Generate Solutions

Analyze Solutions.

Identify Constraints

Evaluate and Select

The prompt displayeds: 1 Di agr ammat i cal |y

Entities can be pecple and items/objects involved in the system and interactions are relaionship among the entities.
For example, “In a shop, entities are “shopkeeper”, “Shop items™ and, interaction between them is “shopkeeper searches for an item™ "

e
W‘uw"” M '
pays after 3 months of non return
\ W 5 of non retum

L

Note: 1. Double-clicking in the background of the diagram creates a new node. 2. Links afe created by chck and drag from one node o ancther node(when hand appears).

Warning- Do not press enter key in nodes or interations, the system will crash on doing so.

Save

Figure 6.3 Activity page for stepunderstand the problem

represent the |

involved in the system and interactions among théhhe hint button (?) gives a detailed

explanation about the activity wi

demonstrating the activity for an analogous problem: shop inventory problem.
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The scaffoldsared esi gned t o di nkang towatdshumderstanding the prébem t h i
from the perspectives of stakeholders and entities involved in the system by drawing the

cognitive map of the whole system.

Activity area

The activity area is designed to allow the learner to draw the -@mignacton diagram of the

library problem. The nodes represent the entities or stakeholders, and the links between the
entities represent the interactions among stakeholders and entities. The interactions are labeled to

show the nature of interactions.

Feedback

After the learner clicks on the save button, the system will evaluate the response and generate
feedback
If most of the nodes and interactions have been captured then
the system generates positive feedback &x c el | ent , yIxentitteaade | den
eightinteractions and system prompts to go to the next step.

Else if fewer nodes and interactions are captured then
1. the feedback generated i$L o 0 k at t he hi ghlighted no
verbs(green color)in the given problem and check if yavehmissed some of the
important stakeholder/entities and interactions among thém

2. The system will highlight the nouns and verbs and will prompt the learner to add
them, as shown in figure 6.4.
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Show Problem

The college library maintains books on various Subjects taught in various departments like arts. sclence and commerce. The library staff is involved in issuing books to students and teacher. The students need to
return the book in 15 days while teachers can return in three months. The library staff maintains records of all books in library, books [ESHEE. retured and EBllEE 1ate fee if book is not retumed in time. Librarian
decides to provide online service for students or teachers to SEEIEN avallability of the books in library. Your task is to design a system to solve the above problem using appropriate data structure and aigorithm

Problem Analysis Diagrammatically represent the library system by drawing entities involved in the system and interactions among them.
Understand the Problem View Demo
e
Design Solution

Generate Solutions

Analyze Solutions

Identity Constrainis

Evaiuate and Select

Figure 6.4 Feedback on the understand the problem activity

Reflection

At the end of the activity, the system shows reflection questions (shown below) for the activity:
understand the probleto reflect firstly onhow much the activity helpet achieve the targeted

skill and secondly a new problem is posaddthelearner is asked tanalyze and rate how the

targeted skill is applied.

1. Aldentifying entities and interaction help
system from the perspectives of multgikkeholder®
1 strongly agree,
1 agree,
1 neutral,
9 disagree,
1 strongly disagree.
2. Ifanewproblemisgivensay,Desi gn banking software for <c
transactions checking account balance, money transfeend bi I | payment s. 0O
solving this problem by

© Understanding the working of the bank frtmec u st omer s®é point of Vvi ¢
proceeding to solve the problem.

Understanding the problem from the perspectives of all stakeholders and entities
involved in the bank system befpreceeding to solve the problem.

Directly start solving the problem.

C Others
Justify why?
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The reflection questions are asked to reflect on the skill that they just learn¢d mvdlve
learnersin a metacognitive activity of evaluating and ratingeaponsedo a new problem. This

process of evaluating response for a new problem may make learner monitor his/her.thinking
2. Formulate the problem
The formulate problem activity page is, as shown in figure 6.5.

Logout

Show Problem

Problem Analysis Write the broad goals to be achieved.

Broadly define what is the purpose of designing the software system in the given problem:
Understand the Problg] . "
For example, "Software system has to be designed for the shop to keep track of the inventory and find items whose quantity is below threshold

Formulate the Proble:

Create an online service for conveniently searching books in library for teachers and students.

Design Solution

Generate Solutions Save

Identify Constraints

Evaluate and

:
1HE

Figure 6.5. Activity Formulate theproblemGoal

Theformulate problenis divided into two parts: Goal and Sgbals.
The promptposeds: i Wr i t e t he br oa dThghintshows explanaionavidm | e v e d
example as shown in figure 6.5. The text box without any restrictigrésided for the student

to answer

After the learner clicks on save button, the-gedined list of responses at various levels (bad,
average, good, excellent) are shown, and the learner has-gvakelate by comparing his/her
response with ones given the list. Based on their selection, feedback is generated, which states
the corrective measures to be taken to improve the response, as shown in figure 6.6.

97



Your response is saved

Analyze Solutions

Identify Constraints

Choose one of the option below which matches closely to your response
Evaluate and Select

® Design library system.

Design library software system for teachers and students

Design software system for library for teachers and students to search availability of books in library.

Design software system for library to make it convenient for teachers and students to search if the book is available in
library.

None of the above

Feed

d by incorporat

use Vhat s the primary purpo

above.

Save
Next

Figure 6.6. Feedback for formulate the probiéwal

The list of options is based onthe predoust udy és (study 2) response

medium, and bad responses from the previous study and formulated the list.

Next, the prompt for sugoalis,il n t he di agram bel ow, identi fy
achieving the goal and wig asspecificsubgoals( f un c t i oThehint buttore (2))shows
the example of the sufppalasi Shopkeeper reduces the quantity

a new item from the shop. 0

Thel i br ar y s yntetactiondisgram mrawntby theudent is reproduced as shown in
figure 6.7 and learner is prompted to identify the entities and interactions to be included as

functionalities in the software system (figure 6.7).
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Design Solution
Write the sub-goals to be achieved.

Generate Solutions In the diagram below, identify the entities and interaction needed for acheiving the above goal and write them as the specific sub-goals
below.

Analyze Solutions

The librarian will enter the detalls of all the available books; Teachers and students will be able to search books by
title, author, isbn etc. The interface will display the availability in terms of whether available in library at all or currently
not available. create create

GoJS 1.7 evaluation Library
(c) 1998-2017 Northwoods Software
Not for distrbuton or producton use

Identify Constraints

Evaluate and Select

a0 com "I‘

Pays sher 3 micathy of non retum
poys atier 18 months of non retun

i Save

Figure 6.7. Formulate the proble®ubGoal

| Save |

Your response Is saved

Choose the options below which matches closely to your response

¥ Teachers/students will be able to search for the availability of books

¥ Librarian/staff will insert books in to the system

J Librarian will be able to update availability of the books when the book is issued/ returned.
LJ Librarian will be able to calculate the fine and if the book is returned after due date.

= others(not listed above)

Very good, you have defined sub-goals from teacher/students and librarian point of view. But, you have missed
some of the operations from librarian point of view. Refer the diagram drawn for the library system above and
identify operations to be included in the sub-goal

Save
Next

Figure 6.8 Feedback for formulate the proble@oal

The textbox is provided to the user to write the-gahls. After learner answers and clicks on
save button, the list of stdpoals written from the perspective of students/teacher and librarian
and the interactionamong them are displayed (figure 6.8). The learner can select one or more
options. The feedback is given based on the options selected; if only one option is selected, then

feedback prompts to consider other stakehol de
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Reflection

At the end of the activity, the system shows reflection questions for the ackeityiulate
problemto reflect onhow much the activity helpet achieve the targeted skill and analyze and

rate how the targeted skill is applied to a new problem posed & stcaly. The bank problem

is posed as a case study throughout all the activities, and learners have to analyze and rate how
well the targeted ER skill is applied.

I. The process of identifying the entities and interactions from the whdkgyslped ne to
define the broad goal and swgwals to be achieved.

91 strongly agree,

1 agree,

1 neutral,

9 disagree,

1 strongly disagree.
ii. Forthe given bank probleni Desi gn banking software for cus
transactionsc hecki ng account bal ance, money transfer
Ravi has formulated the problem as given below

Broad Goali To provi de an oforlcustoreersbal ance enquiry
SubGoati The search operation will fdnd the bal an
Rate Ravidés ability to understand the system
goal.
® High [Ravi has identified the data and operations neddesblve the problem from
the perspectives of all stakeholders and entities.]
C 2. Medium [Ravi has identified data and operations from more than one entity, but
missed some data or operations needed to solve the problem.]
O 3. Low [Ravi has identifieche data and operations to solve the problem only from
thecust omer s6 point of view.]
Justifywhy?
3. Generate solutions activity
The generate solutions the solution spacacivity, which is divided into two parts: i. Draw
attribute listing mapand ii.List solutions
a. Attribute listing map
The prompt posedjs fiCreate the attribute |isting map b

its corresponding options@he prompt is supported with hint and video to illustrate the process

of drawing attribte listing map with an example, as shown in figure 6.9.
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Show Frobiem

Problem Analysis Activity 1- Create the attribute listing map below by creating links between the given nodes and adding new nodes
whereever necessary.

Understand the Problem

Attribute Listing technique will help in thinking of alternative solutions. This thinking process may lead to innovative or novel idea generation

: i the Prob It consists of Esting the key attributes of the design and generate muliple designs by modifying the value of attribute for each solution, or combining two or more attributes
ormulate the Problem

Design Solution

Generate Solutions

Analyze Solutions

Identify Constraints Representation Book Operations Search [/ linear search
Evaluate and Select
\ Insert |
Update AVL tree search m

Linked list

[ Edit values | Delete |

Figure6.9. Attribute listing map

The drawing area is provided to learners to draw attribute listing map, as shown in figure 6.9.
After the learner draws and clicks on save button, the system @gtha number of nodes and

links and generates feedback. If only a few nodes and links are created then the feedback given is
Ayou have identified very few attributes. See

clicking the example buttam

Else the learner can sefvaluate by comparing the attributes geregtats shown in figure 6.10
If any attribute is missinghen feedback is given to add to the map accordingly
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From the attribute listing map shown below, choose the attributes from the list below which you have identified in your attribute listing map.

Attribute List map

insertin to sorted list

Binary search

¥ Op J h..) and Data items(books)
¥ Various algorthms for operations(linear search, binary search, ...)
2 Various data structures to represent each data item

LJ Other attributes(not listed above)

Figure 6.10Attribute listing map feedback

b. List solutions

After the attribute listing map activitythe next activity is to generate multiple solutions. The

prompt, hint with example ishown infigure 6.11 The textbox is provided to write the solution,

and he user can add more solutidnsclicking onthefiClick to add moe solutione b ut t on.

Show Problem

Problem Analysis

Understand the Proble

Formulate the Proble

Design Solution

Generate Solutions
Analyze Solutions
Identify Constraints

Evaluate and Select

Activity- Generate multiple solutions by changing or combining the values of attributes-

Generate multiple solutions by changing the values of each attribute

For example, 1. item details will be stored in array and operations performed are linear search, traverse, insert items at the end
2. ltems details will be stored in array and operations performed are binary search, traverse list, insert in to sorted list

3. ltems details will be stored in linked list and operations performed are linear search, traverse list, insert at end

Solution1

Click to add more solutions

| Previous(Attribute List Map) ‘| Save |

Figure 6.11. Generate solutions actiyiyompt, hint
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Feedback
If a learner has generated less than three solutions, then the attribute listing map is shown, and
feedback isi Y 0 u demevated less than thresolutiors. Refer attribute listing map to

generate more valid solutions wusing various d

Reflection

The reflection questions in this stage were:

i. The process of identifying various design attributes and their options(data structures, algorithms) in
"attribute listing map" activity helped me to generate multiple solutions.

Strongly Agree

Agree

Neutral

Disagree

7YY D

Strongly Disagree

ii. For the given bank problem-i Desi gn banking software for customers
transactions- checking account balance."

Ravi has formulated the problem as given below-

Broad Goal-i To pr ovi de annqurynforcustemeds.al anc e

Sub-Goal- i 8arch operation will find the balance of the given account_no.o

Ravi has generated the following alternative solutions:

a. Arrays are used to store the data, and the linear search will be performed to search the balance of

the given account_no.

b. Arrays are used to store the data in sorted order, and the binary search will be performed to

search balance of the given account_no.

c. A linked list is used to store the data, and the linear search will be performed to search the

balance of the given account_no.

Rate Ravibés ability to generate multiple solutions

1.High [Ravi has identified most of the possible solutions.]

2. Medium [[Ravi has missed a few of the possible solutions.]
C 3. Low [Ravi has identified very few solutions.]
Justify why?
4. Analyze solutions

After the learner has generated solutions, the next activity is to ansty@gons by identifying

criteria to evaluate solutions.
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Prablem Analysis Identify criteria to evaluate the solutions and write below(seperated by ,)

Criteria are common parameters used to compare multiple solutions.

Understand the Probig .
For example, execution time is one of the critena to evaluate the following solutions.
Formulate the Proble Solutions. Execution time of search operation
. . 1. Item details will be stored in array and operations performed are linear search, traverse, insert items at the end. O(m)
Design Solution
2. Items details will be stored in array and operations performed are binary search, traverse list, insert in to sorted list O(logn)
Generate Solutions 3. Items details will be stored in linked list and operations performed are linear search, traverse list, insert at end. O(m)

Analyze Solutions
Pros and Cons table
Identify Constraints

Evaluate and Select

criteria execution time, memory allocation

| Save |

Figure 6.12. Analyze solutions to identify criteria.

The promptposedisi | dent i fyv cr it er i a dheactivityisssupportedavitht h e

anexplanation of the terroriteria withaworked exampleas shown in figure 6.12.

The textbox is provided to write the answer. After the user enters the answer and clicks on save

button, the feedback is generated based on the following rules:

If only 1 criterion is identified then feedback gertedhisiiYou have identified only 1 criterion.

Perform pros and cons analysi§the solutions tadentifymorec o mmon cr i t eri ao
Else the user can proceedédlection activity.

Reflection

The reflection questions in this stage were

i. The process of identifying criteria helped me to compare and analyze solutions across various
parameters.

C Strongly Agree
C Agree

C Neutral

c Disagree

-

Strongly Disagree
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ii. For the given bank problem-iDesi gn banking software for customers

transactions- checking account balance."

Criteria identified are by Ravi are execution time, implementation difficulty, for the solutions listed
below- a. Array and linear search b. Array and binary search c. Linked list and linear search
d. Binary search tree and search e. Hash table and search.

Rate Ravibés ability to identify criteria to evaluat e

High [Ravi has identified all the possible criteria]
Medium [Ravi has missed few(1-2) of the criteria]

Low [Ravi has missed many(more than 2) of the criteria]

Justify why?

5. Identify constraint

This activity is designed to enable learners to think of constraints appltodbkegiven problem
based on the common criteria identified in the previous activity. The prompt giveriisi e nt | f vy
the constraints based on the critedaand the term constraint is explachwith a worked

exampleas shown in figure 6.13.

m Analysis Activity- identify the constraints on the criteria to be achieved in the above problem.
tand the P Constraints are the mandatory conditions to be achieved in the given problem. Constraints are value(low, high) associated with criteria
2 bid
= o For example, if execution time is a cniteria then constraint is execution time should be low
late the Proble Criteria Constraints Justify
Execution Execution time should be less than 1 If the execution time is more than 1 second then customers will get frustrated and bank may lose
time: second customers

| Solution

criterial Execution time constraint1 should be less than 2 seconds justify1)if it is more then members of library will get frust
criteria2 Memory allocation constraint2 Dynamic justify2 to prevent memory wastage
hte and Select
Save

Figure 6.13Identify constraints activity

The user has to answiy specifyingthe criteria its correspondingonstaint, and justify why it
is important for the given problem. The three textboxes are prqvasdeshown in figure 6.13

Theuser can add mor e cAdhCGonsrami8@nbstbynclicking ol
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After clicking on save buttonheuser is prompted to sedivaluate their responses by comparing
with the list of possible constrainés shown irigure 6.14

criteria2 Memory allocation constraint2 Dynamic justify2 to prevent memory wastage
hte and Select

| Save
=g

Your response is saved.

Choose from the list given below which closely match with the constraints you have identified

¥ Execution time for search/insert/delete/update/traverse operation is less than 1 sec
¥ Implementation difficulty should be low

L Memory allocation(static, dynamic) should be dynamic

L Memory space needed should be less than 1 MB

) Others

Good..
Save
Next

Reflection

Figure 6.14. Feedback on Identify constraints activity

The reflection questions at this stage posed were

1. The process of identifying constraints helped me to think of the conditions/performance criteria to
be achieved in the given problem.

C Strongly Agree
c Agree

C Neutral

C Disagree

-

Strongly Disagree

2. For the given bank problem-i Desi gn banking softwaronlind or customer s
transactions- checking account balance."

Ravi identified the constraints as given below
i. Execution time
ii. Memory usage

Rat e Ravi 6s abi | itsfprthe given bdwrek probiefn.y constr ain

High [Ravi has identified constraints correctly]
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Medium [Ravi has identified the criteria applicable for the bank problem, but could not define
constraints]

C Low [Ravi could not identify the constraints]

Justify why?

6. Evaluate and select

The final activity is to evaluate and selecsolution. The learner is prompted to evaluate the
generated solutions against the -galals and constraints using the decision matrix, ,rank

justify why the selected solution is betterritwdher alternative

The prompt posed i8 Ev al u at e solutiohseandrselectioptimal solution using decision
matrix, @upported withan explanation of decision matrix and worked examgéeshown in
figure 6.15

Problem Analysis Evaluate alternative solutions and select optimal solution using decision matrix below.

Understand the Probiem .
e 0 Select the solution that sa & Qo
For problem, for the sub-goal- 18, and Constraint is execution time should be low, the decision Matrx is used as given below-
Formulate the Problem
Execution time 1o Exgcution time to
search should be low traverse should be low Rank
Design Solution
Ay ANd OpATations paromad are | yes yas No Va5 2
I ms at the end
Generate Solutions.
operal s No L
rtad st
Analyze Solutions
3. ems d L d in linked kst and operations performes es yos No Yos 3
Ientify Constraints are near search, iraverse st insen at end.
Evaluate and Select Decision Matrix
solutions should  Dynamic Rank
b lE55
than 2
Design of your solution -
- update status of books avallable. 3.1f book is retumed it should check for fine Seconds
and update status of books available.
Books details will be stored in linked  ®ves o Sves =Yes 1
list and operations performed are No No

linear search,issue,return and update
books availability

Figure 6.15. Evaluate and selgatompt and hint

The decision matrix is preloaded widliternatve solutions generated by the learner in the first
column and sugioals and constraints on the first row. The learner has to enter yes/no in each
intersecting cell by evaluating whether the solution achieves th@@alb and constraints,
accordingly rankand justify as shown ifigure 6.16
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Orés N bl
ldenh!y Constraints are linear search. traverse fist, inser at end
Evaluate and Select Decision Matrix

_ Solutions 1.The member will be able to search for books and the program should display should Dynamic  Rank
books availabiiity and rack number. 2.1f book is issued It should check for status  be less
o yOus SoRsion of member |.e. issue limit (2 books for students and 5 Dooks for teachers) and than 2
- update status of books available. 3.1T book is returmed it should check for fine seconds
2nd update status of books available

Books detalis will be stored in linked  ®Yes ONo SYes© @ves 1
list and operations performed are No No

linear search,issue,return and update

books avallability

Books details will be stored in array ®Yes ONo ®Yes Yes® | o
and operations performed are binary No No

search and operations performed are

Issue, return and update books

availability

Justify- why the solution ranked 1 is optimal for the given problem.

Justify by expiaining how the selected solution is better !han others for acheiving the 0oal, sub-goals and constraints for the given problem

Because stoning book details in linked list will prevent memory wastage and linear search will make

Figure 6.16. Decision matrix and justification box.

After justifying, the learner is asked to selfaluate based on the options as shown in figure
6.17. The options are designed to allow learners to reflect basedicmthey have selected the
solution: whether the solution is selected because it is easy to implement or because it is optimal

than other alternatives in terms of achieving theguadis and constraints,

Logout

Because storing book details in linked list will prevent memory wastage and linear search

| Save |

Your response is saved

| selected and justified the optimal solution based on following points

® The solution used data structure which had many features like easy to update, search, insert, etc. compared to other solutions
2 The solution selected was achieving the goals/sub-goals and satisfying the constnants identifed in the given problem

The selected solution was easy to implement than other solutions

The solution selected was achieving the goals/sub-goals

Others

5 the solution satisf s/sub-goals and

solution should

The basis of selecti

constra en in the problem. S

Save

Next

Figure 6.17. Feedback on selection and figstion
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Reflection

The reflection questions at this stage were

1. The process of evaluating the solutions based on sub-goals and constraints in the decision matrix
helped me to rank and select the solution that is suited for the given problem

C Strongly Agree
Agree

Neutral

Disagree

10 IS IS B

Strongly Disagree

2. The decision matrix helped me to justify how the selected solution is suited for the given problem
C Strongly Agree

c Agree

© Neutral

C Disagree

-

Strongly Disagree

3. For the given bank problem-i Desi gn banking software for customer s
transactions- checking account balance."

Ravi had generated the following solutions

i. Customer entity and account details are represented using array and search operation is
implemented using linear search

ii. Customer entity and account details are represented using linked list and traverse to search

iii. Customer entity and account details are represented using an array and use binary search

Goal- " The customer should be able to search for the balance of his/her account.”

The constraints identified were- execution time for search should be low, efficient memory utilization.
He selected solution ii(linked list) and justified - "linked list is ranked highest because its memory can
be allocated during runtime"

Rate Ravibés ability to select and justify.
High [Ravi has selected solution and justified based on the goals/subgoals and constraints]
Medium [Ravi has selected solution and justified based on either goals/subgoals or constraints]

Low [Ravi has not selected solution and justified based on the goals/subgoals and constraints] ]

Justify.why?

Table 6.1 shows the comparison between the design features of Faghband Ver2.
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Table 6.1. Design features of Fathafarl and Fathorver2

Design features

Fathom-Verl

Fathom-Ver2

Structured guidance

Fully-structured

Semistructured

Prompts

Domainindependent,
e.g., Draw the model of the

system to show the componen

Domaindependent,
e.g., Diagrammatically represer

the library system by drawin

its properties and| entities involved in the systel
interconnection betwee and interactions among them.
components

Worked example illustrating | No Yes

the process of solving similar

software design problem.

Online drawing tool (entity- | No Yes

interaction diagram and

attribute listing map)

Self-evaluation activities No Yes

It was seen in study 2 that learners had difficulty in performing certain activities in Fatddm

in which the prompts were at a higher level and not domsétific. Thusjn FathomVer2, we

simplified and supported the prompts with domsfirecific information and worked example to

aid learners in activating their prior knowledge and thinking towards solving the problem

efficiently. To enable learning and transfer of compbeablemsolving skills, the learners need

to be engaged at both cognitive and metacognitive level. The design of Faénans modified

to facilitate the learning of ER skills at both cognitive (prompts and worked examples) and

metacognitive level (sefissessment, feedback, anehation reflection activities) compared to

FathomVerl in which the focus was only at engaging learners at a cognitive level. In the next

section, the evaluation study is discussed.
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6.3 Evaluation Study 3- Effectiveness of the design and

pedagogy of Fathom-Ver2 in learning ER skKills.

The focus of the study is to investigate the effectiveness of Fatfen? in doing and learning of

ER skills for novices. Theesearclguestion (RQ) investigated-is
RQ 3.How effective is FathorVer2 for novicesn doing andearningof ER skills?
To investigate the key design feature of Fathéen2, we generated the following sub RQs:

RQ 3.1. How effective are the pedagogical features of Faterd in helping students to
perform and learn ER slsl?

RQ 3.2. How effective is structured versus a seimictured sequence of learning activities in
performing ER skills?

RQ 3.3. How effective is the feedback mechanism (system generatezlaatited) in
monitoring and controlling the ER skills?

RQ 34. How effective are waction reflection activities enabling the student to analyze the ER

skills in a new problem solved by a pseudo user?

6.3.1 Participants
Fifty-two students from secorgear computer engineering participated in the study. The study
was conducted at the end of the datacure coursethus ensuring that students had enough

domain knowlede to solve design problems in datiaistures.

6.3.2 Study Design

The study design wasx@erimental pretegbostest, as shown in figure.6.I8he control group
had structured guidance, and the experiment group hadsseriured guidance. In structured
guidance, the student strictly followed the linear paththe order understand; formulate;
generate solutits; identify criteria and enstrants; evaluate; and select, andt allowed to
deviate the order. Isemistructured guidance, the overall learning path o@en for the learner

to select.
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rfF’re-test Intervention Post-test ﬂ\‘
i Fathom-Verz
Experiment Worksheer Library management Eifz'ndn;_s\ifger:zpmbl m
group Shop- £ r problem pe P '
Inventory P istructured "% No feedback
problem emi-structure ) .
\ guidance reflection activities -/
¢~ Pre-test Intervention Post-test ™
Fathom-Ver2 Fathom-Ver2
Control group Worksheet: Library management Mew design problem
Shop- - P problem - P
Inventary , P "% No feedback,
problem Structured guidance reflection activities
N /

Figure 6.18Study 3 Studydesign

The learners were divided into two groupsth approximately25 students in each group. The

division was random.

6.3.3 Procedure

i. Pretest The students were given a worksheet to solve a shop inventory praseshown in

figure 6.19. The steps were given to guide the software design process conventionally.
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Roll no:
Name:
Pretest
Design a software system for a supermarket, to keep track of items whose quantity is below th
The software should generate a report at a end of the day, a list of items whose quantity i

threshold and needs to be ordered

Your task is to degn a software system to solve the above problem using appropriate data st

and algorithm.
Solve by following the steps

i.  Write the broad goal to be achieved.
ii.  Write the sukgoals to be achieved.

iii.  Design solution using appropriate data structure anditdgcs.

iv.  Justify why the selected data structure is appropriate for the given problem.

Figure 6.19. Pretest worksheet

ii. Intervention- Immediately after préest the learners were divided into experimental and
control groups. The experimental grougperacted with BthomVer2 with semistructured
guidance and control group interaction with stricgtyuctured guidance. Both groups took

approximately\2 hrsto complete the training
The trainirg problem posed was the library problem:

The college library maintains books on various subjects taught in various departments like Computer
engineering, Electronics engineering, etc. The library staff is involved in issuing books to students
and teacher. The students need to return the book in 15 days while teachers can return in three
months. The library staff maintains records of all books in the library, books issued, returned and
collect a late fee if the book is not returned in time. As it was becoming tedious for teachers and
students to search for the book in the library, Librarian decided to provide online service for students
or teachers to search availability of the books and display if the book is available with its shelf
number (location of the book). Your task is to design a software system for the requirement stated by

the librarian, using appropriate data structure and algorithm.
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iii. Posttest Posttest was not taken immediately after the intervention due to time constraints.
Students were asked to log in irkathomVer2 next day andselecta new poblem from the list
shown in figure 6.20 to solve. The scaffolds faded wkedback and reflection actlyi The
scaffolds retained were: the problewlving steps; senstructured guidangeprompts, hints,

worked exampleyideos and cognitive toolsTotal 17 studentsittempted postest.

Logout
Bank ATM Design software for a bank ATM to allow customers to perform operations like §deposit money into their account, withdraw e
money from their account and check balance.
College Design software for generating the merit list of students for a particular course in a college %
Mall Parking Design software for a shopping mall to find the list of free parking slots for guiding and allotting them to the customers. *
Vending machine Design software for vending machine to display the menu with available items and place an order ¥
Employee payroll Design software for maintaining employee payroll and generating monthly slips. ve
Aftendance Design software to generate a defaulters list of students with attendance less than 75% of a particular class. ve
Student result Design software system to generate result of each student having following details- pass/fail, Percentage. ve
Result analysis Design software system to analyze the result of the students to find number of student having first class, second class, pass e
class and fail.
New Question New Question
w

Figure 6.20Posttest problems

6.3.4 Data sources

The data colleedwere

The pretest worksheets, postest responses of students

Learner aifacts(responses of each learning activity) generated during interagition
Fathom.

Log data of user clicks witatimestamp.

Student perception rating dne usefulness of activity in learning skills.

6.3.5 Data analysis

The responses of pretest problem, training probkerd postest problem were evaluateging

the rubric given in table 6.2The rubric used in previous study 2 was designed to assess both ER
skills and use of ER cognitive tools (pros and cons table, decision table, etc.). The revised rubric
for study 3 is focused only on the assessmeFoEkills in more detail as the aim of this study

was to measure the learning of ER skills.
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Table 6.2Rubric for rating thé&ER skills of thesoftware design problem

ER skill ER activities Rubric

Problem space

Expand Understand the| Score

problem High (score3)- identified all possible entities and interactiof

identified.
Medium (score 2)- missed a few.
Low(score 1)- only a few identified.

Reduce Formulate goal | High (score3)- the goal has addressed the following poin

requirements broadly defined, primary users and benefits writt
Medium (score 2)- the goal missed one of the above points.

Low (score 1)- the goal missed most of the points.

Formulde sub
goal (quantity &
quality)

High (score3)- identified all the data items and operations f
achieving the stated goal.

Medium (score 2)- missed identifying one of the data items
operations that will achieve the goal.

Low (score 1) missed iéntifying data item or operation whic

are important for achieving the goal.

Solution space

Expand Generate Score count of alternative solutions.
solution
Quantity
Solution quality | High (score3)- the solution is complete and correct. In th
solution, the data structure is valid, and the operations
mapped to correct algorithms. The clarity is high on how dat
stored and how the algorithms are used.
Medium (score 2)- has missed identifyingalid data structure ol
an algorithm for some data items and operations respectively.
Low(score 1)- the solution is incomplete or not correct.
Reduce Criteria High (score3)- all possible criteria correctly identified.

Medium (score2) - missed a few.
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Low(scorel)- only one identified.

Constraints High (score3)- all possible constraints are applicable to t
problem.
Medium (score2)- missed a few.

Low(scorel)- only one identified.

Select and justify High (score3)- selected the correct DS and justified how t
solution satisfies all the constraints applicable to the problem

is optimal than other alternatives.

Medium (score2)- selected a correct DS and justified withg
considering all constraints or did notregider other alternatives.

Low(scorel)- selected an incorrect DS and did not justify ba

on the constraints applicable to the problem.

Following statistical tests were performed to answer the RQs.

1. The ttest between prtest and intervention scaréor both groups.
2. T-test of pretest and postest scores.

3. T-test of intervention scores of both groups

4

Percentage of the rating of student perception survey on the usefulness of activity in learning

6.3.6 Results and discussion

The corresponding datallected, andthearmalysis done to answer each RQ is shown in table 6.3

Table 6.3 RQs and corresponding data collection method

Research questions Data collected and analysis

RQ 3.1.How effective are thpedagogical feature 1. Comparison of mean scorestes) of
of FathomVer2 in helpingstudents to perform ang - pretest to intervention,

learn ER skills? - pretest to posttesand

- intervention to posttest.

2. Student perception survey

RQ 3.2. How effective is structured versus a serf Comparison of mean scoregést) of experiment

structured sequence of learning activities in and control group
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performing ER skills?

RQ 3.3.How effective is the feedback mechanisi
(system generated, s@valuated) in monitoring
and controlling the ER skills?

Log data analysighe percentage of students wh

have modified their skills after evaluation activity

RQ 3.4.How effective are iraction reflection
activities enabling the student to analyhe ER
skills in a new problem solved by a pseudo user

Percentage of students who have correctly rateq
ER skills in a reflection activity.

The average scor@sd comparison (palues)of pretestinterventionposttest of both experiment

and corrol groups are shown in table 6.4, table 6.5, and table 6.6

Table6.4. Comparison of pe-ted and intervention scores (6ol group

N=27 Understand | Formulate | Generate Identify Evaluate | Select a
the the solutions/ Design| criteria and| solutions | solution and
problem problem solution constraints Justify

Pretest - 1.62 1.64 - - 0.96

(Average)

Intervention | 2.42 1.88 2 2.33 1.8 1.9

(Average

T-test(p - 0.01 0.04 - - 0.00

value)

Table6.5. Comparison of ge-test and intervention scores (Experimgroup
N=27 Understand| Formulate | Generate Identify Evaluate | Select a
the the solutions/ criteria and| solutions | solution
problem problem Design solution | constraints and Justify

Pretest - 1.75 1.5 - - 0.90

Intervention 2.55 2.29 2.16 2.31 1.84 1.92

(Average

T-test(p value)| - 0.01 0.02 - - 0.00
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Table6.6. Comparison of ptest,activity and psttest scores

N=17 Understand the| Formulate | Generate Identify Evaluate | Selecta
problem the solutions/ criteria and| solutions | solution
problem Design solution | constraints and
Justify
Pretest - 1.5 1.2 - - 0.7
(average
score, N=17)
Intervention 2.21 1.94 2.06 2.58 1.94 1.89
(average
score, N=17)
Posttest 2.41 2.4 2.11 2.4 2.4 2.3
(average
score, N=17)
T-test(p value)| - 0.00 0.00 - - 0.00
Pretest
intervention
T-test(p value)| - 0.00 0.00 - - 0.00

Preposttest

Student perception survey ratiffiggure.6.21)showedthat 30 to 40%ef students strongly agreed

and 6070% agreed that the activities helped in achieving Efeskill and in doing the

subsequerdctivities
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m Identifying entities and interaction helped me t

80% understand the working of the existing system
from the perspectives of multiple stakeholders
70% (=52

B Understanding the whole system, helped me tq
define the broad goal and stdpals to be
acheived(N=34)

60%
50%
40%
30%
20%
10%

0%

m Attribute listing map activity helped me to
generate multiple solutions (N=42)

B [dentfying constraints helped me to think of the
conditions/performance criteria to be acheived
the given problem(N=50)

m Evaluating the solutions based on sgbals and
[ - constraints in decision matrix helped me to ran
T T 1 and select the solution that is suited for the giv
. problem(N=45)
Strongly Ag ree Neutral Dlsagree S_trongly m The decision matrix helped me to justify how t
agree dlsag ree selected solution is suited for the given
problem(N=45)

Figure 6.21Student perception survey rating

Log data hadl s e r medondscirktiie $ormat:
<button name, timestamfheresponse of the corresponding textx>
Putting all these together, the answers to the RQs are discussed below

RQ3.1- How effective are thepedagogical featuresf FathomVer2 in helping students to

perform and learn ER skills?

For both the groupsjgnificant improvement was seen in the quality of the problem formulation
(p<=0.01), solution qualit{p<=0.04) and jusfication (p<=0.00) from pretest to intervention

and significant improvement(p<=0.00) from pretest to posttest scores in quality of problem
formulation, solution qualityand justification. The performance during intervention and posttest
wasnot significanly different, which shows that students were able to perform ER skilisein
second problem even with no feedback. These scores are triangulated with student perception
rating which shows that above 80% of students perceived that the activities hieredd
perform ER skills effectively.
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The answer to R®1 is that the redesigned prompts and scaffolds helped to perform ER skills
effectively. The prompts were more specific and tied to the domain rather than being general,
detailed explanation of newrtas withaworked example, video to illustrate the use of cognitive
tools using worked example, and hints were helping students to understand the activity and

perform ER skills.

RQ3.2. How effective isstructured versua semistructured sequence of leargiactivitiesin

performing ER skill®

The average scored ER skills for experiment group was higher ttihecontrol group butvere

not significantly different. The log data analysis showed that studethieiexperiment group
wasinitially exploring all activities to understand theblemsolvingstepsand later followedc
linear path to solvéhe problem. The senstructured sequence and structured sequence had no
differencein the performance of the ER skillbut semistructured sequerallowed students to
understand bettathe overall problemsolving process and the freedom to choose the path to

solving the problem.

RQ3.3. How effective is the feedls® mechanism (system generated amif-evaluated) in

monitoring and controlling theREskills?

The log data was analyzed to check if the learners changed the responses after reading the
feedback generated by the system (understand problem activity) and afievakedtion (all

other activities) We found that 80% of students modifie@ithresponse after reading system
generated feedback innderstandproblem activity, and only 24% (12/50) modified their
responseafter selfevaluation activity. During sekfvaluation activity, most of the students
overratedor underratedheir responsesand some students did the selaluation correctly but

did not change the response after reading the corrective feedback.

RQ3.4. How effective are iraction reflection activities enablintpe student to assess the ER

skills in a new problem solved laypseudo user?

The log data analysis showed that only 10% of students assessed the ER skills correctly. We
found that the students were getting confused on which grolare they solving because they
were handling two problems: one was the library proldeiwed during the activity, and another
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was the bank problem analyzed as a case study dwfiegtionphaseThis shows students are
not good at handling multiple complex problems at the samedimag training,andit adds

cognitive load
6.4 Reflection

The learning activities at various cognitive levels: doing, evaluate, and reflect usirgfuzhse
are shown in figure.6.22.

Monitor | % Analyze new | | - | [ Analyze new | ( ; | [Analyze new| | - 1,/ Analyze new | ( Monitar \ Analyze new
problem | L problem | LTI § solution | | Menitor solution | J solution
Formative Self- Self- Self- Self-
feedback evaluate evaluate evaluate evaluate
by system
Do Do Do Do Do
el e S I I
Understand Formulate Generate Solution Evaluate Select & Justify

Figure 6.22Learning activities performed by learners (greeffiective, red not effective)

The overall effectiveess of the learning activities at various cognitive levels is summarized as

A The learning activities supported with pedagogical feature: prompts, hints, video, worked
example helped to practice ER skills effectively (green ciateming levelin figure.6.22).

A The system generated feedback in activityderstand probleprhelped students to monitor

and control their skill (green rectangle in understand in figure 6.22).

A Prior studies show that sedfaluation was effective for interpersonal skilévéra, 2016)
and learners with professional or prior experience (Adelson, 1985; Tang, 2008). We saw in
our study, that for design problems which aresiitlictured, e studentdave difficulty in
self-evaluation of the&eR skill. Theylacked the metacognitvability tomonitor and control

their skills on their owrfred monitor rectangles in figure 6.22)

A The evaluation of new problem was adding a cognitive load as students had to do context

switch between two problenfsed analyze rectangles in figure 6.22)

Feedback fothenext cycle
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A The learning activities ansemistructured guidanceill be retained in the next DBR cycle

as they were effective in doin

g and learning ER skills

A The metacognitive activities of sadfzaluation and reflection have to Ineodified, and

metacognitive scaffolds have to be improved to help students to monitor and control ER

skills effectively.

Figure 6.23 shows the overall DBR cycles, and till this chapter, we have completed the second

DBR cycle. In the next chapter, the presé DBR cycle 3 will be discussed in detalil.

DBR Cycle 1 DBR Cycle 2 DBR Cycle 3
Problem |1. To assess the level of ER skills in nov|To redesign the TELE with an improved le|To revise the metacognitive activit
analysis [2. Literature survey to identify the Kof for  effective  monitoring an
cognitive tools and learning technigu scaffolding and introduce reflection activiti{controlling of ER skills.
Study 1(N=40)exploratory study
Solution [FathomVerl FathomVer2
ossigran Phési | Undarstand the robiem Problen ol
B A — e — i T e b o it
E | 4’//‘@ ; - ESOEEEES | o, || 'm’ i
—— =] B = B a1
e ] hikegacly [—=—=] @
e . - e 4> ;
& == pomgt i Aty s w e L ':«'.‘7".' —
== S e Bl > / N\
-/ =8 - w | T S
m e :'(;_": o s
ERskills -]
Evaluation|Study 2= 49 engineering studen|{Study 3 49 students, experimental p

exploratory study
Results Students were having difficulty
doing ER

posttest.

faced difficulty inevaluation of ER skills

Results Students could do ER skills 4

Reflection

Prompts are not effective if learners do
have prior experience in ER cognitive sk
Improve the design by adding mo|
scaffolds.

to monitor and control ER skills.
Improve metacognitive support.

Novice learners are not able to selfaluatg

Figure 6.230verall desigrbased research cycles applied in this thesis
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Chapter 7

DBR Cycle 3 Scaffold novices to regulate
the learning of ER skills at the

metacognitive level

7.1 Problem Analysis - Principles for effective metacognitive

scaffolding
The expert studies (Adelson, 1985; Guindon, 1999; Tang, 2008, 2010) sstcuatured
problemsolving literature (Xun, 2013; Jonassen, 2006) has shown that it is necessary for a

desgner to be involved at both cognitive and metacognitive level to design quality solution. In

the context of complex problesolving, experts are involved at a cognitive level, for example,
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generating solutions and at the metacognitive level by monitondgeantrolling their progress.

They evaluate their cognitive processes to assess the gap from current to the desired level of
performance and take appropriate action to improve. In DBR -@ysieidy, we found that
novices have difficulty in selvaluatirg their ER skills and in taking appropriate action to
improve. In this DBR cycle, the focus is on scaffolding the metacognitive activity to enable

students to monitor their ER skills, identify the gap, and take appropriate action to improve.

In this sectio, we further did an wilepth analysis of various instructional strategies used for
teachinglearning of metacognitive skills in problesolving literature. The focus is to identify
the issues and strategies i n rriegthelgaps andigkel ear n

control action plan to improve on the learning task and map it to our solution design.
7.1.1 Interactive tutoring feedback model (ITF)

Feedback is an important factor which inforthe learner about the actual state of learning or
performance to regulate the learning towardsriguired standards.eEdback is a posictivity
response which may be provided by various external sources, for example by teachers, peers,

computerbased agentetc

Feedback is not effective if it merelyafjs the result as correct or incorrect. The feedback should
be elaborated enough to allow learners to become awareyofaps that exist between the
desired and their current state of knowledge, understanding, or competdfialesrated
feedbackshould fave hints, exampleand explanations that are aimed at supportiagkersin
acquiring the knowledge and competencies necessary for mastering learning tasks. This kind of
feedback is knan as tutorial feedback (Narciss, 2013)

The interactive tutoring Belback mode(ITF) is a validated framework that can be applied to the
design and evaluation of tutorial feedback strategies for digital learning environments (Narciss
2013). The framework considers thahem feedback is generated by external sourcewo
interacting feedback loops exist: the learner feedback loop and the external feedbadals loop

shown in figure 7.1

124



Learner loop

External loop - Teacher, Peer, Instructional medium

Standard level of competency should

|

[Standard level of competency should ]

be defined be defined
¥ v
Assess the;ix;‘?égéé:nmpetenw P | &pare current state to desired s;te\
“External feedback |and generate positive or corrective
T S | feedback
¥

« Evaluative information:
explanation with hint, example.

« Tutoring information
suggesting control actions:
the errors. misconceptions,
difficulties should be identified
with information and strategies
to overcome these errors and
difficulties _/

A

Internal control action

N

* i

———————————————— Current state of mastery---------------1

Figure 7.1 Interactive tutoring feedback model (Reproduced from Narciss, 2013)

To regulate and control the acquisition of competenbieth learneand external feedback losp

needs to be activated. The external feedback loop is generated by external sources (teacher, peer,
instructional me d i u m) currebtystate af oompetenciesgte dedired |
state of competenes and accordinglgeneratepositive or corrective feedback. h e |
selfassessment ability plays a major role in creating a learner feedback loop. Learners have to
monitor and assess their process of learning or competence acquisition to geeerattetnal
feedbacKoop. Apart from selfassessment, thedrner has to compare the external feedback with

internal feedback and generate control actions.

To generate control actions for the regulation of the process of competence acquisition, the
errors and difficulties that could arise in connection with mastering task requirements must also
be identified, as well as the information and strategies that are needed to overcome these errors
or difficulties. If a learner has selected adequate contrtbias, their competence acquisition

process should be improved.
Overall, e nature and quality of feedback messageletermined byhe following factors

i. Feedback scope and functionFeedback can affect the learning process at different levels:
cogntion, metacognitionand motivation. It can acknowledge, confjrar reinforce the correct

response, and in doing,goromote the acquisition of the knowledge and cognitive processes for
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accomplishing the learning task. Feedback can also contribute to correct errors or
misconceptions. It can prompt the metacognitive strategies or encourage students in maintaining

their efforts and persistence.
il. Feedback content The feedback content mmaontain

1 Knowledge of the performanceproviding learners with the formative feedback on
the accomplishment of the complex task (number of correct responses or task
completed, number of errors, time taken, grade)

1 Knowledge of the resultfeedback on thecorrectness or quality of the response
(correct/incorrect, flag errors, good job)
Knowledge of the correct response, providing the correct response or sample solution.
Elaborated feedback, providing additional information besides knowledge of result or
knowledge of the correct response (e.g., hints, guiding questions, explanations,
workedexamples).

3. Feedback presentation The feedback can be communicated at various timing

(immediate, delaygdand allow single or multipl&ies

The study(Narciss et al.2013)was done to evaluate the effectamitractive feedback tutoring

model in the context dfaction tasks provided bihe web-based mathematics education system
ActiveMath. The adaptive feedback was generated based on the typicaldantifged through

a review of empirical fraction error analyses. The feedback was supported with hints and
explanation providing students with a tutoring hint afténe first failure, and a tutoring
explanation after a second failure. The study was done with aixttseventh gradershelog-

data analysis was done to explore the behavioral process variables; namely succeeding vs. failing
in correcting the error of a task, and skipping vs. trying to correct an error after feedback was
provided. The results were vable across task types and task st@ussidering gender as one

of the variablesite mal e student és knowledge gain was
strategies, especially under providing first a conceptual. Wdreover, after conceptual
feedlack hints or explanationstudents skipped more frequently and succeeded less often to
correct the error. This result indicates that imgortant to gain further insights into the dynamic

interplay among the individual learngnaracteristics and sittianal feedback conditions.
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Summary
To summarize the ITodel implications for effective feedback design, the instructional

designers and researchesbould have complete understanding and represemistiof the
relevant competencieandanalyze the conditions and characteristics of the learners asswell
available feedback sourcekhe feedback should address the typical errors made by the learners
and generate positive or corrective feedback, elaborated with hints, explanatiorfpandtion

and strategies that are needed to overcome these errors or diffitldtresver, the studies have

shown mixed results and need to be further investigated.

7.1.2 Collaboration: Peer review

Peerreview is another technique used to engage learnamsetacognitive activityduring ill-

structured problersolving It enables students to see multiple perspectives fpome r s 6
responses to the problem solutions and kie#n notice things they might not have thought. By
compelling learners to examine theirhi nki ng after reviewing the g
engaged in metacognitive activity and selfulation during problersolving. Previous studies

(Ge, X., Planas2010) have shown that learners perceived that peer review is useful to see
different perspectives towards probleswolving However, the peer review mechanism did not

show any advantage for the treatment group over the control gtowps suggested that to

improve the learning vigeer review the learners should be given the opportunity to make

comments and suggestions to each other, I Nst e
2013).
To engage l earners t o activel gferredvia Bectwde e t he

collaborated learningmethods to allowparticipantsto actively demand explanation and
justification from their peers. The Collaborative Learning Conversation Skills Taxo(®otigr,

1999) shown in Figure7.2,illustrates the converdanh skills which are key to collaborative
learning and problersolving. The tagnomy suggests various subskills (request, inform,
motivate) of active learning skills with its attributes and its corresponding sentence opener
(figure 7.9. Active Learning (A) conversation skills, such as Encourage, Explain, Justify, and

Elaborate, describe the core communication activities of effective learning groups.

The three subskill categories encompassing Active Learning are Inform, Request, and Motivate.
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n ! Q
— © !
> = _ _~Encourage "Very Good", "Good Point"
o) Reinforce "That's right"
S
c g} : Rephrase "In other words"
;E =/ __..-""_.-Lead "l think we should”
b S '/ suggest "I think”
— Elaborate "To elaborate”
> P e o
= = Explain/Clarify "Let me explain it this way"
© 3 Justify "To justify”
_g Assert “I'm reasonably sure"
L7
E 2 ',—Infr::-rmation "Do you know"
8 § Elaboration "Can you tell me more"
' Clarification "Can you explain why/how"
“:\_“-Justificatiun "Why do you think that"
! \‘-Dpinion "Do you think"
'| \
; 1
Skill Subskill Attribute Sentence Opener

Figure7.2 The active learning section of the Collaborative learning conversation skitidany
(Soller, 1999)
Summary

Studentssolving an operended problem which has no single correct solution must explain their
viewpoint to peers and justify their opiniomhe feedback or support should be provided to

students to engage in active learning conversation for effective learning and psoblerg.

To encourage students in effectively collaborating with pedfeatetacognitive level, we have
integrated theallaborative learning conversational skill womy into our design.

7.1.3 Implications for our TELEdesign

The studiegNarciss et al., 2013)n evaluating various feedback strategies were mostly done for
improving conceptual knowledge in the context of solving selictured problems and
generating feedback based on typical errors made during the task. Some of the challenges to
adopt these fdback strategies for4fitructuredproblemsolvingare that the type of erroisnot

known, the problensolution space is not wedtructured, has undefined sploblems and
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constraintshas manyalternativesolutions and the process of solving the plem is not linear.

All these issuemake it difficult to automate the assessmédrthe task and provide feedback.

In the previous version, Fathewer2, we designed feedback mechanisrbased on the
reflective framework Riverg 2016. After the activity,the learnershad to selfevaluate by
comparing their response with the given set of pseadponses and select the ones which
closely matchBased on the selection, the positivecorrective feedback was generated by the
system to allow th&arnerto monitor his/herresponse by compaig the given options with their
performanceidentify the gap and take contrattion plan to improve. However, we found that
only 24% of students were able to do this metacognitive activity efficiently, while most of the
students either ovaated or underated tkeir performance and failed to takentrol action plan

to modify their response3his shows that novices are not good at-eeHluation task, and the

need to scaffold the evaluation task is necessary.

In this version of FathorVer3, we aimed to scaffold learners to effectively evaluate and control
their ER skills by providing external feedback before the-eediuation activity. After learners
perform the activity,the systemwill evaluate the levelof the ERskills of the learnemand
accordingly provides positive or corrective feedbaelsed on the ITF model (Narciss, 2Q13)
The cognitive biases that novice exhibit in applying ER skills are identified based in our previous

studies and the research studie#l istructured problersolving, as shown in table 7.1.

Table 7.1. Cognitive biases of novices in applying ER skills

ER skills Novice cognitive biases Outcomel/error

Understand the problem frol Tend to think only from g Identify one or two entitieg

mul tiple

(n

developer8 perspective and dog and interactions that at

perspectives. not visualize the system as | salient.
whole.

Formulate problem Not able to formulate the go{ The goal is broadly written
from userpoint of view. e.g., design likary

management system, witho

addressing who are the use

broad requirement, an
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purpose.

Not able to abstract a complete { Incomplete problen
of subgoal at a higher level g formulation, reduces thg
abstraction. solution space search a

solutionquality is affected.

Generate alternative solutions Generate single solution usin The solution may be suk
design options that are recen| optimal.

studied or easy to use.

Evaluate and select a solution Face difficulty in identifying| Select and justify withou
criteria andconstraints. thinking of selection criterig
thus leading to wea

justification.

In our system, we attempt to design the feedback generation mechanism to address the cognitive
biases shown in table 7.The evaluationisdonegb counti ng or matching t}
with pre-defined keywords or phrases and accordingly the gaps are identified and specified in the
feedback with appropriate explanation to help learners in identifying the gap and take
appropriate actionin corrective feedback, the learners are guided to see hints, Begamgfer

rel ated t ask, and revi ewungestand dre desied [ewelina e s t

performance and monitor the gaps and take appropriate action to improve.

Collaboration with pers is anew feature addedn FathomVer3 and is designed based on
Collaborative Learning Conversation Skills Taxononfig@re7.3. It enabls learners to
understand how their peers have performed, evaluatedpegpenses, and chat with them to ask

clarif i cati on questions, appreciate or give sugg
given the option to compare their work with peers by refleatingpow their work is different

from t hei r efleetierr ppomptsvace rgiken to Rcaffoldsthmetacognitive activity to

monitor and take action to improve effectively

Figure 7.3shows the redesigned feedback generation feature of Fatbmn

130



Learner loop

Fathom-Ver3: Metacognitive activity

(The objective of the activity is defined-
Formuiate the broad goal from end-
Lsers ,ﬂ::n'lu'lf af view

v

Assess the level of competency
achieved, after reading the external
feedback, peer review, active

.

\_ conversation and seli-assessment )

¥
i~ ™

Select adequate control action to
improve the skill acquisition process,

e.g Rewrite the goal
L A

r

“n

.-'"'f
-

External loop - Peer, Instructional medium

Formulate the broad goal from end-
users pgint of view

¥
/?Jst-task. the system compared tt:\

Fhe objective of the activity is defined-

iﬁxternal feedback

eamers response with the keywords (or
count) and generated positive and

H\“'\-\.
“n

corrective feedback.

e.q. Good, you have identified primary
users and purpose in the goal. Please
check if the benefits are wriften. for
example.

The feedback addresses the difficulties
faced by learners-

Learners do not think of problem
from end-users point of view.
Elaborated feedback with prompts to see

Wts. examples, and peer respuns_e./

Figure 7.3 Feedback generation mechanism in Fathéers.

Table 7.2 shows the comparison between the design features of Faghp@and Ver3.

Table 7.2. Design features of Fathafarl and Fathorver2

Design features

Fathom-Ver2 Fathom-Ver3

Cognitive support

Semistructured guidance a a
Prompts, Explanation afew terms a a
Worked example, and videos illustrating the use of cognitive t¢ a a

ER cognitive tools. a a
Metacognitive support

Self-evaluation activities a a
Analysis of case study (new problem) a X
Systemgenerated feedback Only oneactivity For_ N all

activities

Peerreview X a

Chat facility with peers for active collaboration X a
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The design of Fathofwer3 is discussed in detail the next section.
7.2 Solution Design - Fathom-Ver.3

The goal ofthe third cycle of DBR was to enhandke scafblding mechanism fora
metacognitive activity to enable learners to monitor and control the cognitive tasks related to ER

skills.

7.2.1 Design conjecture

The design conjecture is that by scaffolding learners in metacognitive adtnagtiearners will
be able to evaluate their ER skills and devise a control action plan to improve the skill. The
design featurg are based on the principleslatieractive Tutoring Feedback Model (IFFRodel),
peer review and collaboration skills for effective 4fitructuredproblemsolving (discussed in

section 7.1).

7.2.2 Design features

The pedagogical features for doing the cognitive tasks related to ER skilieeaseme a those

in the previous version of Fatimo Ver2. The metacognitive activities of seNaludion and
reflection are supported with systaganeratedeedback, peer review, and active learning based

collaboration conversation. The pedagogical design of FaterB is shown irfigure 7.4

[ 1. Problem Analysis ] Learning paﬁeathskm

™\ Jr |
1.1U.nderstand th.e problem from Demo/ Prompts Learner " Feedback ) /ﬁ\
multiple perspectives ) L +Explanations |= performs L (s # eer-review an

E | . - i
xample Hints Activity ] Collaboration

1.2 Formulate the problem

1t

Revised features

2. Design the solution

2.1 Generate Solutions

n — — —

2.2 Analyze solutions

2.3 Identify constraints

\ o
's 2

2.4 Evaluate and Select

\. J/

Figure 7.4 Pedagogical features of Fatharer3 with revised metcognition activity
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The design features retained in Fathger3 fromthe previous version of Fathoivier2 are:
Problem posedThe learner is posed withlibrary design problem:

AThe coll ege | ibrary mai nt ai ns b o o kneering, f var
Electronics engineering, etc. The library staff maintains records of all books, return and issue of
books to students and teachers. It was becoming tedious for teachers and students to search for a
book inthelibrary. The librarian decided to prade online service for students and teachers to
searchthe availability of the books. The system will search for the availability of the given book

and display if the book is available/not available with its shelf number(location of the book).

Your taskis to designsoftware for the requirement stated the librarian, using appropriate

data structure and algorithm. o

Problemsolving phasesThe learner is guided through the ER activities in both problem and
solution space. In problem space, the expangigcis to understand the problem from multiple
perspectives and reduce activity is to formulate the goal and data and operations for achieving
the goal. In solution space, the expand activity is to generate alternative solutions and reduce
activity is toidentify the criteria and constraints to evaluate alternative solutions and, @atect

and justify.

Prompts and additional scaffoldgzor doing ER activitythe scaffolds are: prompts, explanation
of new terms, worked examples and videos to demonstiateige of cognitive tools using
example, hinteand domairrelated notes

Redesigned activities

In formulate problem activity, the prompt in previous versidfathomVer2 was:fil n t he
diagram below, identify the entities and interactions for achievinggtied and write as sub
goalso We observed during stuel/ that students were having difficulty in understanding the

prompt as the term stdpals was ambiguous and not specific to the domain.

The formulate problem activity is improved to help learners in #lagting the data and
operations by choosing from the entities and interactions drawn in previousnskeystand the

problem.
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In current versiofFathomVer3, the activity is divided into two swdxtivities with revised
prompt and design, as shown in figur.5. The prompt for activityl isif r om t he
diagram, choose entities that are relevant for solving the problem and foregdith write the

data attribbue s 1 n t he f o rsupportedwith\explanatiorg éxample and a dropdown
list prelcaded with entities and interactions (figure 7.5), instead of a single textbox given in
FathomVer2. The two dropdown list is populated with entities and interactions separately, and

learners can select and represent them into data items and operations.

Activity 1. From the library diagram created, choose entities that are relevant for solving the problem and for each entity write the
data attributes in the format given below:

Prompt, explanation

EntityName (Attributes)

Entities
For example, Shop_items (Item_id, Item_Category, ltem_Name, Quantit,
and example to helj pl: Slop foms (lom 4 o Cogo Lo i
= Books v | |EntityName (attribute1, attribute2...)
abstraction of data
2 H' The librarian will enter the details of all the available books; Teachers and students will be able to search
Items from entltles books by title, author, isbn etc. The interface will display the availability in terms of whether available in library at all or |
(dropdown list) Sve—
Add data items

Activity 2. From the library diagram created, choose interactions that are relevant for solving the problem and write the name of
Prompt’ exp|anati0n the function, input data and output, in the format given below:

and examp|e to Interactions Operat|on(lnpul? Write the entity on Iwh\ch opleratlon |§ psrformed and outcome.
. For example, Buy_item(ltem_name) Shop_items- the item quantity is decreased
help abstraction

operations from
. search;,search(keyword) <boolean>; insert(bocks) ;;delete the book(book id, book name)<book deleted>
operations )

(dropdown list)

search v Operation(Input) Write the entity on which operation is performed and outcome

Figure 7.5Improved design of Formulatb-goal activity
The new features added are:
Systerageneratedfeedbackis generated by evaluating the gaps and providinglaborated
explanation on what are the gaps #imelaction plan to monitor and revise the skill. Thasitive

or correctivefeedback is generated at the enfdeach activity after learner saves his/her
responsekigure 7.6shows the feedback generated at the end of Bt@pulate goal.
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& @ @ localhost/Fathom-D/layoutit/src/Formulate.php?user=x Q 0

Fathom: Training- Formulate-Goal

Logout- deepti Check Messages

The objective of this activity is to formulate the problem by writing the broad goal to be acheived by the software solution.

Show Problem Show Instruction
Problem Analysis

Feedback:

Good, You have identified the users(teacher and students) of the system in the goal

Good, You have identified the primary purpose(search for books available in library) of the system

Please check if you have written the benefit or improvement provided by the new system , e.g Design software syslem for library for teachers and students to
search availability of books quickly in library

Write Goal below-

Understand the Problem

Formulate -Goal

Formulate -SubGoals

Design Solution The librarian will enter the details of all the\available books: Teachers and students will be able to search books by
title, author, isbn efc. The interface will display thie availability in terms of whether available in library at all or currently’

Eryrer S [T not available. ;;librarian(id, name);;book(title, authors, topic, year);; P

MEMH R D System generated

~ |
Learner 6s feedback

Identify criteria
Identify Constraints
Evaluate and Select

Check your progress

Figure 7.6 FathomVer3: Formative feedback in step Formulate: Goal

As shown in figure 7.6, the feedback message is generated after the system has evaluated the
goal written by the learner in the texdx. The goal is evaluated against the rubric: primary users
(teachers, students, librarian) identified, and the broad requirement (search for availability of
books) and benefits (saves time) of the software system are written. The system matches the goal
written by the learner with préefined keywords and phrases dra$ed on the keywords present

or missing, the formative feedback is generated. It addresses the competency level achieved by
the learner, to help in reassuring the learner about the cognitive processes used correctly, and
lacunas, if any, are specified explaining the element that is missing, elaborated with an
example or hint. This allows the learner to monitor and evaluate his response by comparing

against the given pointers and example and take corrective action.

Peerreview: This is a new feature addlewhich allows collaborating with peers during each
activity. On selecting this option, the list of online users is listed, and the learner can select one
of the peers to collaborate. Collaboration aim is to allow learners to see how their peers have
performed the activity, evaluate their responses against the given scale-ofiddgimlow, and
justify the evaluation. This helps the | earn
evaluate the gap.
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Since the peer review is an asynchronous acfititg situation may arise where none of the

peers may have reached the activity in which the learner is currently performing. To avoid empty
peer list, we added three pseymers with preloaded responses representing peers at different
levels: low, mediumand high level. The learner can also chat with these paeets by asking
clarification questions, appreciate and suggest changes. Based on the questions asked, the system
compares it with preloaded keywords and fetches the corresponding chat messadbef

database.

Active collaboration conversation Based on the empirical findings (Xun, 2013) which suggest
that by just seeing peerd6s responses, the | ea
facility to allow learners to explain, clarifyr justify their opinions. The chat facility is based on
active coll aboration conversation taxonomy (
shown in figure 7.7, the chat buttons are provided to guide the conversation in the direction of
requestto clarify, inform suggestions, and motivate. The clarify button is used to ask a peer to

clarify any queries regarding the response, suggest button is used to suggest any changes in

peer6s response and appreci atha@rgdodwotkon i s wused
Select and evaluate some of your peer's response.
You selected 116_a1056's response - List of online users
Pays fnestsays Srcesa | Students :

‘Bturns th& books

ssumE ook Checks availability
~

Interact with peer to
clarify/ suggest/
appreciate

Library staff Wpdalsmiidot

T checksthedata————

/s fine if days exceed 30

Issues the book

[Last Sync: 19

Returns the book 8]
Teachers does not exist without books

To
Chat to Clarify Suggest Appreciate 116_a1056

Evaluate your peer response on the scale given below Message

Evaluate peers response

High [Has identified mioSt of the s

Medium [Has mis stakeholders and interactions.]
Low [Has identified very few stakeholders and interactions.] Send

Justify

nd interactions)

Figure 7.7. Peer review and collaboration conversation

The overall @sign features of FatheWer3 areshown infigure 7.8 In the next section, the
evaluation study done to investigate the effectiveness of Fatewis discussed.
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Problem ,»~~ 77—.>:~.'> aught in various depanments like ants, science ] mmerce The library Staff is inv .»‘7 suing books 10 Students and leacher The student ]»:"
posed

Prompt

Figure 7.8. Overall design features of Fathgaer3
7.3 Evaluation: Study 4- Effectiveness of the design and

pedagogy in learning ER skills.

In the evaluation phase, our goal was to study how novices learn ER skHatlmmVer3,

equipped with the cogrite tools, pedagogical featuresd revised metacognitive activities.

To study the effect of each variable on learning of ER skills by novices, we have devised the

following three research questions, which we will be investigating in study 4:
A RQ 4.1How dfective arethe cognitie tools of FathorVer3 inlearning of ER skills?

A RQ 4.2- How effective ae the pedagogical features in FathWer3 in learning ER

skills?

A RQ4.3How effective arethe metacognitive activitiesn FathomVer3: formative
feedback andollaboration activityjn enabling students to monitor and evaluate their ER

skills?

7.3.1 Study design and participants
We did a fieldstudy with 50 undergraduate computer engineering students. The participants

were selected based on purposive sampkofriiques as the prequisite is to have students
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who have completed the data structures and algorithm coutsegeSearcistudy desigrwas

experimental pretegiosttestThe design of the study is shownfigure 7.9

Pre-test Intervention FPost-test
Experiment . Fathom:
Zrou P Worksheet: Library management problem Worksheet:
Shop- & ¥ Cognitive tools- Yes, Bank problem
Imventory ' pedagogical features- Yes,
problem metacognitive activities-Yes
Pre-test Intervention Post-test
. _ Fathom:
Control group Worksheet: Library management problem Worksheet:
Shop- & ¥ Cognitive tools- No, Eank problem
Inventory ' pedagogical features- Yes,
problem metacognitive activities-Yes

Figure 7.9. Research study desig
Theexperimental pretegiosttest design was used for two purposes:

i. The experimentontrol group design was used to measure the difference in the
performane of ER skills with and withoutognitive tools.
il. The pretesposttest design was used to measheeffectiveness of the Fathom (with

all features) in learning ER skills.

7.3.2 Procedure

The procedure of the study is as follows:
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Pretest: First, the participats were given a sheipventory problem to be solved on a worksheet

as shown in figure 7.10

Roll no:

Pretest
The supermarket has of items of various categomgsecery, bakery, cleaning, vegetables, ¢
Everyday hundreds of customers visit the supermartket and the shopkeeper want to ensure
of the item goes out of stock. The shopkeeper wants a softadre designed to keep stock of
items and track items whose quantity is below the threshold. The software should generate a
the end of the day, of items whose quantity is below threshold and needs to be ordered.

Your task is to design a sefare system to solve the above problem using appropriate data str
and algorithm.
Solve by following the steps

v.  Write the broad galto be achieved, e.g. Design a software system for...
vi.  Write the data and operations to be perfortmgthe system

vii.  Design solution by choosing appropriate data structure and algpfiahstoring data and
performing operations respectively.

viii.  Justifywhy the solution is good for the given problem and better than other alternative
solutions.

Figure 7.10Pretest wdksheet

Theparticipants took 30 minutes to solve the problem, and after completing the worksheets were

collected from them.

Intervention- Immediately after pretest, the students were divided into two grobpstudents

were assigned to two groups according to their enrohientThe first 30 students were
assigned tdhe experiment groupandthe next 30 students were assigned toctinrol group.

The equivalence of both groups in terms of data structures conceptual knowledge was verified
based on the quiz (appendix taken before the study. No significant difference (p=0.47) was
seen. he experiment groupnteracted with the Fathoivier3 with all features: cognitive tools,
pedagogical features, and metacognitive activities. The control group interacted with FFathom

Ver3 with no cognitive tools; other features were retained as it is. The cognitive toolgeetemo
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were drawing of the entitynteraction diagram in problem space, drawing of attribute listing map
in solution space, pros and cons table, and decision matrix. Both the groups solved library

management problem. The participants interacted with Fatfen® for almost 2 hours.

Posttest After the intervention, during posttest, the participants were given bank problem to be
sdved on a worksheet as shown in figure 7.11. The participants were told to apply the ER skills
learned during the interventioithe participants took almost 30 minutes to solve the posttest

problem.

Roll no:
Post test

A new branch of bank XYZ is opened in a city. The bank provides following servic
customers: maintaining customer accounts, withdraw amount, depusiing and chech
balance in their account. The bank manager wants a software system to be designg
customers to provide a service of checking their account balance, while other servig
be offline. The system sdsanputahddispdy éhe malar
in the account.

Your task is to design software for the above requirement using appropriate data st

and alnarithm

Figure 7.11 Posttest problem

7.3.3 Data sources

As the purpose of the study was to measure the effectiveness of Péthndnm learning ER

skills, we collected data from multiple sources.
The data sources are:

The pretest, posttest worksheets of students
Learner arfiactsgeneratediuring interactiorwith Fathom
Log data time-stamped user clicks

Screen recordingsing Camtasia software during the intervention

a > 0w N E

Focus grouplinterview 1 Four students were interviewed at the end, to know their

perceptions on how they learned ER skills using Fatlieri, how each feature helped in
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doing the ER activity during the intervention and in the posttest, and the difference in

solving the problenfrom pretest to posttest.

6. Student perception survey on usefulnasg usability

The corresponding data sources used to answer each RQ 4.1 to RQ 4.3 is shown in table 7.3.

Table 7.3. RQ to data source mapping

RQ

Data Sources

RQ4.2 How effective are the agnitive tools of
FathomVer3in learning of ER skills?

Pretest and #stest scores for both experiment &
control group

R4 .2- How effective arghe pedagogical feature
effective in learning ER skills?

The data sources are pret@gerventionposttest

scores, log data analysis, and interview d

student perception survey.

RQ4.3How effective is the Log data analysis, interview data, arstudent

activities: formative feedback andcollaboration

metacognitiv
perception survey.
activity in enabling students to monitor a

evaluate their ER skills?

7.3.4 Data Analysis

The student affiacts generateduring pretest, intervention, anmbsttest wagvaluated using a

rubric (table 7.4). The rubric designed in DBR cycle 2 is used withmeimeancements to assess

the ER skills in both problem space and solution space. For example, in problem space, the
ability by

identified. In solution space, the ahjlto expand is assessed by counting a number of alternative

|l earner 0s to expand is assessed co
solutions generated. The reduce skill is the ability to formulate a goal and abstract data and
operations and select an optimal solution based on the constraints. The qudgyrattiorof a

module aremeasuredbased on: coupling (independent modules)yohesion(well bounded
behaviour); sufficiency (enough operations defined to achieve the desired behaviour);
completenesgall operations defined to achieve the desired behaviaang;primitvenesslow

level operation) (Booch, 2009)Ve have adopted these quality factors to assess the quality of

problem formulation and solution. In our rubric, the quality of problem formulation is assessed
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based on two factors: sufficiency and completenessiaf items and operations defined in terms

of achieving the stated goal. The quality of the solution is measured in terms of completeness (all
data items and operations are designed using data structure and algorithm) and correctness (valid
data structurand algorithm used) in achieving the stated goal.

Table 7.4. Rubric to assess ER skills

ER skill ER activities Rubric
Problem space
Expand Understand thq Score Count of entities and interactions identified
problem
Reduce Goal High (score3)- The goal has addressed the following poif

requirements broadly defined, primary users, and benefits writt
Medium (score 2)- The goal missed one of the above points
Low (score 1)- The goal missed most of the points

SubGoal High (score3)- Identified all the data items and operations
(quantity & | achieving the stated goal.

quality) Medium (score 2)- missed identifying one of the data items
operations that will achieve the goal

Low (score 1)- missed idenfying data item or operation whig

are important for achieving the goal.

Solution space

Expand Generate Score Count of alternative solutions identified
solution

Quantity

Solution quality | High (score3)- The solution is complete and correct. In |{
solution, the data structure is valid, and the operations are mq
to correct algorithms. The clarity is high on how data is stored
how the algorithms are used.

Medium (score 2)-has missed identifyingalid data structure o
an algorithm for some data items and operations.

Low (score 1)- the solution is incomplete Or incorrect.

Reduce Criteria High (score3)- all possible criteria correctly identified,

Medium (score2) - missed a few,
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Low(scorel)- identified few.

Constraints High (score3)- all possible constraints are correctly applicablé
the problem,

Medium (score?2) - missed a few,

Low(scorel)- identified few.

Select and justify High (score3)- selected the correct DS and justified how
solution satisfies all the constraints applicable to the problem g
optimal compared to other alternatives,
Medium (score?2) - selected a correct DS and justified withg
considering all constraints did not consider other alternatives.
Low(scorel)- selected an incorrect DS and did not justify ba

on the constraints applicable to the problem.

The final rubric was validated with an expert instructgth more thanten years of teaching

experiene, who has taught data structures course more than three twnesdergraduate
engineering studentsBoth of us ndependently assessed artifacpgpduced during the
intervention. Cohends Kappa -naterseliabiliyrbeveeathel et er m
problem formulation and solution quality scores of both the rafdmsre wasyood agreement
betweenthetwo at er s ,p<a046= . 6 3 4

The log data consists of log records: <userid, button clicked, time stamp>. The log data and
screenrecordings were analyzed to calculate the time spent in each ER activity and total time,
the sequence of interactions of each student, for example, student 1: understandi@hade
hint, perform an activity, read feedback, view video, redo activityalootated with a peer, etc.
These analyses will give us insights into how students interact with different features in the

environment, time spent, and its effect on learning ER skills.

The interview data were transcribed, and the content analysis wast@atentify meaningful
units of analysis. These units were mapped to its corresponding codes in terms of how the
students perceived the activities to be useful in learning ER skills, pedagogical features, the

difference in problerssolving from pretest tposttest, and challenges.
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The student survey was taken to measure the usability of the tool using System Usability Scale

(SUS) tool. Total 43 students took the survey and the SUS score calculated was 53.

7.3.5 Results

Student artifacts and corresponding IR scores

i. The average scores of pretegerventionpostest scores are compared the experiment
groupbased on-test(pv al ue) and effect size (Cohends d
pretest, the students were asked to solve the problancamventional way using four steps: (i)
write a goal, (i) write sugoals (data items and operations), (iii) design solution using
appropriate data structure and algorithm and (iv) justify. Thus in table 7.5, in pretest column, the
subskills: understanthe problem, generate solutions (only one solution generated), and identify

criteria/constraints are not evaluated.

The scores showgnificant gain from pretest to posttest in
A quality of problem formulation (p=0.05, effect size= 0.66) and
A solutionquality (p=0.00, effect size= 1.23)
A justification (p=0.01, effect size 1.24)

Table 7.5. Preteshtervention and posttest average score comparison.

N=24 Average scores T test (P- | Effect size

value) Coheng

value
Pretest | Posttest | Interventi | Pre-Posttest
on

Understand the problem (Coun{ NA 5.20 9.92 NA NA
Goal (max score=3) 1.80 2.21 2.68 0.03 0.85
SubGoal (max score=3) 1.42 1.88 2.08 0.05 0.66
Generate solutio@uantity 1.00 2.47 1.86 NA NA
Solution quality (max score=3) | 1.25 1.88 1.75 0.00 1.23
Criteria (count) NA 1.92 1.93 NA NA
Constraints (count) NA 1.50 1.62 NA NA
Select and justify(max score=3) 1.33 2.00 2.06 0.01 1.24
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ii. The comparison of average scores of experiment arntdotgnoup is shown in table 7.6he
equivalence of both the groups in solving design problem is established as there is no significant
difference in each sukills during the pretest. The experiment group showed a significant gain
over control group during posttest for skills: underdttre problem (p<=0.00), goal (p<=0.00),

number of solutions generated (p<=0.03) and solution quality (p<=0.00).

Table 7.6. Experimertontrol group score comparison.

AveragePretest Average Activity Average Posttest
Experime | Contr P- Experi | Contr P- Experimen | Contr P- Effect size
nt Group ol Value ment ol Value t Group ol Value Cohenod
Grou Group | Grou Group value
p p
Understan| - - - 9.92 11.04 | 0.17 5.20 2.95 |0.00 0.99
d the
problem
(Count)
Goal (max| 1.80 196 |0.14 2.68 2.62 |0.35 2.21 1.69 |0.00 1.01
score=3)
SubGoal |1.42 1.27 |0.19 2.08 219 |0.25 1.88 1.56 | 0.07 0.48
(max
score=3)
Generate | - - - 1.86 1.65 |0.26 2.47 1.75 |0.03 0.61
solution
Quantity
Solution 1.25 1.08 | 0.05 1.75 1.58 |0.20 1.88 1.09 |0.00 1.81
quality
(max
score=3)
Criteria - - - 1.93 1.68 |0.16 1.92 1.50 |0.06 0.56
(count)
Constraint | - - - 1.62 1.68 | 0.39 1.50 1.50 |0.50 0.00
s (count)
Select and 1.33 1.36 | 0.44 2.06 192 |0.22 2.00 1.89 |0.26 0.24
justify(ma
X score=3)

Log data analysis

The log data analysis was done to calculate the time taken in each ER activity and the sequence

analysis of the interactions of learners during the intervention.
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i. Analysis of ime spenton each activity

Average time (minutes) taken by learners to cotepach ER activity, and a comparison of
both groups are shown in table 7.7. The experiment group took significantly more time in
understand problem activity than the control group, and the control group took significantly more
time to evaluate solutionbdn the experiment group. However, there is no significant difference

in total time spent to solve the problem by both groups.

Table 7.7 Comparison of time taken to complete activities by experiment and control group.

Experiment group- Control group Average | T-test
Average time time (minutes) (P value)
(minutes)
understand 27.6 10.2 0.00*
problem
formulate 28.7 33.9 0.21
problem
Generate 18.1 12 0.11
solutions
evaluate 3.86 9.2 0.00*
solutions
select solution 2.48 2.8 0.45
and justify
Total time 74.21 68.1 0.22

ii. Sequence analysis

The log data was further analyzed to find the sequencetiohagerformed by the students
during intervention and time taken in each activity. The log data repthe triplet at each click

as shown in figurg@.12 (first three colums): <student_id, problem, timestangmd name othe

button clicked>. These were analyzed to identify the sequence of activities performed by
students in each learning actiyigs shown irthe next three columns in figure 7.1Ithe cods

were assigned to each rectwaked on the action performed. If the learner has clicked understand
problem button, t h e,niater ihthe learoeat kas dicked oy sawe duttons
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then the

code assi gnedchisave bittdn dicked,ethe tinserspent sno

on.

doing the advity is recorded Further analysis is done to find if the learner has revised the

activity. This is done by checking if the learner has clicked the save button second time after a

window of one minute which meanghat the learner has revised his/her respoasdswe code

this action as: U_Redo, where the first letter indicates the actiklgo, we checked if the

revision s done after reading feedback, peeview or hintsand examples.

Student _id

Problem

A B
17A1014 library problem
11721014 library problem
11741014 library problem
11741014 library problem
11741014 library problem
11741014 library problem
11741014 library problem
11721014 library problem
11721014 library problem
11721014 library problem
11741014 library problem
117A1014F library problem
117A1014F library problem
117A1014F library problem
117410141 library problem
117410141 library problem
117410141 library problem
117410141 library problem
117A1014F library problem

11710141 library problem
117A1014F library problem

Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,
Time September 29,

Time September 29,

Clicks logged with timestamp| | Codes

button clicked and value

C
2018, 11:06 am Id startsolving Value
2018, 11:07 am Id understandbutton Value
2018, 11:07 am Id understandbutton Value
2018, 11:12 am Id SaveButton Value { \class\":
2018, 11:13 am Id showproblem Value
2018, 11:13 am Id showproblem Value
2018, 11:13 am Id showproblem Value
2018, 11:14 am Id understandhintButton Value hint
2018, 11:14 am Id understandhintButton Value hint
2018, 11:14 am Id understandhintButton Value hint
2018, 11:14 am Id understand Value viewDemo
2018, 11:38 am Id startsolving Value
2018, 11:38 am Id understandbutton Value
2018, 11:41 am Id SaveButton Value { \class\":
2018, 11:41 am Id showproblem Value
2018, 11:41 am Id showproblem Value
2018, 11:41 am Id showproblem Value
2018, 11:41 am Id showproblem Value
2018, 11:41 am Id showproblem Value
2018, 11:43 am Id SaveButton Value { \class\":

2018, 11:44 am Id SaveButton Value { \class\":

Time taken
(minutes)

D
55
u
u

-

U_Save
U_sp
U_sp
U_sp
U_Hint
U_Hint
U_Hint
U_Vide
55

u
U_Save
5P

5P

5P

5P

5p

U_Save

Analysis of log data

5 U DO

1 U_Hint

1 U_Video

3 U_Redo

I

2 U_Redo

U_Sayg

Figure 7.12Log data captured and analysis (codes and time taken)

iii. Interview data

The interview data analysis wasone t o i dentify

FathomVer3, were useful in learning ER skillaow each feature helped in doing the ER

activity duringthe intervention and irthe posttest, and the difference in solving the problem

from pretesto posttest.

The overall learning of ER skills perceived by the students during the training with Fe#m8m

are listed below:
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1. Students got a basic idea of how to approach @lpno after the intervention. The
corresponding quoté fil got a basic idead how to constructhow to approach the
problembecausehefirst time(pretest)l did not know how to approach itseld

2. During the problem analysis phase, the drawingtbédi agram i n fAunder
probl emo acti vi talyentiies preeat@dnd haw they ase linkdd itozeach
other andidentify basic requirements that neeul lie satisfied by the software. The
corresponding quote of one of the studenfiishelped to visualize the problemnd it
helps me to see that all the other entities linked so that it simplified the problem

3. The understand activity helped to break the problem into-psoiblens. The
corresponding quotdi | n  p I ceuldenst tthink of alternative solutions because did
not krow how to break the problem and thiok each suiproblem as a separate unit
which has different solution option

4. In the solution design phase, the attribute listing map helped to think of each entity as a
separate unit to branch out for more $whnches in terms of generating alternative
options. Generating solutions helped them to think of evaluating based on various criteria
and select, as per the quéteVNh en we t hink of more solution
is better, easier or presentable for the user who is using it. It is aothe same time as
working with single solutions. 0

5. The additional suppo#xplanation of new concepts with an example, hint and additional
recourses (pros and cons analysis of DSA, execution time of each operation), helped to
understand the activity to be femmed.

6. Examples were helping to understand in what direction to think.

7. The feedback helped to understand the gap and was easy to understand.
Thechallenges faced by studentsiretest were

1. Students did not know how to approach the problem.

2. They tend tawrite programs instead of understanding the dynamics of the problem. They
usually got lost and were not clear what to do and what not to do.

3. They start solving without considering all the entities and later when they realize, it's too
late to come back andodify. The quoté il knew some entities were there. But | did not

consider all the entities. So | work on some entities. And then aftet tbait struck me
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that | need to add more entities. Sala moment lalready proceeded half the way k
could not add or incorporate in pretest

4. Thinking more about lovlevel functions to be used in the program.

5. Could not think of alternative solutions because did not know how to break the problem
and think of each suproblem as a separate unit which hagedént solution options.

6. Students select the data structure or solution that they are more comfortable with or easy

to use. The quotes were
Researche00:15:52] In pretest were you thinking of alternative solutions.
Student:[00:15:57] No no nol just stuck to one and worked on that.
Researcher[00:16:01] How do you select

Student:[00:16:07] It comes to me firsOr the one which | am very used to and |

can do better.
iv. Student survey for measuring Usability:

The SUS score of 53 showstlthe system is not very good in terms of usability. The design has

to be improved to make it mouserfriendly andusable.

7.3.6. Discussion of RQs

Next, we will answer our RQs based on the results
A RQ4.1- How effective arehe pedagogical features athomin learning ER skills?
A RQ4.2- How effective areghe cognitive tools of Fathom in learning ER skills?

A RQ4.3How effective is the metacognitive activities: formativieedback and
collaboration activityn enabling students to monitor and evaluate their ER skills?

RQ1- How effective are the pedagogical features of Fathom in learning ER skills?

The significant gain from pretest to intervention in quality of problem formulation, solution

guality, and justiication shovg that the pedagogical features were effective in doing ER skills.
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In understand the probleractivity, after reading the prompt, hint, and watching the video,
students were expanding the problem speaifectively by drawing entities and intections

Based on the scores in Table 7.5, students were able to draw on average ten entities and
interactions and average five in the posttest. The log data analysis showed that students were able
to understand the activity to be performed by readingptbenpt, watching the video, using a

hint and collaborating with peers to do or improve the performaragedon interview analysis,
students perceived thdte drawing of the diagram imnderstand the problesactivity helped to
visualizeall entities presnt and how they are linked to each other.

In problem formulatioractivity, after reading the prompt and explanation, the students were able
to reduce the problem space by writing the goal to be achieved from the user point of view and
abstract the dataeins and operations from the entities and interactions during the intervention.
The quality of formulation of the goal, and sgbals (abstraction of data items and operations)

in terms of completeness, significantly improved from pretest to interventio.(®) and
pretest to posttest (p<=0.05Puring the interview, students perceived that in problem

formulation activity, the goal was used to identify the variables for each entity.

In generate solutiomctivity, as per log data analysis, it was seenghatents were able to draw

the attribute listing map and generate alternative solutions with the help of prompts, hints, and
example videos. As per scores in table 7.3, on average, twegnmaix+1) alternative solutions

were identified during the inteemtion and three in the posttest. The quality of the solution
significantly improved from pretest to intervention (p<=0.00) and from pretest to posttest
(p<=0.00). During the interview, students perceived thatattribute listing map helped to think

of each entity as a separate unit to branch out for morebsarxhes in terms of generating

alternative options.

In evaluateactivity, students identified 2 to 3 criteria and constraints. During the interview,
students perceived that they had difficulty understanding criteria, but hint and additional
domainknowledge related recourses (pros and cons analysis of DSA, execution time of each
operation) helped to understand. This activity also helped students to go back to problem space
from solution space tmlentify the constraints applicable to the problem. Students perceived that
generating solutions helped them to think of evaluating alternatives based on various criteria and

select, as per the quoteWhen we think of mo r e sooel isubketierg n s
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easier or presentable for the user who is using it. It is dairtbe same time as working with

single solutions. 0

In selectand justify activity, as per log data analysis, the prompt, hint, and decision table was
helping to rank and selettte solution. This is also evident based on the significant improvement
in reasoning and justifying how the selected solution satisfies the requirements in the given

problem, from pretest to posttest (p<=0.01).

Overall, the pedagogical activities supported with a systematic guidance, prompts, explanation of
new terms with an example, worked example, videos, and hints, helped students to understand
the activity to be performed. Students perceived that promptss, hexamples helped to
understand in what direction to thinkhe significant gain from pretest to intervention implies

that the pedagogical features were efficient in scaffolding students in doing ER skills.

The significant gain from pretest to posttesplies that students were able to learn and transfer
ER skills in a new problem context when all the scaffolds were withdrawn. We will illustrate the

learning of ER skills from pretest to posttest using a sample worksheet of a student.

During pretest, th problem given wasfiThe supermarket has items of various categeries
grocery, bakery, etc. Every day hundreds of customers visit the supermarket, and the shopkeeper
wants to ensure that none of the items go out of siesign software to generateraport at

the end of the dat of items whose quantity is beldhe threshold and needs to be ordered

Design using an appropriate data structure and algoribhm
The students were asked e the problem by following the steps:

1. Write the broad galto be achieved, e.g., Design a software system for..
2. Write the data and operations to be perforimgthe system

3. Design solution by choosing appropriate data structure and algpf@hstoring data
and performing operations, respectively.

4. Justifywhy the séution is good for the given problem and better than other alternative
solutions.

In the sample worksheet of student S1 (figure 7.13), we will discuss the responses in each step 1
4.
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1. Write the broad galto be achieved, e.g., Design a software system for.

The goal is written at a very broad levelstsck managemerdas shown in figure8.Z he student

is not carefully reading the problem statement and understanding the main goal.
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Figure7.13 Pretest solved worksheet of a studeBt.

2. Write the data and operations to be performed by the system
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Goal:
Broadly written

Sub-goals:Data
and operations
written at
programming level

Did not think of
problem from
multiple
stakehol d
perspective

Solution: Reduced
to solution (vector)
without evaluating
alternative options

Incomplete
solution: missed
update operation

Justify: not able to
justify how the
selected design
option is suited for
the given goal.




The problem formulation is done at a programgnievel (Data: product name, category, and
guantity, Operations: mergsort, display, search & compare using linear search and insert at

the end) The students are not able to formulate at a higher level of abstraction and capture the
dynamic functions thawill change the values of the data items, for example, Iltem_sold
(decrease the quantity), item_ordered (increase the quantity). This showed that students were
converging early to the solution space without spending much time in understanding the problem

from the perspective of stakeholders involved in the system, e.g., customer, shopkeeper, etc.

3. Design solution by choosiranappropriate data structure and algorithm

In solution space, the student made a decision choice of selecting vector data structure for storing
dat a. The studentdés selection criteeasyotm was
implement and not on the constraints in the given problem awoanwell the solution achieves

the goal or important su@poals (search for an item and insert new items). The student justified
his/her selection by statirtge advantages of the selectiata structure, which are not related to
problem goals and importasubgoals.

4. Justifywhy the solution is good for the given problem and better than other alternative
solutions.

The student S1 justification (figure.7.13) shows that s/he selected vector over the array, as vector
allows dynamic memory allocation for imiag a new product. The student is fixed to the initial

solution and trying to fit its advantages to one of the not so importaigaailin the problem.

This shows that students tend to take a solthimsed approach (Carman, 2007) in which they
reduceearly to a solution without exploring other options and not selecting against the important
subgoals or constraints. Thus lack of ER skills leads to only a satisficing solution (not an

optimal solution) and incomplete solution with weak justification.

The sample posttest worksheet of the same student S1 is used to illustrate the ER skills
performed in posttest (figure 7.14).

The new problem posed was a bank probiefih new branch of bank XYZ is opened in a city.
The bank provideghe following services d customers: maintaining customer accounts,

withdraw amount, deposit amount, and chdwkbalance in their account. The software system
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has to be designed for its customers to provide a service of checking their account balance, while

other serviceswibe of fl i ne. Design software using appr

i Problem space:
dgoost [ Bl Exploredproblem
/—\ space using
- Entity-interaction
diagramfrom

\__/ customer and bank

perspective.

Goal: written goal
from user
perspective and
addressed the
specific
requirements.

Sub-goals:ableto
 ’ abstract data and
complete set of
operations to
achieve the stated

goal.
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