MIC-O-MAP: A Technology Enhanced Learning
Environment for Developing MicrMacro
Thinking Skills in Analog Electronics

Submitted in partial fulfilment of the requirements
of the degree of

Doctor of Philosophy
by
Anura Kenkre

Roll no; 114380001

Supervisor:
Sahana Murthy (IIT Bombay)

Interdsciplinary Program in Educational Technology

INDIAN INSTITUTE OF TECHNOLOGY BOMBAY

2017



Dedication Sheet

Dedicated
to

My mother, Mrs. Netra Kenkre, who is my source of inspiration.



Thesis Approval Sheet

This thesis entitled " MIC-O-MAP: A Technology Enhanced Learning Environment for
Developing Micro-Macro Thinking Skills in Analog Electronics " by Anura Kenkre is
approved for the degree of Doctor of Philosophy.

Examiners

H. ¢ Pt

//
/Misor (s)

Chairman

S. Y 0lom kas

Date: [3-1\-13

Place: MVUMBA)

il



Abstract

Students should be able to correlate and apply the conceptual knowledge acquired from
their classroom with the experiments carried out in laboratories. For this, students should be
able to understand concepts anaommamaecutes)at t
and |l ink it to their corresponding observahb
(such as current and voltage). In this thesis, we refer to thisae-macrothinking. It has
been reported that students treat these two as disjoint sets, leading to lack of understanding of
the complete system and difficulty in applying concepts to thewedd scenarios. The aim of
this thesis is to design and develop a tedbgy enhanced learning environment which will
help studets in developing this skill of micrmacro thinking.

In this thesis, we have designed, developed and evaluatedDMIBP (MICroscopic
Observations MAcroscopic Predictions), a TEvieotnmenttodeg | op st udmerda s 6 m
thinking skills. The key pedagogical features and learning activities inMANIAP include a
simulation of the microscopic world, prediction questions, justification box, real world answer
for comparison and judgement, assertimil reasoning questions with dynamic feedback and
dynamically linked multiple representations. These features have been included based on the
pedagogical theories of inquiry learnirggltregulatediearning, question prompts, types of
scaffolds and methadof feedback and assessment. The entire interactive process of learning
with MIC-O-MAP is mediated by a pedagogical agent which addresses the queries in the mind
of the student and allows repetition of a task till mastery is reached. The environmemt is se
open ended so that every student can have a unique learning path and can trace this path while
interacting with the environmenbDesign Based Research (DBR) methodology has been
followed for the design and development of the MMAP TEL environment. Wo iterative
DBR cycles were implemented. Six MIG-MAP modules in analog electronics were
developed. Eight research studies using explanatory sequential mixed method approach were
carried out that included quaskperimental studies (Ntotal= 249) and daéive strands. The
participants were students from first year of science and engineering from colleges affiliated to
University of Mumbai, a large public urban university in India.

Results showed that students who work with MOEMAP develop micremacio
thinking skills compared to a control group. Interaction analysis showed that there exists a
contrast in the interaction paths of students who scored high versus low ofiespostmicre
macro thinking after interacting with MKO-MAP. The high scorerextensively use MKD-

MAP features and go back and forth for semsking, whereas the low scorers linearly
progress through a MKO-MAP module to completion. We have also identified productive
actions which are actions that enable learners to effegtisdd the features of MIO-MAP

for achieving the objective of connecting the miwrorld dynamics and the maeworld
processes of physical phenomena.

Contributions of the thesis are: MIG-MAP TEL environment which has been
evaluated in multiple studie$ MIC-O-MAP modules in the domain of analog electronics,
productive actions to be used while interacting with NO@JIAP, the instructional design
template of MICO-MAP for further module creation and identification of different learning
paths of studentshile interacting with MICO-MAP.

Keywords:MIC-O-MAP, Micro-Macro Thinking, TELE, Basic Analog Electronics, Student
Interactions
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Chapter 1

Introduction

1.1 Background of the Research

Science and Engineering graduates are expected to be able to apply knowledge of
mathematics, science, and engineering; design and conduct experiments, as well as to analyze
and interpret data; design a system, component, or process to meet desireddhzksigifyn
formulate,and solve engineering problen&hjuman et.al., 2005; Besterfiekhcre et.al000;

Handler & Strudler, 1997]Thesescience and engineering procsksls have been deemed to

be important not only by educators but also by industries hiring science and engineering
graduateglLang et.al., 1999 An effective way to facilitate the development of these skills is

to engage studentsauthentic inquirybasedtasks which require them to apply their theoretical
knowledge to real world situationSuch tasks involvemaking micro-macro links, that is,
relating observable, tangible phenomena at thwcroscopic level and their underlying
strucure, processes amhseen dynamics at th@croscopic level.

Micro-macro thinking skill is developed is when learners understand to use relations
between observed phenomena at the macroscopic level and the models of invisible particles
such as atoms or molecules at as nsicopic leve[Meijer, 201]. Learners need to describe,
understand and predict the outcomes of phenomena at the macroscopic level by relating these

to the scientific models of structures and processes at the microscopid leélase of most

1



key scientifc abilities is being able to analyze dynamic processes and interactions on a
microscopiclevel and establisheoe |l at i ons t o t he o uahdomeas@es wh |
at the macroscopic level in the real world

Micro-macro thinking is an important skiio be developeds part of a school or
college level curriculumas it will helplearnerdoridge the gap between theory and experiment.
Theoretical concepts, typically learnt in the classroom often deal with microscopic models,
intangible objects and imible processes. On the other hand, in laboratory work, students
observe real world macroscopic phenomena and make measurements of observable variables.
Students are expected to link the two, for example use microscopic models to explain
macroscopic phemoena, to obtain a complete and coherent understanding of the Itopic.
addition, micremacro thinking is needed by science and engineering gexloace they enter
the employment sectof-or example, electronics engineers designing a circuit need to
undestand not only the currenbltage relationships but also concepts of electron motion, band
gap, barrier potential etc and how they affect the cutrelthge graphAnother example is that
of pathologists whodiagnose diseasesiostly through analysis ossuecell, andbody
fluid samplesThey have to understand and establish a link between diffesemonents of
disease such as mechanisms of developmsintictural alteratiom of cells and the

consequences of changes (clinical manifestations)

However, micremacro thinking has been found to be problematic for students as they
have difficulty in bridging the mental gap between microscopic and macroscopic levels
[Harrison & Treagust, 2003; Eilam, 2004; Gilbert & Treagust, 2009; van Berkel 2089,

During their learning process, students doing exercises and experiments and viewing
demonstrations do not necessarily recognize that these parts of the curriculum -aeaitete r

and are based upon a common underpinning. Instead, it seems tlyagtotemts view these
experiences in class as unrelated events and as increasingly unpalatable repetitions of tiresome
homework problems and tedious lab measuremesistdn & Nakhleh,1999. Hence,
designingexplicit teachinglearning activitiesfor devdoping micremacro thinking skill is
necessanit is important for instructors and curriculum designers to haxepth knowledge

of the problematic aspects of mienaacro thinking, understand what to be communicated to
students and how to best commuiecia to themvan Berkel, Pilot & Bulte, 2009

1.2 Problem Statement

Based on Meijerods descripti on[Meije,201fpi cr o s
we use thetermd mi -wo o |l db6 t o roéd system witdstruttaresent tise level of
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molecules or atoms, often invisible particles with dimensions much smaller than we can
observe, and their associated dynamit/& use the ternd maewvoo | d6 t o denot
observable realvorld phenomena such mass, conduction of electricity, pressmeg,colour

and their corresponding -mecrsartmemkisn gMe ase
establish a link between theariables in themicroscopic world and theicorrespading
manipulable variables in th@acrescopicworld, in order to predicthe functionality of the

system. In a given situation, in order to establish this miwaoro link, sukskills of making
observations in the micrworld, predicting macroscopic outcome, testing these outcomes
against experimental evidence and revisingligt®ns (if necessary) need to be developed.

There have been multiple attempts at developing solutions which can help students in
developing this skillLKey Technology Enhanced Learning (TEL)ve@onmentsare WISE
(Web-based Science Environmert)inn etal. 2002; Williams & Linn, 200R Web-based
inquirer with modeling and visualization technoldyyiMVT) [Sun & Looi, 2013andModel
It [Fretz etal, 2002; Stratford et.al, 1998], €@b [Joolingen et.al. 2005] and &ab [Govaerts
et.al., 2013]Face tdace solutions include inteentions such as ISL[Etkina & Van Heuvelen,

2007 and MARS [Raghavan & Glaser, 1998 uch of these efforts are at the middle and high
school levels. At the tertiary education level, there d€i$tbased learning materialsctuas

TEAL [Dori & Belcher, 2005) PhET [Perkirs et.al., 2006l]and t he I ndi an g:¢
National Mission on Education througBTO[NMEICT, www.nmeict.ac.ify but most of them

focus ondomain conceptand not specificallypn micremacro thinking PhET provides this
implicitly and as resources for teachleus no explicitly targeted activities have beroluded

for learners within the simulationdn these existing interventions, the teacher plays an
important role by facilitating the processyging prompts or grading t
later staggRaghavan & Glaser, 19paVlany of these methods also include components such

as lab work, field trips, discussions and assignments apart from the TEL environment itself.

The goal of this resarch work isthus to @able students to develop miamacro
thinking skils in learners atertiary level science and engineering, through interaction with a

TEL environmentvia a selfregulated learning mode.

1.3 Overview of solution: MIC-O-MAP

Our solution- MIC-O-MAP (MICroscopicObsenationsMacroscopiePredictions)- is
an integrated EL environmenexplicitly addressing micronacro thinking. Our target learners
are at theertiary educational level studying science or engineering, and the context of learning
is selfregulated learning. MIEO-MAP learning environment can also be used as a

3



supplementary teaching material by an instrud&€-O-MAP contains prompts and scdlffs
to provide the learner guidance on learning mioiacro thinking as they interact and do various
learning activities within the TEL system.

In MIC-O-MAP, students go through an inquiry cycle by identifying variables, making
observatios of theprocesses in the microscopic wgrlgredicting a racroscopic outcome
based on a micrmecro link, evaluating their prediction post comparing it with an experimental
evidence and arriving at a conclusion while testing and revising. The learning process is
completed by writing a coherent summary by comparing thesmartds and establishing a link
between them.

Features of MIGO-MAP mapped to micranacro thinking skills are showin the Fig.
1.1.These features include a simulation of the microscopic worgdligtion questions in the
macroscopic world, a justification box to establish a link between the macroscopic prediction
and microscopic observations, a realrld answer for comparing and tegfitihe prediction and
assertion anceasoning questions whighnovide prompts for identifying key areas of the micro
world which need further observations or prompts towards establishment of a link between the
macroscopic prediction and microscopic observations. Lastly, multiple representations are also
provided fora coherent summarization of the topicscreen shot of an activity in MHO-

MAP learning environment depicting the pedagogical design features is shown in Fig. 1.2.

y ( \ Multiple
MIC-0-MAP Simulation of the Prediction Justification Box Assertion and Real World Answer 3
Learning Path Representations for
Mi pic World Questions Reasoning Questions for Testing L
Summarization

Micro-Macro
Thinking:
Sub-Skills-
Students
should be able
to:

Describe what is
being observed in
the microscopic
world

Make a reasonable
prediction in the
macro world based
on explanation

Devise an explanation
for observed pattern by
co relating outcomes in
macro world and
dynamics in micro
world

Alter explanation co
relating micro &
macro worlds based
on which prediction
was made and
justify changes

Decide whether
prediction and
outcome
agree/disagree
in the macro
world

‘Write a coherent
summary by
comparing the two
levels and
establishing a link
between them

Screen Shots

Figure 11. Micro-Macro Thinking Skills Mapped to Design Features




PEdilnglEﬂl Aﬁent to ? The micro world represents the microscopdc madel of the PN junction inside the diode. The
& fore i wternal battery and the fo arrier
s connected o a resistor and a battery whose woltage can ba

Guide Students

orld and predict the current versus voltage graph.

Personalized Feedback i E IF S Macro World: |

Interactive Simulation

Prediction Question

Question Prompts

Note Taking

Figure 12. Pedagogical design features of MGEMAP

These design features of MIG-MAP are rootedn the pedagogical theories of inquiry
learning[Edelson,2001], selfregulatedearning[Winne, 2001; Zimmerman & Schunk, 2001;
Winne & Hadwin, 1998 types of scaffold [Azevedo et.al., 20Q4question pompts[King,
1992 King & Rosenshine, 199&ndmethods of feedback andsessmer{Bull & McKenna,
2003; Nicol et.al., 2006 Learners are involved in an inquiry cycle of making observations in
the microscopic world ahe given phenomenon, making a prediction in the macroscopic world
based on a link between the micro world and macro world, testing this prediction against a real
world experimental outcome and repeating this entire process for revision if needed.Based 0
theories of selfegulated learning, MIEO-MAP provides learners a flexibility of following the
suggestions and feedback given, or proceeding along an alternate path deemed more beneficial
by themselvesThus,actions of monitoring and judgement are rieggh of students when they
interact with MIGO-MAP. At each stage learners are provided with scaffolds and prompts
which aid in either making more careful observations or for establishing a-mawm link.
This entire activity is carried out in the fowwha dialogue with an agent so as to ease the follow

up of feedback.

The features mentioned in Fig. 1.2 help students develop -miacoo thinking in the

following manner:

Establishing micremacro link micro-macro link is established when students are asked to
make careful observations in a given simulation of the microscopic model and then use it to
predict the macroscopic outcomes of the given physical phenomenon. When students are unable
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to make a predictignor are falling short in establishing a mieracro link, MIGO-MAP
provides them with a series aésertion and reasoniggestiondased on observatiomghich
aid inidentifying key areas of the microscopic simulation wherein more careful observations

are needed

Strengthening micronacrolink. When students have made a prediction in the macro world
based on their observations in the micro world, they are asked to justify this prediction by
establishing a link between the micro and macro world. In dagerss are found to struggle

with this link establishment and strengthening of the mimeero link, then, they are provided

with assertion and reasoning based quegtiarference based, which help them in thinking
about the manner in which a macroscapitcome is based on a microscopic prockssrder

to gain insight into which features will aid in executing this task of strengthening the micro
macro link, the pedagogical theories of formative assessment and feedback, question prompts
as well as typesf scaffolds werepplied

Integrating micremacro link. There exists an integration of the mientacro link when
students summarize their complete understanding using multiple representations of the
microscopic model, the macroscopic experimental ezelém the form of meter readings and

a graphical outcome.

A flowchartgiving anoverview of the working oMIC-O-MAP is presentedn Fig. 1.3.

{
( Ineractwith Senuaton ofthe micoscupc m,\—p(ocsenms i the mico mﬁdJ
LN J

Ableto pregict  Uneble 10 p'Ed"t

Real World Answer I f ] Assm&Reasonmg Questions -
for comparison & testing Test Predicion——1 Predklion g Observation Based ]

Able to justify Unable to ustxf)

fO”JAEd by /mediated by
Mulnple sl o
for summanzation

provides

( J@WWW‘GW | customaed feedback
| based on microscopic observations
\

Figure 1.30verview of the working of MIEO-MAP



MIC-O-MAP modules have been developed in the subjeBiasic Analog Electronics

within the domain of Physics at the 1st and 2nd year of undergraduate level. The topics chosen
were such that they were common both to the lab experiments as well as taught as theory in the
syllabus. Topics which have concepts éstirsg of both micro and macro worlds are best suited

for learning using MIGO-MAP. In such topics, there are important variables in the
macroscopic world (i.e. observable/ measurable) and corresponding variables at a microscopic
world (often invisible) with explain the mechanism for the macroscopic variable behaviour.
Based on these criteria, MIO-MAP modules have been created for the topics of basic PN
junction, conductivity in intrinsic semiconductors, formation and conductivity in extrinsic

semicondutors, thermistors and light dependent resistors.

1.4 ResearchMethodology

We have followed a Design Based ResedBR) methodology in order to design our
learning environment. DBR is defined as a systematic but flexible methodology aimed to
improve educational practices through iterative analysis, design, development, and
implementation, based on collaboration amoagearchers and practitioners in realrld
settings, and leading to contextuadlgnsitive design principles and theorip&/ang &
Hannafin, 200k During the DBR process, researchers observe different aspects of the design
using both quantitative and qualive methods, address associated problems and needs, and
document why and how adjustments are nj&glins et.al., 2004

Two DBR cycles were undertaken in this research work. As depicted in Fig. 1.4, the first
DBR cycle consists of an exhaustive limre review of micranacro thinking and existing
solutionsfor the development of this skill. This was followed by a gap analysis and a literature
review of pedagogical theories for the identification of features to be incorporated into the TEL
environmem of MIC-O-MAP. Initially, a quasi experimental study was conducted to examine
if students interacting with MKD-MAP develop micremacro thinking. This was followed by
qualitative studies for investigating the interaction patbeg with identification bdifficulties
faced by students as they worked with MDIEMAP. This led to the revision of the MIO-

MAP environment features based on the difficulties identified ifitsiecycle. A single group
pre-post test research design was adopted in ord=artfrm that students interacting with the
improvised version of MIEO-MAP modules develop micrmacro thinking skills followed by

a qualitative study to ensure that the difficulties in learning identified in cycle 1 have been
addressed. Lastly, semi sttued interviews were conducted in order to gather insight into the

thought process of acquiring the miar@acro thinking skKill.
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Problem Analysis

& Micro-Macro Thinking
¥ Existing Solutions & challenges

macro thinking

Problem Analysis

to address the problems faced by
students

¥ Literature review of thinking skills

faced in the development of micro-

¥ Literature review of Pedagogical
Agents and redesign of the features

First cycle of DBR

Solution
¥ Identification of features

based on pedagogical theories

¥ Design & Development of
MIC-O-MAP prototype 1

Second cycle of DBR

Solution

¥ Design & Development of
MIC-O-MAP prototype 2

Evaluation

v' A quasi experimental study
to test whether students
develop micro-macro thinking
skills (RQ 1)

v Identification of the
interaction paths and leaming
related problems while
interacting with MIC-O-MAP
(RQ2a, RQ2D)

Evaluation

¥ Single group pre-post test
studies to test whether students
develop micro-macro thinking
skills (RQ 1)

¥ Screen Capture analysis to
ensure that the learning related
problems while interacting with
MIC-O-MAP have been
addressed (RQ 2 ¢)

¥ Semi structured interviews to
identify the process of acquiring
‘micro-macro thinking (RQ 3)

Reflection

v Need to refine features of
MIC-0-MAP such that they
aid in removal of the learning
problems faced by students

Reflection

¥ The design of MIC-O-MAP
can be used for generating a
template to create future
modules.

v Recommendations for the
navigation through MIC-O-
MAP and best practises for
the development of micro-
macro thinking.

Figure 1.4Design Based Approach for developing MGEMAP

The research questions (RQs) emerged after a literature revigvnkihg skills in

science and engineering, further scoped to the teadtddmging of micremacro thinking,

challenges faced by learners, existing solutions with a focus on TEL environments, and

interaction of learners with TEL environments. The RQs agarozed according to three

themes:

Theme 1: Learning of micromacro thinking using MIC -O-MAP

RQ1.Do students who work witMIC-O-MAP develop micremacro thinking skills?

This RQ wa answered via quasixperimental as well as ppost research designs.

Studies related to this RQ were conducted as part of both DBR cycles, and were performed with
all MIC-O-MAP modules developed in this thesis.

Theme 2: Interaction of learners with MIC -O-MAP

RQ2.

a) What interaction paths do students follow as they ledttm MIC-O-MAP?

b) What difficulties do learnersface while interacting with MIE€O-MAP for developing

micro-macro thinking?

c) What
features

These

wa s

of t hhe |

RQs wer e

earning

answered

envi

by i

tha mpfriovctsedfedEsm@gerr aat i on

ronment ?

nt er a cét

W i

t h

on

I nt er acMIC-O-MAPwStudiés related to this RQ were conducted as part of both DBR

cycles. Findings of the study in the first DBR cycle informed the redesign of®AMAP for

the second cycle.



Theme 3:Process of acquiring micremacro thinking
RQ3. How doeslearnerinteracton with MIC-O-MAP lead to development of micmacro
thinking skills?
This RQ is answered by detailed qualitative studies including interviews and case
studies. Studies related to this RQ were conducted as part of the second DBR cycle and gave

rise to reommendations of best practices while learning with NOGAAP.

1.5 Scope of the Thesis

This section describes the scope of the thesis along the following four aspects: domain,
learner characteristics, context and technology.
Scope of DomainThe goal of this research work is rooted in establishing a link between what
is observed in the microscopic world and the measurable parameters in the macroscopic or real
world. Taking this into account, the modules developed are scoped to the domasicof b
analog electronics within the larger subject domain of Physics. Topics within basic electronics
domain are as the working of all electronic components requires an understanding of these
topics. An understanding of the link between the readings mekisutige laboratories and the
theory in terms of the electron motion is crucial and forms the stepping stone for further
complex devices and circuits.
Scope of Learner Characteristics
Participants in the studies undertaken for the development, evalaatiorefinement of MIC
O-MAP are students from undergraduate programs from various colleges part of Mumbai
University, India. These students are2Byears of age and have a background of science in
their higher secondary education. Students are varigetins of their academic performance.
Familiarity and ease in usage of technology is expected from the participants. Students are
proficient in English and have opted for that as their language of instruction in graduation.
Scope of Context:
MIC-O-MAP is intended to be used as learning material that supplements the traditional
curriculum. The focus of the learning context is-setjulated learning by students. M@
MAP modules can be assigned as homework-ataes handsn work by instructors, or tye
can be used by students for example, as they work on independent prejactsg with MIG
O-MAP has been devised for the context of sélidy. Facilitation by a mentor/teacher or

collaborative learning will not be required while interacting with TEd.E



Scope of Technology:
MIC-O-MAP is coded in HTML 5 and is compatible across different operating systems, screen
sizes and browsers. It contains flash based simulations embedded into an HTML 5 based

interface.

1.6 ThesisContribution s

Design, developnme and evaluation of TEL system

The pedagogical design of MIO-MAP, i.e. a TEL system for micrmacro thinking, has been
elaborated by identifying the features and learning activities required for specific learning goals
mapped to micranacro thinking sils. The system MIGO-MAP has been developed and
evaluated in multiple empirical studies.

Learning Materials

Six modules for MIGO-MAP in basic Analog Electronics domain have been developed. These
can be found on the website of Project TELOTS at Eduwatidechnology, IIT Bombay
http://www.et.iitb.ac.in/telotsCompleted.htniThe modules can be directly downloaded by

interested students and teachers.

Process of Skill Acquisition

Qualitativeanalysis of on screen activity log gave insight into what students are doing while
learning and the interviews gave insight into why they are undertaking a particular action. A
combination of the two processes helped infer actions which led to developmantro-

macro thinking. We refer to these actions as Productive Actions. Following these actions while
interacting with MICO-MAP leads to optimizing the potential of each feature or a combination
of features for the development of miar@cro thinking.

Resources for instructorsRecommendations are provided for instructors to guide students to
learn productively from MIGO-MAP. An Instructional Design Document template has been
developed which can be used by other teachers or researchers for creagoMiC-O-MAP
modules in different topics and extending it to various domains. In addition, the source code is

available for researchers to build further new modules.

1.7 Organization of the Thesis

The chapters in this thesis are organized as given in Fig. 1.6. Chapter 2 contains a
literature review of thinking skills and micmacro thinking with examples from multiple
areas. This is followed by the analysis of existing solutions which comprisehoidlogy based

solutions, face to face solutions as well as blended solutions. A gap analysis is carried out which
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sets the broad goal for this r esmammthihkingvor k
skills through interaction with a Technologyn hanced Learning (TEL)
detailed literature review is carried out in the area of student interaction and the cognitive
process while interacting with a TEL environment. This leads to the identification of three
themes which will be follved while carrying out this entire research work. Chapter 3 describes
the survey of relevant methodologies for carrying out this research work and the reasons for

choosing 6Design Based Res e-@&MAPWaS daveldped he st

Chapter 1: Literatura Fenview Resaarch Chapter 3: Fazemrch Methodology
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Figurel.5.Organization of Thesis Chapters
The first cycle of DBR is discussed in Chapter 4 and details of three evaluation studies
are described in this chapter. Similarly, the second cycle of DBR is described in Chapter 5
which begins with the identificationnd addressed problems of cycle 1. Within this cycle,
details of two studies are described. Towards the end of Chapter 5, the desigr@fNVAE
is completed. This is further used for the development and evaluation of multiple modules based
on the same dag; template, which is explained in Chapter 6 along with corresponding

evaluation studies. Chapter 7 explores the research question on the process of acquiring micro
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macro thinking with MICO-MAP. The last two chapters, Chapters 8 and 9 contain the overall
discussion along with contribution and future work of this thesis.

12



Chapter 2

Review of Literature

2.1 Organization of Literature Review

This chapter summarizes and synthesizes the literature on thinking skills, more
specifically micremacro thinking acras different areas and its learning with the aid of
technology enhanced learning environments. Challenges faced by learners in the process of
learning the above, as well as the manner in which stigystém interaction takes place are
also reviewed. Thisview generates the three themes under which this research work has been
carried out. The emerging research questions have been examined and investigated in
accordance with each research theme.
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Literature Review
starts Wim“’[ Review of Thinking Skills (Sec. 2.2))
)

Cha;!eng,es facetd Importance of Technology

in developmen! : Review of Micro-Macro Thinking : in development of

of micro-macro thinking folowed by«{ (Sec. 2.3.1) ol micro-macro thinking
(Sec. 23.2)

(Sec. 2.4)

3 across
leading to

Different areas

Review of Existing Solutions
(Sec. 2.5)

Theme 1: Learning of micro-macro leading to
thinking using MIC-0-MAP such as

followed by

Systems Thinking

Review of Student Interaction Model
with TEL solutions

(Sec. 2.6)

leading to

Theme 2: Interaction of learners with MIC-0-MAP

Theme 3: Process of acquiring micro-macro thinking
J

Figure 2.1:0Organization of Literature Review

The literature surveyed in this chapterinitiated witha broad review of thinking
skills in general, and establishment of the need and importance of-mémm thinking
specifically. Section 2.2 and 2.3 encompass various definitions and categorizations of thinking
skills, and later narrows down to the specskill of micromacro thinking. Examples of micro
macro thinking have been discussed within the domains of science and engineering in order to
establish its relevance. The aspect of usage of technology for the development of this skill has
also been dis@sed in section 2.4.

Section 2.5 provides a detailed analysis of the existing solutions leading to the first
theme of this research work i.e. learning of migracro thinking using MIE-MAP. Within
this theme primarily quantitative studies will be cedrbut to evaluate if students develop this
skill of micro-macro thinking. Face to Face solutions as well as blended solutions have been
discussed. Almost all of these have the crux of the learning solution to be technology oriented.
This analysis providean insight about the features to be incorporated in learning environments

aiming to develop micranacro thinking.

Section 2.6 takes a step further into the literature associated with student interaction with
technology based systems and possiblereagdns c h ensur e 6 ghemahneper f o

in which students interact with TEL environmeh&s been detailed oanhd the broad realm of
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possibilities in which student interaction can be recorded as well as analyzed to infer reasons
behind positive leaing outcomedas been examineBxisting techniques as well metrics for
analyzing student behavieunteraction with the environment as well reasons backing every
choice made by the student have been discussed towards the end of this chapter. Téliesstabli
the needor theme 2 i.elnteraction of learners with MKD-MAP which will deal with the
manner in which students navigate through NMO@IAP and to test if students are using the
MIC-O-MAP features for their desired purpose or if they are strugghtiy doing the same.
Results from theme 2 are followed by theme 3 irecgss of acquiring micrmacro thinking

in which we will be trying to figure out the thought process of students as they follow a unique
interaction path. Capturing and using thessghts gained from the analysis of this literature
review has helped us establish the above three research themes which will be followed

throughout this research work.
2.2 What are Thinking Skills?

Thinking skills are cognitive processes that human beingly dppsensemaking,
reasoning, problersolving [Lipman, 2003]. These are sense making cognitive processes
applied for problem solving and it is expected that students should apply these skills in new
situations. Diverse research bodies have attemptedimgfihis set of skills expected from
science and engineering graduates. Thinking skills in engineering and science include system
design, problem posing, estimation, algorithmic thinking, creation and revision of scientific
models, data representation arhlysis, and so on. The Accreditation Board for Engineering
and Technology (ABET) is the body that periodically reviews every engineering program in
the United States and determines whether they meet certain standards [ABET, 2014]. The skills
mentioned blow are listed as the ABET criterion which every engineering graduate must
demonstrate:

a) an ability to apply knowledge of mathematics, science, and engineering

b) an ability to design and conduct experiments, as well as to analyze and interpret data

C) an abilty to design a system, component, or process to meet desired needs within
realistic constraints such as economic, environmental, social, political, ethical, health
and safety, manufacturability, and sustainability

d) an ability to function on multidisciplary teams

e) an ability to identify, formulate, and solve engineering problems

f) an understanding of professional and ethical responsibility

g) an ability to communicate effectively
15



h) the broad education necessary to understand the impact of engineering satuion
global, economic, environmental, and societal context

i) a recognition of the need for, and an ability to engage idifg learning

j) aknowledge of contemporary issues

k) an ability to use the techniques, skills, and modern engineering tools ngdessar
engineering practice.

Similar skills have been reported to be important by professional bodies such as
Washington Accord [Basri et.al.,, 2004] and Next Generation Science Standards (NGSS)
[Duschl & Bybee, 2014]. National Association for Researclsdience Teaching (NARST)
[Lawson, 1989] has defined science process skills by bifurcating them into basic science
process skills and integrated science process skills. The former including skills such as
observing, inferring, measuring, communicating, sifgg1g and predicting and the later
including skills such as controlling variables, defining operationality, formulating hypothesis,
interpreting data, experimenting and formulating models. These skills have also been listed
under 2% century skills [Siva, 2009] and segregated into a learning hierarchy of lower order
and higher order thinking skills using Revi
practice of developing these skills is a representation of what scientists do as they engage in
scientific inquiry and a necessary part of what students must do both to learn science and to
understand the nature of science. Lastly, The Taking Science to School [Shouse et.al., 2007]
report interprets the learning science perspectives by stating seidncation in grades-B
needs and emphasizing three practices:

1. Building and refining theories and models
2. Constructing arguments and explanations

3. Using specialized ways of talking, writing and representing phenomena.

An effective way to facilitate the delopment of these skills is to engage students in
tasks which require them to undertake the process of scientific inquiry within their

undergraduate learning experience.

2.3 Micro-Macro Thinking

2.3.1 What is micro-macro thinking?

A major practice of scientists is planning and carrying out a systematic investigation,
which requires the identification of what is to be recorded and, if applicable, what are to be

treated as the dependent and independent variables (control of var@bkes)ations and data
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collected from such work are used to test existing theories and explanations or to revise and
develop new ones. Real life examples of these include recording temperature differences and
explaining these based on atoms, moleculegtagidvibrations, recording driving parameters
such as acceleration/directions and devise explanations for these based on fuel capacity, force
and pressure. Such tasks involve relations between observable, tangible phenomena at a
macroscopic level and timeunderlying structure, processes and dynamics at a microscopic
level.

Thinking skills related to establishing miensacro link in systems have been reported
in various fields. Research related to systems thinking discusses the need to be able to think
backward and forward between general systems models and concrete objects and processes
[Wilensky & Resnick, 1999]. In the teachhhgarning of scientific modeling, an important
aspect is to explain the macroscopic outcome or observed physical phenompplying a
model at a microscopic level [Etkina et.al., 2006]. In all of these areas, macroscopic terms
denote directly observable reabrld phenomena such mass, conduction of electricity,
pressure, size, colour and their corresponding measurements. Bimezezscopic terms refer
to models with structures at the level of molecules or atoms, often invisible particles with
dimensions much smaller than we can observe, and their associated dynamics.

We defi nmnmadmo ctrioi nki ngd a sh atlilkdetwaednithei t vy
variables in a micro-world and its corresponding manipulable variables in a macreworld
in order to predict the functionality of the system.In a given situation, in order to establish
this micromacro link, sukskills of making obsemtions in the micravorld, predicting
macroscopic outcome, testing these outcomes against experimental evidence and revising

predictions (if necessary) need to be developed.

2.3.2 Importance and challenges of developing micrenacro thinking skills

During theirlearning process, students who perform the exercises and experiments, and
view demonstrations do not necessarily recognize that these portions of the curriculum are
interrelated and are based upon a common conceptual underpinning [Hinton & Nakhleh, 1999].
Development of micranacro thinking skill is important as it will help to bridge the gap
between theory and experiment. This is because real world phenomenon not directly observable
and can only be seen through lab experiments. Students also requirertamadro thinking
skill when they are recruited and are expected to apply the knowledge gained by them in a real
world context, for example, in equipment design where they build complex circuits There exists

a lack of application of conceptual understagdand a need for greater emphasis on the
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development of scientific skills and abilities so that students will be able to predict, test or
evaluate conceptions and mimic the scientific procedures employed by scientists during sense
making and inquiry. Anféective way to facilitate the development of these skills is to engage
students in tasks which require them to undertake the process of scientific inquiry within their
undergraduate learning experience. Undertaking an intpasgd learning task requirggem

to apply their theoretical knowledge to real world situations. Particularly in science and
engineering domains, such tasks involve relations between observable, tangible phenomena at
a macroscopic level and their underlying structure, processes aathig at a microscopic

level.

Research shows that students have difficulty transferring from a macroscopic level of
representation to the microscopic level [Gabel, 1998]. Students are not aware that models can
be used for analysis, testing, verifyingalaind are unable to generate the cause for any new
phenomenon that they are observing [Treagust, et.al., 2004]. Students are also found to be
lacking in the ability to modify or generate a new theory using their existing knowledge
[Treagust, et.al., 2004].

To avoid development of misconceptions, it is important for instructors and curriculum
designers to have-depth knowledge of the problematic features of niieracro thinking and
to understand what it is that is to be communicated to students andhiws tbest
communicated to them [van Berkel et.al., 2009]. Learners need to describe, understand and
predict the outcomes of phenomena at the macroscopic level by relating these to the scientific

models of structures and processes at the microscopic level

2.4 Importance of Technology

Technology based tools such as animations and simulations which help students connect
between microscopic and macroscopic levels, have been shown to promote conceptual
understanding [Kozma et.al., 1997]. Animations and simulations have tremendous piatential
provide visual representations of dynamic phenomena that involve change over time, and the
power to make the invisible visible [Rutten et.al., 2012]. Hence, they allow students to build
mental models of physical phenomena. Simulations allow studentske predictions, and
then test them by subsequent events. This helps them understand the mechanism underlying a
phenomenon and can lead to the refinement of the conceptual understanding of the phenomenon
[Windschitl & Andre, 1998; De Jong & Van Joolingeh998]. Simulations provide the
opportunity for stating and testing hypotheses and multiple representations of physical

phenomena such as diagrams and graphs [Blake & Scanlon, 2007].
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A key affordance in computdrased learning environments is the apitid provide
i mmedi ate feedback to studentsd responses.
process of acquiring knowledge and support scientific practices. Prompting learners to
articulate their thinking helps them become more aware of whaktiev, which then makes
their thinking available to them for reflection, monitoring, and revision [Scardamalia et.al.,
1989].Receiving instanteedbackon their actions can aid in the development of mioarro
thinking since it provides prompts a learrte reflect on elements of the microscopic world
have links with macroscopic worldn articulation of these affordances and benefits of learning
with technology sets the motivation for designing and building a technology enhanced learning

environment MIGO-MAP for the development ahicro-macro thinking

2.5 Existing Solutions

In addition to numerous technology enhanced learning environments that address
concepts from various domains, researchers and educators have developed instructional
interventionswhichave explicitly aimed at developi ngq
these have arisen as a result of the affordances provided by ICT based learning environments,
and incorporate the recommended teach@agning strategies discussed in the previsub
section.

Faceto-face solutions include MARS [Raghavan & Glaser, 1995] and ISLE [Etkina &

Van Heuvelen, 2007]. Moddlased Analysis and Reasoning in Science (MARS) project
comprises of a set of modeéntered, computer supported, semelsteg scielwe curriculum

for middle-school students designed to encourage conceptual understanding and to foster the
development of modddased reasoning skills. The overall approach is to provide students with
increasingly complex, interactive, explanatory modekl ttan be directly manipulated by
students. The models are implemented in an integrated corgoyi@orted environment, but
related activities with concrete materials such as handsctivities, homework assignments,
class discussions, etc are an impdrtanf eat ur e of the instruct|
Learning Environment (ISLE)A Sci ence Process Approach to
Van Heuvelen, 2007] is an interactive method of teaching which helps students learn physics
by engaging in process that mirror the activities of physicists when they construct and apply
knowledge. These processes involve observing, finding patterns, building and testing
explanations of the patterns, and using multiple representations to reason about physical

phenomea.
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l nstructi onal interventions which target
(Web-based Science Environment) which provides an Intdraséd platform for middle and
high school science activities [Linn et.al. 2002; Williams & Linn, 3002eb-based inquirer
with modeling and visualization technology (WiMVT) proposes an inquiry cycle incorporating
eight phases: Contextualize, Question & Hypothesize (Q&H), Premodel, Plan, Investigate,
Model, Reflect, and Apply [Sun & Looi, 2013]. This iaded on the POE (Predi©bserve
Explain) principle. Modelt argues that students go through an inquiry cycle in the following
phases: planning, searching, synthesis, analysis, explaining and evaluate [&kePO@R.
Similar cycles are proposed byl@ions such as Gbhab [Joolingen et.al. 2005], Gab
[Govaerts et.al., 2013], nQuire [Mulholland et.al, 2012; Villasci@asandez et.al, 2013],
ModelingSpace [Avouris et.al. 2003] and Inquiry Island [White et.al, 2002] which suggest
usage of netbookism addition to the above technology based resources. SimQuest promotes
discovery learning and suggest following the WHATformat wherein WHATF tests and
the explicit knowledge tests are based on the analysis of intuitive knowledge as being
characterise by a oO6quick perception of anticipate

Many of the above mentioned Technology Enhanced Learning Environments (TELE)
address some of the aspects of mimiacro thinking, as discussed further. In WISE, the pattern
of working involves articulating existing ideas, adding new ideas, distinguishing new ideas
from existing ideas, and building a coherent argument by reflecting on the ideas in the repertoire
[Linn & Chiu, 2011] The MARS curriculum focuses on engaging studentpatitatively
reasoning using models. This is done by providing students with increasingly complex,
interactive, explanatory models that can be directly manipulated. These models are
implemented using a computer supported environment as well as relatatieactuch as
homework assignments and in class discussions, desk work and tests at the end of each unit.
ISLE allows students to observe physical phenomenon, devise explanations for them, share
their explanations in groups and then design testing ewpats to determine if the
explanations work. Finally, they apply these concepts to unfamiliar phenomenon. On similar
lines, Colab, is a learning environment in which groups of learners can experiment through
simulations and remote laboratories, and e)gprasquired understanding in a runnable
computer model. WIMVT provides evidence for students mastering the skills of circuit
diagrams; skills of connecting physical circuits and data analysis skills of experiments. The
instruments used by students while eleping these skills includes field notes, observation

sheets, screen capture videos, fctace interviews, osite videos and audios, and created
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learning artefacts. Lastly, ModellingSpace is an open learning environment that supports real
time and asychronous collaboration of small groups of students engaged in problem solving.

Most of these learning environments also include components such as lab work, field
trips, discussions and assignments apart from thebSEd solution. In these existing
interventions, the teacher plays an important role by facilitating the process, gomgtp or
grading studentso efforts at a | ater stage
2007]. Most of these solutions are focused on middle and high school science curriculum, while
ISLE curriculum, which is mainly classroebased has addssd highschool and introductory
college courses. Table 2.1 compares and contrasts existing solutions representative of the
following facets: learning goals, need for collaboration & a facilitator while learning, context/
setting for learning, the subjeddmain, targeted sample and lastly the theoretical underpinning
for each solution.

Each of the seven learning environments surveyed in Table 2.1 below is corresponding

to a unique learning goal and gives an overview of different target audiences amdscoht

learning.
Table 2.1: Comparison of Existing Solutions
Learning ISLE MARS WISE CO-LAB WIiMVT Model-It | Modeling
Environment Space
—>
Design
Features i
Learning Construct, | Qualitative | Gothrough| Experimentation| Learning Modeling | Individual
Goal evaluate reasoning | inquiry through Science practices | and
physics with models| cycles simulation through collaborative
knowledge Modeling modeling
Collaboration | Yes Yes Yes Yes Yes Yes Yes
Needed
Theory Scientific Scientific Scaffolded | Collaborative Predict Learner | Collaborative
Inquiry and modell Knowledge| discovery Observe Centered | Learning
based Integration | learning Explain Design
reasoning principle
Setting Blended Classroom | Blended Online Blended Blended | Online
Sample pre-service | Middle Middle Upper Lower Middle High school
high school| school school secondary ang secondary | school students
physics and| students students first year | school students
pre-service university students
elementary students
science
teachers
Domain Science Science Middle water Science General | General
school management, Electronics| Science | Science
earth and| greenhouse
physical effect,
science, mechanics and
high school| electricity.
general
science
Teacher As a mentor| Yes Yes As a mentor Yes Yes Yes
Required
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2.6 StudentInteraction with TEL Solutions

The analysis of the existing solutions showed that technology based solutions aid in
developing micremacro thinking. Every student interacting with a TEL environment for micro
macro thinking has a unique manner in which tpeyceed through the environment and
execute each task. The development of mmexro thinking correlated to the path undertaken
by students while they interact with MMO-MAP, will aid the researcher in understanding if
the design features incorporatedMIC-O-MAP are achieving its goallIC-O-MAP is a semi
open ended TELE which provides instructions on navigating through the environment but does
not make it mandatory. Every learner has a unique way of developing the skill ofmacro
thinking using MC-O-MAP. We wanted to investigate this route of navigation through-MIC
O-MAP for all learners, and also to gather an in depth understanding of the student actions
which are productive and leading to the development of am@oro thinking. In order to do
this, we first undertook a literature review of the meaning of student interaction with any
learning environment, more preferably, a technology enhanced learning environment. This
literature review was necessary as we would be undertaking qualitativesgtudather insight
into student behaviour while working with MHO-MAP.

Student interaction with the system can be at a very basic level of 'observation' mode,
and can further progress right up to an ‘experimentation' mode giving learners the experience
of inquiry based learning. There exist various ways of classifying these levels in learning
environments, such as:

)] ‘control behavioud interactive behaviour' [Bétrancourt, 2005]

i) ‘controlA responséy manipulated co-construct' [Tang, 2005]

i) ‘observatiom controllingA creation’ [Pahl, 2004]

V) 'no interactivity A navigation within the presentatios, interaction with
graphical modeh interaction with simulation modéy immersion' [Chick, et.al.; 2003]

Depending on different levels of intetan in learning environments, the following
categories of interactive content presentation have been proposed: still images; animated
pictures; visualization with display adjustments such asgtilayyspeed; visualization selection
and arrangement capabéds such as repeatwind; visualization with changing input
zooming;panning; visualization with interactive decision points, for example, changing data
while running; and finally visualization generated by students [El Saddik, 2001].

While undertakig any form of i nteraction, it h
satisfaction with which speciyed users can

termed as the usability of the learning environment [Hornbaek, 2006]. An unproductive period
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representsime spent by the learner not actually working on the specific task or not working
towards the specified goal involved in the task. It consists of time that the learner spends
referencing help, thinking about what to do next and solving problems notiylmssociated
with the task at hand [Wong, et.al.; 2003]. On similar lines, productivity concerns the amount
of useful output that is obtained from user interaction with the system [Seffah, et.al.; 2006].
There are generally two types of user task asti@me that is productive and the other is
unproductive wherein the productive user task actions are those that contribute to the task output
[Macleod et al.;1997].

In section 2.6l & 2.6.2 we discuss the different types of interactions of a learner with

any given technology based learning environment.

2.6.1 Types of Student Interactions with TEL Solutions

I nteraction can be described in terms of
over system responses, adaptation of a sys:
and communication [Sims, 1999]. The first classification of interaciiofesarning processes
to reach wide acceptance was proposed by Moore (1989), who identifies three different types
of interactions associated to learning by means of an e learning platform:

1 Student Student
1 StudertTeacher
1 StudeniContent

In e-learning, @ery student must use the specific technologies, platforms, applications
and templates available in order to interact with other students, teachers and content. An
additional type of interaction which may reflect the information exchanges between students
and system via a virtual learning environment is called steglestém interaction [Hillman,
Willis & Gunawardena, 1994] . Lastl vy, a n
classification, is called seifhteraction, which refers to the seffigulation abity of each student
as part of the selfirected learning process which idearning [Soo & Bonk, 1998]. This
interaction is based on a reflexive thinking process undertaken by the student and does not
generate any data in the learning environment iataral way. This interaction undertaken by
students, when analysed provides awareness into the success/failure of the student in using the
system as well as the identification of areas which can be improvised upon based on the student

interaction analysis.
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Learning with technology based solutions is a studentered active learning process

ent ai | 1 ng-popeledastions 0 acqure Kndwledge. After spending years in teacher

centered classrooms and being exposed to one-wegcher to learnerinteraction, it is

challenging for traditional learners to become active learners. It has been proposed to take into
account the role of technologies in the interaction process [Finegold & Cooke, 2006; Roblyer
& Wi encke,

their utilization, and each type of interaction depends on others in online learning environments

[Sun & Hsu, 2013].
While undertaking studestiontent interaction analysis, there exists a vast realmaf da

analysis methods depending upon the information present at hand, reason being it will vary
from one learner to another. Different activities and features are present in any learning
environment and the frequency of use informs the feature adoptiaf thtelearner. A variety

of methods encountered while undertaking interaction analysis have been described in this

20037 .
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section, some of which are discussed below:

1 Assignments, activities, goals, and assessments implemented within the learning

environment shdd reinforce active learnirdgthat is, the process through which

students actively assimilate rather than passively absorb learning material. Flanders
Interaction Analysis Categories System (FIACS) is a classic system of interaction

analysis used to studyhat is happening in a classroom when a teacher teaches

[Amatari, 2015].

1 The Observation Schedule and Record (OSCAR) protocol was developed on similar

gn
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as a

board, use of sld e s ,

1 Clickstream Analysis is used for analyzing the record of screens or pages that user clicks
on and sees, as they use a site or software product [Taniguchi, 2009]. Three levels of

use have beedentified under this type of interactiondVost Used, Moderately Used
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and Rarely Used [Malikowski, Thompson & Theis, 2007].
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1 Interaction Analysis is used to study the structure of events in a chronological order

[ Henderson & Jordan, 1995]. The | earnerd
changes in the |l earneros under st afnthéi ng,
|l earnerds mind [ Moore, 1989]. It i s sug

learners with a given environment to examine how students initiate, lead or maintain
interaction threads [Pawan et.al., 2003; Yang & Wu, 2011].

1 Markov Modeb can be used to predict the interaction sequence for any given learning
environment [Rychlik & Frendahl, 1993].

2.6.2 Learning Approaches based on Interaction

Learning is a process of active transformation of knowledge by the individual to extract
meaning fromthe learning task [Brownlee & Joanne, 2001]. Students are also found to have
different approaches to learning. Research has found that surface approaches to learning, such
as memorising text, were linked to reproductive views of learning in that come>desep
approaches to learning, were linked to beliefs that learning was a meaning making process
[Marton & Saljo, 1976]. Students who take a surface approach towards learning are also called
as passive or immature learners. Immature learners tend tazerghair mental activities
around topics rather than goals, promoting decontextualization and the inability to see the
relevance of the learning activity to their lives [Scott Grabinger & Dunlap, 1995]. In contrast
to this, students who undertake a dggpraach towards learning are called intentional learners.
Intentional learning is an achievement resulting from the learner's purposeful, effortful, self
regulated, and active engagement. So also, in order to be intentional learners, students must
learn tolearn as well as accrue knowledge. [Scott Grabinger & Dunlap, 1995].

Deep approaches to learning are where the learner has the intention to gain personal
meaning and uses strategies that complement this intention by making links with prior
knowledge [Bigs, 1985]. While interacting with any learning material or learning based tool,
students should make an effort towards establishing links between the different elements and
processes based on the topic of learning. The activities in the learning envirchoed be
encouraging students towards becoming more mature and intentional learners instead of
incidental learners where their goal remains to complete the task and not construct meaning
based on their interactions.

Research also suggests that leagmroceeds most rapidly when learners have frequent
opportunities to apply the ideas they are learning and when feedback on the success or failure
of an idea comes almost immediately [Roschelle, et.al. 2000]. The ability to transfer knowledge

from the clasroom to the real world implies learners must master underlying concepts, not
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simply memorize facts and solution techniques in simplified or artificial contexts. Technology
provides enhanced capabilities to facilitate manipulation of parameters and @xpatiom

which promote application oriented learning and avoid rote memorization.

2.7 Emergence of Research Questions

The analysis of existing solutions (Section 2.5) shows that they address the goal of
developing micremacro thinking, but implicitly andequire multiple additional activities for a
coherent understanding of the topic. Each existing solution contains pointers to multiple other
places. Also, the existing solutions are resource intensive, might require classroom alteration to
be undertaken ahcannot be directly altered for creation of further modules as the source code
remains unavail abl e. Besides, making change
condition will require a lot of effort and will be time consuming. Time remains agicial
factor also while learning with the existing solutions since one session might not be sufficient
for teaching/learning the concept as well as for developing the skill, both mapped to various
topics.

Technology based interventions whigkplicitly address the goal of establishing a link
between the laboratory based macro world and a theoretical micro world do not exist within the
domain of basic electronics at the university level. Students are expected to make these links
between what iearnt in theory and the experiments performed in practical/laboratory so that
they are able to successfully complete their final year projects or excel in inter collegiate
competitions during their graduation years. Thus, an integrated technology bagsh $s
needed for tertiary education which can be used for the development ofmaicro thinking,
especially in the subject domain of electronics.

We aim to design a technology based learning environment which enables students to
develop the skill omicro-macro thinking, having activities which explicitly encourage students
to dive deep into the given macroscopic situation and its corresponding microscopic linkages,
try and explicitly elaborate the establishment of a minexro link and further udis link to
predict macroscopic solutions. This learning environment will host all activities and tasks on
one single platform which will help on saving time. While the context of this learning
environment remains selégulated learning, it can also bsed as supplementary teaching
material, if required. At each stage, we will ensure that students link the two worlds and develop
a coherent understanding of the topic.

This leads to the first theme of this research work, i.e. Learning of micronacro thinking
using MIC-O-MAP. Within this theme, we will investigate whether interaction with M)
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MAP leads to the development of miamtacro thinking or if the existing visualizations without
the scaffolds present in MIO-MAP are sufficient for this skill devepment.
RQ 1: Do students who interact with M{@MAP develop micranacro thinking abilities?
Section 26 s howed t hat It i's I mportant t hat
carefully as it has been uncovered that the most important criteria faneffsttident content
interaction is designing a system. This type of interaction provides students with the opportunity
browse and interact with the content on th
interaction with MIGO-MAP is deemed esstal as it would enable the designers and
researchers to further improvise the design structure of the environment. In order to design a
system that allows students to seamlessly progress through cycles of making observations in
the micro world, predictingputcomes in the macro world and testing it against awedt
answer, the second goal of this research work was to discover the interaction paths which
students undertake while working with MIG-MAP.
This leads to the second theme of this research worle. Interaction of the Learner with
MIC -O-MAP. Within this theme, we will investigate the different interaction paths adopted by
students while interacting with MKO-MAP, reason being, that MKO-MAP is a semi open
ended learning environment and studehave the flexibility to choose a learning path
customized to their skill developmental stage.
RQ 2. a: What interaction paths do students follow as they learn withkOMAP?
Within Theme 2- Interaction of learner with MI€-MAP, once we are aware did
path adopted by students for navigating through{@HAP, we will be analyzing what action
is being performed by the student while navigating through a particular path. The goal is to
develop and evaluate a task and function specific design whichngdaction and reduces
unnecessary navigation within and between features ofMMAP. The following research
guestions will be examined in order to examine student interactions:
RQ 2. b: What difficulties do students face while interacting with-BHRIAP for developing
micro-macro thinking?
RQ 2 c: What was the effect of the improvised design on students' interaction with the various
features of the learning environment?
An overview of theapproaches towardsarningleading towards students becoming
intentional learners reported in section 2.6.Zhis leads to the third theme undertaken in
this research work i.e. Process of acquiring micranacro thinking. The aim of this research
theme is to identify processes through which the skill developmentgkdees and makes the

students interacting with MKO-MAP intentional learnerdVe aim to conduct qualitative user
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studies focused on effective usage of design ideas for execution of the tasks within the learning
environment of MICO-MAP. We wish to map atdent actions to cognitive methods found to

be effective while learning. The research question to be examined under Theme 3 is given
below:

RQ 3: How does student interaction with MGEMAP lead to development of miengacro
thinking skills?

2.8 Summary and Implications

A literature review of the existing solutions and challenges faced by students while
developing micremacro thinking skills led to the identification of the three research themes
further mapped to research questions which will be investigattin each theme. The
research method to be followed while carrying out this investigation will be discussed in the
next chapter.
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Chapter 3

Research Methodology

3.1 Introduction

The main research goal of this thesis is to develop rm@oro thinking skills among
learners at the tertiary level, using M@MAP technology enhanced learning (TEL)
environment. After reviewing current literature in relevant areas, we have moredietsidéts
into the themes and research questions which will be investigated in this research work within
the above broad goal. To summarize the themes and research questions in this thesis:
Theme 1:Learning of micro-macro thinking using MIC -O-MAP:

RQZI Do students who interact with MIO-MAP develop micremacro thinking abilities?

Theme 2:Interaction of learner with MIC -O-MAP:

RQ2a What interaction paths do students follow as they learn with-GHRZAP?

RQ2b What difficulties do students face while énacting with MIGO-MAP for developing
micro-macro thinking?

RQ 2c What was the effect of the improvised design on students' interaction with the various
features of the learning environment?

Theme 3:Process of acquiring micremacro thinking
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RQ3 How does student interaction with MHO-MAP lead to development of micimacro
thinking skills?

3.2 Design Based Research

The choice of the methodology highly affects the manner in which the work is carried
out and even the extent to which the desired relegral can be achieved or not. In traditional
empirical predictive research, a new technique or device is put to the test in a controlled
environment [Amiel & Reeves, 2008]. In traditional evaluation, an "intervention" such as an
instructional program, &ktbook, or a policy is measured against a set of standards [Worthen
& Sanders, 1987]. On the other hand, paradigms of qualitative research such as naturalistic and
interpretative approaches support rich descriptions that illustrate explanations akesspro
action, or interaction.

Educational problems are complex, AHorear, context dependent and involve multiple
stakeholder. Such problems are addressed by iterative development and research, which take
place through continuous cycles of design, enantmanalysis, and redesign [Cobb, 2001,
Collins, 1992]. An approach which is in line with these goals is Design Based Research (DBR).
DBR is a systematic but flexible methodology aimed to improve educational practices through
iterative analysis, designedelopment, and implementation, based on collaboration among
researchers and practitioners in vr&akld settings, and leading to contextuadnsitive design
principles and theories [Wang & Hannafin, 2005]. Fig. 3.2 depicts the process of DBR:

For our esearch goal and research questions, we needed a method which not only tests
success or failure but also focuses on interactions that refine our understanding of the learning
issues involved. DBR goes beyond merely designing and testing particular ititarsel also
undertakes analysis of student interactions with activities based on which redesign and
refinement of activities, and ultimately refinement of the underlying inteiréstn learning
framework takes place [The Desigased Research Colleativ2003]. A generic DBR process
is depicted in Fig. 3.1 given below:

Design-based research

Analysis of practical Development of Iterative cycles of Reflection to

problems by solutions informed testing and produce “design

researchers and by existing design refinement of principles” and

practitioners in principles and solutions in enhance solution

collaboration technological practice implementation
innovations

rF % F Y rF %

-
+

Refinement of problems, solutions, methods, and design principles

Figure 31: Steps of conducting Design Based Research
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DBR is asuitable methodology for our research work for the following reasons:

1 lterative cycles of developent, implementation, and studifow the designer to gather
information about how an inteention is or is not succeedimgways that might lead to
better design [The DesigBased Research Collective, 2003]. In the process of designing
MIC-O-MAP, a conthuous literature review was carried out in order to address every
problem identified in each DBR cycle. Not only the design features but even the
implementation of MIGO-MAP across multiple operating systems and screen sizes was
tested to ensure compatibjlin any machine.

1 Researchers observe different aspects of the design using both quantitative and qualitative
methods, address associated problems and needs, and document why and how
adjustmentare made [Collins et al., 2004]. In order to evaluate €ND-MAP is suitable
for the development of micrmacro thinking skills, mixed methods research was carried
out wherein a quantitative study was followed by a qualitative study. The details of this
evaluation are explained in Fig. 3.2.

1 The outcomes from pveously conducted designs provide explanatory
framewor ks At hat specify expectations th
next cycle of inquiryo [Cobb et al ., 200:
this research work, learninggirlems were identified while students interact with MIC
O-MAP and they were held as the focus for the literature review and redesign of the TEL

environment in the next cycle.

DBR guides theory development, improves instructional design, exterajgaieation
of results, and identifies new design possibilities [Edelson, 2002; Gustafson & Branch, 2002;
Reigeluth & Frick, 1999]. In a research study, the initial intervention may or may not have
effectively solved the problem. If the intervention apgplig not found to be effective; one can
iterate the intervention until it becomes effective. Each iteration of modifying the intervention
is termed as a research cycle. The important aspect of DBR is that the outcome/s of every
research cycle is used agin for the next research cycle. This helps in augmenting the
i ntervention on the basis of the o6failures
after a particular version of the intervention shows desired results. In DBR, the conclusions of
this process not only have the detailed log of the chronological development of the intervention
but also the documentation of the problems recorded in the earlier cycles (along with the steps

taken to address them).
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3.3 DBR applied to MIC-O-MAP development

The DBR framework has been adapted in our research in an attempt towards
identification of the pedagogical features and learning activities required in a TEL environment
to develop micranacro thinking skills. The desigevelopmenevaluation proceeds in a

cyclic process of successi prototypes as shown in F§2:

CYCLE1

Literature Review Of Identification of features—> Quantitative Studies
Exiting Solutions MIC-O-MAP Versions +
Qualitative Studies

Is More Revision Analysis to check if learners face h
Needed? ‘ problems during interaction with

MIC-0-MAP

Finalization of the
design features of
MIC—O-MAP

- Creation of an Instructional Design Document
based on the design features

[ A local instructional theory for establishing, strengthening and}

integrating a micro-macro link using the MIC-O-MAP features

Figure 3.2 DBR cycleused for thalevelopment of MIGO-MAP

In DBR CYCLE 1], a literature review of the thinking skills, definitions of mienacro
thinking associated with multiple areas such as systems thinking and modelling has been carried
out. This was done in order to phrase our definition of mioiacro thinking and to adulate
the sub skills of micramacro thinking. This was followed bgn analysis of the existing
solutions for the development of this skill aad identification ofthe challenges faced by
students for developing this skilThe affordances of technologyere surveyed which would
prove beneficial for the development of this skill and the context of learning was narrowed
down to selregulated learning with the target population belonging to tertiary level education.
The pedagogical theories of inquiry tking, selfregulated learning, types of scaffolds,
question prompts and methods of feedback and assessment have been surveyed and the desigt
features to be incorporated into M@MAP have been identified.

For evaluation, a mixed methods approach is followdidedmethod s fAa pr oce
for collecting, anal yzing, and o6mi xingb bo

study or a series of studies to .uSpecicaly,t and
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the explanatory sequential design is followed, which occurs in two distinct interactive phases.
It starts with the collection and analysis of quantitative data as a first phase. The second,
qualitative phase of the study is designed sa th#ollows from the results of the first
gquantitative phase. The researcher interprets how the qualitative results help to explain the
initial quantitative results. This format of the explanatory sequential design was found to be in
accordance with theokition approach, and thus it was finalized as the research design within
each DBR cycle.

The findings from the first cycle were used to inform DBR cycle 2. The quantitative
study results helped conclude if students interacting with-BHRIAP develop mico-macro
thinking skills where as the qualitative studies helped identify the learning problems while
interacting with it. A second round of literature survey was carried out in order to address the
learning problems identified from cycle 1. Specific featucatered to each learning problem
were incorporated into the TEL environment of MBEMAP. In cycle 2, quantitative studies
followed by qualitative studies were carried out in order to confirm that the learning problems
have now been erased and thatdbsign template of MI€O-MAP can be used in order for
further module creation.

A local instructional theory was also formulated wherein the students initially being with
the establishment of a link between the micro and macro world using a combinaia-of
O-MAP features. Once they establish a link, it is strengthened and integrated using different
MIC-O-MAP feature combinations. This entire process gives rise to the three research themes
which will be followed in this work. The mapping of the themetg corresponding research
questions and studies have been depictedirBE3.

Theme 1:Learning of Micro-Macro Theme 2: Interaction of learner with Theme 3: Process of acquiring Micro-
Thinking using MIC-O-MAP MIC-O-MAP Macro Thinking

D RQ 2. a: What interaction paths D RQ 3: How does student
do students follow as they leamn interaction with MIC-O-MAP lead
with MIC-O-MAP? to development of micro-macro
thinking skills?

D RQ 1: Do students who interact
with MIC-O-MAP develop micro-
macro thinking abilities?

D RQ 2. b: What difficulties do
students face while interacting
with MIC-O-MAP for developing
micro-macro thinking?

D RQ 2 c¢: What was the effect of
the improvised design on students'
interaction with the various
features of the learning
environment?
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Study 1 (N =T73)
Method: Two-group Quasi
experimental research design.

captures

Study 3 (N = 10): Participants of this
study are a subset of study | which
satisfy the criterion of having
interacted with MIC-O-MAP as the
learning material and have achieved a
high score on the post test based on
micro-macro thinking.

Method: Qualitative study with screen
captures

] I
] 1
! DBR Cycle2 i

CHAPTER 5 CHAPTER 5 CHAPTER 7
Study 4 (N = 46) Study 5 (N = 10): Participants of Study 6 (N =12)
Method: Single group pre-post this study are a subset of study 4 Method: Qualitative study

holding semi structured
interviews and case studies.

which satisfy the criterion of having
interacted with MIC-O-MAP as the
learning material and have achieved
a high score on the post test based
on micro-macro thinking.

Method: Qualitative study with
screen captures

research design,
CHAPTER 6

Study T (N =89) (For 5 modules of
MIC-O-MAP)

Method: Single group pre-post
research design.

Study 8 (N =29)
Method: Repeated Measures Design

Figure 33: Mapping of the Research Questions & Studies to the Themes

In order to ensure that this design of MBEMAP is suitable and customized to student
learning neds, in Study 1, a twgroup quasi experimental research study has been carried out
wherein the only difference between the experimental group and the control group has been the
learning material given to them. It has been ensured that rest all paraanetegsiivalent for
the two groups, namely, their prior knowledge, random assignment of participants during the
study and content equivalence, which is carried out by providing the control group with reading
material which accounts for the prompts providedthe experimental group through the
scaffolding features such as assertion and reasoning questions with customized feedback.

While these students were interacting with the learning material provided to them, the
on-screen activity of the experimentgoup has been captured and analysed for two purposes:

1 To identify the navigation paths of students as they interact with®MAP (Study
2)
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1 To identify the challenges faced by students while interacting with-®HGAP (Study

3)

The second cycle of DBR was started with a literature review of the ways in which the
challenges identified from the first cycle can be erased. In order to ensure that students make a
genuine effort to develop this skill, the literature associated withated pedagogical agents
was surveyed and the positioning of the assertion and reasoning question was refined. After
redesigning the environment of VHG-MAP, in Study 4, a single group pp®st test study was
carried out to find if there exists a statisli difference in the preest and postest scores of
these students on a test which measures miercro thinking skills. In addition to this, in Study
5, qualitative analysis was undertaken for the screen capture recordings and was further
contrasted athcompared with the same analysis carried out in the first cycle. This was done to
test to what extent the challenges faced by students while interacting witONUEP have
been addressed. In Study 6, semi structured interviews were also conductedrntongeght
into the process of acquiring the miaracro thinking skill.

When there are no further difficulties faced by students while interacting with@41C
MAP, the design template of MIO-MAP was finalized and six modules on different topics
within the subject domain of electronics were developed and tested for generalizability in Study
7 and 8.

Apart from logistics issues, the resources needed for coding and developing the MIC
O-MAP learning environment were identified and arranged. The firdbtyyme of MIGO-

MAP was coded in flash, which further got revised into the coding language of Java but it was
found to be incompatible in the operating system of Linux and would not get captured in all
screen sizes. Finally, the learning environment of MIMAP was coded in HTML 5 with

flash embedded into it. Professional programmers as well as interns were recruited for the
process of coding the prototypes of MGEMAP. They were paid the necessary remuneration

for the same.

3.4 Ethical Considerations

The folowing issues were taken into consideration while finalizing the research methods and

data anajsis techniques:

1 Deciding constraints on the research: As the research studies involved participants from
basic scienceolleges, synchronizing research studigth the academic calendar was

crucial. The necessary formalities to be carried out for getting permission and consent
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from the concerned authorities for conducting research studies wekedhalt in
advance. Officiabermissions were obtained after qaeting the required formalities and
written documentation. Various issues related to actual conduction of studies wer
discussed with their teachers and principdliese issues involved: availability of
computer and other laboratory resources for comyistudies, number of participants

to be admitted for the study, adjustment of the academic load of the participants,
requirement of supporting stafStudents participating in this research study were
volunteers and were provided with participation tiegtes for attending the workshops
arranged.

1 Consideration of ethical issues: As the research studies involved human participants, the
detailed guidelines were prepared for ethical consideration [Cohen, Manion & Morrison,
2000]. These guidelines mainkydlude:

o Preparing procedures and documentation for taking informed consent from the
participants: Participants were given a consent form before every research study.
They were welinformed about the objective and procedure of the study. They
were offered clarifiation by the researches in case they had any queries. After
updating the participants with the full information, they were asked about their
decision to participate in the study. They were allowed to discontinue
participation from the study at any point tifne. All the participants were
assured that participation in the study would have no bearing on their grades and
academic performance.

o0 Maintaining anonymity and confidentiality of participants: Anonymity of all the
participants was maintained throughcand all the data was given strict
confidentiality.

o Permission for publication: The necessary permissions for publication were

sought from the participants.

3.5 Summary and Implications

By the end of this chapter, the overarching research methodology taries aaut
throughout this work has been finalized as Design Based Research. Within each DBR cycle the
explanatory sequential design of mixed methods research design will be undertaken wherein
initially a quantitative study will be carried out followed bygualitative study. Three research
themes will be followed, namely, learning of mieracro thinking using MIGO-MAP,
interaction of learner with MI€-MAP and process of acquiring miensacro Thinking.
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Based on this research methodology and themes wiaice been finalized, we first
discuss the design and structure of MEMAP within the first cycle of DBR in chapter 4

along with the studies related to each theme as explained in Fig. 3.3.
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Chapter 4

Design and Evaluation of MIGO-MAP - DBR Cycle 1

4.1 Introduction

This chapter discusses the first cycle of DBR wherein the design, development and
evaluation of the first prototype of MIO-MAP are detailed out. The pedagogical
underpinnings on which MKD-MAP is based is initially discussed, followed by an
explanation of the features and learning activities incorporated in-@AMAP. Studies
capturing insights related to the learning of mioracro thinking using MIE-MAP (Theme

1) and interaction of learner with MHO-MAP (Theme 2) are discussed.

4.2 Pedagogtcal underpinning for the design of MIC-O-MAP

Effective pedagogical methods and processes of inquiry learningregalfted
learning, scaffolding, question prompts and formative assessment and feedback are reviewed
in order to orient the design featuret the MIG-O-MAP TEL environment on a strong
pedagogical base.
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4.2.1 Inquiry Learning

Inquiry learning mimics authentic inquiry. Because they are closely related, they share
the following constitutive cognitive processes [Quintana et.al., 2004]: orientation
(identification of variables and relations); hypothesis generation (formulation of a statement or
a set of statements, perhaps as a model); experimentation (changing variable values, making
predictions, and interpreting outcomes); reaching conclusions envalidity of the
hypothesis); evaluation (reflection on the learning process and the acquired knowledge);
planning (outlining a schedule for the inquiry process); and monitoring (maintaining an
overview of the inquiry process and the developing knowlefd2e Jong, 2006].

In this learning environment of MKO-MAP, students go through an inquiry cycle in
the following phases: Observations (Simulation of the microscopic model allows students to
vary parameters by means of radio buttons, slider barslzs®ive corresponding outcomes in
the simulation), Prediction (Students are expected to predict a macroscopic graphical answer
based on their observations and provide a justification for the same which establishes a micro
macro link), Testing the predictiowith respect to real world outcomes (Students are provided
with a real world experimental outcome and are asked to judge whether their prediction is
correct), Revision of Prediction (In case the prediction does not match the experimental
outcome then stlents are provided with a series of assertion and reasoning questions with
customized feedback mediated by a pedagogical agent and given pointers towards more careful
observations or establishing a migr@acro link), Coherent Summarization (Students have
co-relate all representations of the micro world simulation, the macro world graphical outcome
and the experimental setup with readings through meters and are expected to write a coherent

summary.)

4.2.2 SeltRegulated Learning

SelfRegulated Learning (SRL¥ an active, constructive process whereby learners set
goals for their learning and then attempt to monitor, regulate, and control their cognition,
motivation, and behavior in the service of those goals [Winne, 2001; Zimmerman & Schunk,
2001; Winne & Hadiin, 1998]. SRL is guided and constrained both by personal characteristics
of the learner and by contextual features of the environment [Pintrich, 2000]. Thus, SRL models
offer a comprehensive framework to examine how students learn and how they adapt duri
learning process. Learning in any environment requires a learner to regulate his or her learning,

that is, to make decisions about what to learn, how to learn it, how much to learn, how much
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time to spend on it, how to access other instructional mkstehiaw to determine whether he
or she understands the material, when to abandon or modify plans and strategies, and when to
increase effort [Deci et.al., 1996].

Selfregulation means being able to degeknowledge andkills which can be transferred
from one learning context to another and from learning situations in which tbisnation has
been acquired to anotheiork context. Recent studies have either attempted to identify the
strategies learners use during learning with these environments [@réamel, 2000; Hill &
Hannafin, 1997] or to identify the effectiveness of embedded strategies in these environments
[McManus, 2000]Embedded SRL strategies examples incldeance organizers, navigation
maps, notagaking, and search tools [Eom & Reise@0R; Hartley, 2001; McManus, 2000;
Shapiro, 2000; Young, 19968RL updates seknowledge and perceptions about the task's
changing states, thereby creating information thatreeffilating learners can use to select,
adapt, and even generate tactics [Bu& Winne, 1995]. SRL entails sensitivity to tasks'
varying initial conditions and feedback generated by engaging with the task [Butler & Winne,
1995].

MIC-O-MAP is a semi open ended technology based learning environment wherein
students have the flexitty to decide which learning path should be adopted, also, at each stage
they have to make a choice with regards to the completion of the task, the extent to which they
have gained knowledge and how to proceed further. They are expected to judge their
dewelopment of the micronacro thinking skills by means of the tasks presented to them and
also are given the opportunity to restart the entire learning process if they figure need for the
same. Since there is no aspect of peer learning or mentoring bitattacihe context of self
regulated learning has been incorporated into this system. Students decide for themselves the
way in which the interaction process should proceed, with a subtle guidance provided to them

as part of instructions in case are ktatany stage during the learning process.
4.2.3 Types of Scaffolds

Scaffolding is a primary mechanism for relinquishing control of SRL to students as they
develop competence and mastery in a given context [Azevedo & Hadwin, 2005]. It is suggested
that scaffolding in Wekbased learning environments just like in traditional, faetace
learning environments should eventually result in-ssgulated learning and lead to more self
reliant students [Winnips, 2001; Clark & Kazind@@01]. Scaffolding aidgn selfmonitoring
which is defined as one's deliberate attention to an aspect of behavior that directs the learners'

efforts to the learning task and assists them in evaluating the outcomes of these effort [Dabbagh
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& Kitsantas, 2005]. Thus, scaffolds ateols, strategies, and guides used by human and
computer tutors, teachers, and animated pedagogical agents during learning to enable them to

develop understandings beyond their immediate grasp [Graesser et.al., 2005; Reiser, 2002].

Four types of scaffolds can be employed in the process of learning using hypermedia
[Azevedo et.al., 2004]. These include conceptual scaffolds i.e. hints and prompts that are
designed to provide guidance about what knowledge to consider during problamy pdixe
et.al., 1998], metacognitive scaffolds i.e. include human or nonhuman learning agents whose
roles may include helping students with specific {adited tasks [Azevedo et.al., 2004],
procedural scaffolds which assist students with learning howsgtoesources or how to perform
certain tasks [Azevedo et.al., 2004] and lastly, strategic scaffolds which make students aware
of different techniques for solving problems and expose students to the solution paths followed
by other peers or experts [Aze&le & Lajoie, 1998; Lajoie et.al., 1998; Lajoie et.al., 2001].
Four attributes associated with scaffolding include: diagnosis, calibrated support, fading, and
individualization [Azevedo & Hadwin, 2005]. The attributes of the scaffolds emphasized in the
studes range from adaptive scaffolding based ongoimg diagnosis, calibrated to the
individual learner which may include some degree of fading [Hadwin et.al., 2005] to having
the student engage in seliagnosis with no other form of individualized supportfading
[Choi et.al., 2005; Dabbagh & Kitsantas, 2005; Puntambekar et.al., 2007]. Scaffolding may

support a range of instructional targets including:

a. learning domain knowledge.{g, concepts, procedures, etc)

b. learning about one's own learning (e.g.tamegnition, selregulated learning)

c. learning about using the computssed learning environment (e.g., procedures,
embedded tools, functionalitgic)

d. learning how to adapt to a particular instructional context (e.g., engaging in adaptive
help-seeking lehavior, modifying contextual features to facilitate learning, etc.)
[Azevedo & Hadwin, 2005].

MIC-O-MAP has multiple scaffolds embedded into it which are presented to the learner as
and when required. Students indulge in a constant dialogue with a pedhgagent which
either gives instructions to proceed or conceptual scaffolds by means of question prompts and
customized feedback. At each stage if students wish to visit a certain area of the learning
environment, then it is allowed and they can chahgé tanswers. Students have to judge
whether they are proceeding in the right direction or they need help. If they are unable to
recollect prior knowledge, they can select the section which provides reading material to them
and ensures that the knowledgeeded for learning the given module is present, under the
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glossary section. Scaffolds which help them in navigating through the system, carefully think
and proceed in the learning task given to them and ponder over the feedback presented, follow

the feedbek diligently, is to be executed by the learner and part of their metacognitive process.
4.2.4 Question Prompts

Research has shown that question prompts can facilitate explanation construction [King,
1992; King, 1990; King & Rosenshine, 1993], planning, momtprand evaluation [Davis &
Linn, 2000] and making justifications [Lin et.al., 199Qpmpared with the rquestionprompt
conditions, the students who received question prompts engaged in the following cognitive and

meta cognitive activities:

a. makingintentional efforts to identify factors, information, and constraints during the
problemrepresentation process

b. organizing and planning for the solution process and articulating solutions explicitly

c. constructing arguments grounded in factors identifiednduproblem representation
and providing justification for each suggestion proposed

d. intentionally evaluating the selected solutions, comparing alternatives, and justifying

the most viable solution.

Qualitative results have shown that the question prohgatsan effect of directing student
attention to important information they might have overlooked, thus facilitating awareness of
what is known and not known. Without question prompts, the students seemed to have difficulty
representing the problem and degéng solutions. It was observed that the question prompts
also helped the students to state their reasons for their proposed solutions and make their
thinking visible. The justification prompts helped them to clarify, justify, and write down the
reasongfor their solutions that might not have been made explicit otherwise. Presumably,
prompting learners to articulate their thinking helps them become more aware of what they
know, which then makes their thinking available to them for reflection, monitauirgy,evision
[Scardamalia et.al., 1989]. The monitoring and evaluation prompts helped students think about

alternative solutions and their viability, an aspect often overlooked by novice problem solvers.

Findings suggest that instructional designers shawtdrporate specific embedded
scaffolds in hypermedia environments design
complex topics [Azevedo et.al., 2004]. For monitoring, the system could encourage a student
to engage in two specific monitoringtatties (i.e., feeling of knowing and judging their

learning) related to knowledge and monitoring progress toward goals. Stualent s e of e f
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strategiescould be scaffolded within a technology based environment by providing online
prompts, possiblfrom an embedded animated pedagogical agent [Mayer et.al., 2003].

Assertion and Reasoning Questions are included into the®AMAP environment which
help the students in either locating the area of the simulation of the micro world which needs
more carail observations or aids in establishing the migracro link between the micro world
simulation and the macro world graphical outcome. There is customized feedback given to them
which can be viewed based on the choice of the learner. This entire actlpstine learner to
either establish or strengthen the miamacro link, which is the crux of the mieroacro skill
development process.

4.2.5 Methods of Feedback and Assessment

A large body of research in the area of formative assessment and feedback suggest
creation and administration of online objective tests and quizzes that can be used by students to
assess their understanding of a topic or area of study [Nicol et.al., A0@B¢ is a role for
online objective tests in the development of-setfulation. Research shows that students find
such tests useful as a way of checking their level of understanding and that they will often make
repeated attempts at such tests in otdeenhance their knowledge and skill acquisition.
Another format for online assessment involves students interacting with a simulation (e.g. of
an engineering or business process). This can be a more effective formasssesment in

that it aligns morelosely than objective tests with the notion of selfjulation.

Effective feedback is described as information about how a person performs in the light
of what was attemptedi nt ent versus effect, actual vers
2001]. In a simulation, the student gets direct, immediate and dynamic feedback about the
effects of their actions [Thomas & Milligan, 2004]. Feedback within simulations is also likely
to be clearer to the performer and its links to specific targets and stamdare transparent.

Good quality external feedback is information that helps students trslibt¢ their own
performance and setforrect; that is it helps the students take action to reduce the discrepancy
between their intentions and the resulting éff¢Nlicol et.al., 2006]. In higher education, most
students have little opportunity to use directly the feedback they receive to close the gap and
make performance improvements especially in the case of planned assignments. Invariably they
move on to the ext assessment task soon after feedback is received. While not all work can be
re-submitted, many writers argue thats@bmissions should play a more prominent role in

learning [Boud, 2000]

43



Customized feedback in provided throughout the MIMAP environnent which accelerates

the learning process. Students are encouraged to take more efforts and think explicitly about
the reasoning behind their decisions while interacting with-KM®IAP. The aim of this action

if to make students inquisitive to learn mared help them develop the miemwacro thinking

skill

4.2.6 Implications on the MIC-O-MAP Design

The last few sub sections discuss the theories which form the pedagogical basis of MIC
O-MAP. We now synthesize recommendations from these theories and presehehare

applied to the design of MKO-MAP. Table 4.1extracts out a feature on the basis of the

pedagogical theories surveyed.

Table 4.1: MICO-MAP features based on Pedagogical Underpinnings

Theoretical | Recommendation from theory Why is this theory useful | Feature/Process in the
Base for developing the | environment
environment?

Inquiry Involve students in cycles d The development of thq Simulation of the microscopic worlc

Learning orientation, hypothesis generatio, observepredicttestrevise | Allows to make observation
experimentation &  reaching skills maps to the inquiry prediction Questions an
conclusions, evaluation, plannir| learning cycle. Justification Box: Allows to make i
& monitoring [De Jong, 2006]. prediction in the macroscopic wor

& justify it on the basis of a micro
macro link.

Real World Answer: Allows to tes
the macroscopic prediction againsi
real world answer.

Assertion & Reasoning Questior
with customized feedback: Provide
prompts towards key areas whe
more observations nedgd be made
or hints towards establishing a mier
macro link.

Self learners set goals & regulate, a| We want students to ftect | Assertion & Reasoning Questior

Regulated control their cognition in service d and decide their actions with customized feedback: Provide

Learning those goals [Winne, 2001 prompts towards key areas whe
Zimmerman & Schunk, 2001 more observations need to be mg
Winne & Hadwin, 1998]. or hints towards establishing a mier

Question conceptual scaffolds i.e. questi{ Students  should  gg Macro link.

Prompts prompts [Azevedo.et.al., 2004],| feedback on their action Pedagogical Agent: provide
exposure to different solutio| and  pointers  toward{ instructions ad feedback via ¢
paths, navigation throug| making careful observation dialogue with the learner
dialogues and reasoning or establishing a micro| Note Taking: Allows text entry fol

Feedback &| formative assessment at each st; Macro link capturing key points

Assessment | & direct, immediate and dynami Multiple Representation: Fo
feedback about the effects of the summarization and a Comp|e
actions [Nicol understanding of the topic.

20086].
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4.3 Overview of MIC-O-MAP

As discussed in Chapter 2, miamacro thinking constitutes a set of skills and-skiis
in which students learn to make observations in the micro world, make predictions in the macro
world based on these observations, test predictions with respect to experimental results, and
revise predictions if necessary.

The micremacro thinking skllconstitutes a set of skills and subskills in which initially
students should be able to first accurately describe what is observed at a microscopic level.
Based on these observations, they should be able to devise an explanation for an observed
pattern.In the prediction phase, students should be able to state what might happen to the state
of a system if a certain parameter was varied on the basis of an appropriate principles/theory
and predict a macroscopic outcome based on the explanation for theatibasr

In the testing phase, students should be able to analyze if the predicted answer tallies
with the experimental outcome after performing the experiment. They should be able to decide
whether the prediction and the outcome agree/disagree. In ie®nephase, students should
be able to alter the explanation based on which the prediction was made and justify the changes
being made. They should be able to revise the explanation when necessary.

MIC-O-MAP features include a simulation of thmicroscopic world, prediction
guestions which allow the student to predict a macroscopic outcome, a justification box wherein
the student can justify their prediction based on a mmaaoro link, a real world answer for
testing their prediction and assertiand reasoning questions which help students identify key
areas and make more careful observations or inference based questions which help strengthen
a micremacro link. There exists customized feedback which is communicated to the students
through a peadgogical agent in the form of a dialogue. Dynamically linked multiple
representations have also been included in order to summarize their understanding of the topic.
Features such as note taking, path tracing and answer retention have also been irccorporate
order to smoothen this entire process of interacting with-RHRIAP. MIC-O-MAP features
have been carefully included in order help students reach each of the three stages depicted in
Fig. 4.1.
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STAGE |: Establish micro-macra link

Featuresin MIC-O-MAP Simultaneous
display

1. Askuser tointeract with simulation with the
help of variable manipulation, text entry and A1 Simulation of the microscopic model
mieter readings.

2. Observe on screen visuals and text carefully.

STAGE II: Strengthen micro-macro link

1. Useris given a macroscopic situation & (s asked
to predict the outcome based on observations.

2. Usersare asked toexplain their reasoning fo
making the prediction.

3. Userls provided with questions prompts whi
help in identifying which aspects of the
micrascopic model to view maore carefully

4, Useris provided with experimental resultsand
areasked to judge if their prediction is cofrec

5. [a)If ‘Correct Answer’ go to Stage Il els lﬁ\
stagel.

Prediction Questions

Voo T——_]

Justification Box

| Conceptual reasoning scaffolds

\ Experimental Results for comparison
& Judgment

prompts along with customized feed
toimprove thelr reasoning.

~ Assertion & Reasoning Questions

STAGE lll: Integrate micre-macra link

1. Usersare asked to summarize their own \
understanding by co-relating the microscopic €
phenomenon to its macroscopic graphical Summary.
outcome.

Multiple Representations for

Pedagogical Agent: Provides customized feedback in the formof a
dialogue at each stage.

Figure 4.1: MICO-MAP Features Linked to Learning Stages

1 Establishing micremacro link micro-macro link is established when students are asked
to make careful observations in a given simulation of the microscopic model (often
consisting of invisible particles) and then use it to predict the macroscopic ostobme
the given physical phenomenon (usually tangible and visible). Animations and
simulations have tremendous potential to provide visual representations of dynamic
phenomena that involve change over time, and the power to make the invisible visible
[Rutten et.al., 2012]. This helps students understand the mechanism underlying a
phenomenon and can lead to the refinement of the conceptual understanding of the
phenomenon [Windschitl & Andre, 1998; De Jong & Van Joolingen, 1998].

i Strengthening micronacro link micro-macro link is strengthened when students are
unable to make a prediction or are falling short in establishing this fmaooo link,

and we provide them with a series of assertion and reasoning questions which aid in
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improving their understandingnd sense making of the physical phenomenon being
observed. There exists a guided enquiry through a pedagogical agent beginning with the
justification and reasoning given by the student behind a choice of prediction. This aids
in strengthening the micmmaao link. There onwards they are asked multiple
scaffolding questions along with customized feedback which either provides them with
prompts for areas of the microscopic model which need more careful observations or
aid them stregthening this link betweehet microscopic phenomenon and the
macroscopic outcomes presented to them. Scaffolding components of differerit types
structural, reflective and subjectatter are required to improve learning outcomes
[Fund, 2007]. Formative assessment in the form ofarahtimely feedback, along with

the opportunity to revise responses, has been shown to support the development of
learner seir egul at i on [ Ni col & Macfarl ane Di
environments, research has shown that question prompts dhiatéaexplanation
construction [Bereiter & Bird, 1985], monitoring and evaluation [Davis, 2000] and
making justifications [Lin & Lehman, 1999]. At all times, an option is always there for
them to take notes and save them. As students learn a topibatreegn inherent habit

of writing down notes in their own language which they will be able to recollect at a
later stage. By providing the option to take notes they can keep a tab of important points
to be noted and need not put a load on their memory.

71 Integrating micremacro link There exists and integration of the mienacro link

when students summarize their complete understanding using multiple representations
of the microscopic model, the macroscopic experimental evidence in the form of meter
readirgs and a graphical outcome. This aids in integrating the meawo link.
Prompting learners to articulate their thinking helps them become more aware of what
they know, which then makes their thinking available to them for reflection, monitoring,
and revsion [Scardamalia et.al., 1989]

The local instructional theory [Cobb et al., 2003], i.e description of a learning route based
on a rationale for this learning environment is elaborated in terms of three stepping stones:
namely, establishment of a miensacro link, strengthening of the miemacro link and
integration of the micranacro link. The mapping of the MIO-MAP features to these learning

stages has been depicted in Fig. .4.2
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micre-macro link

Sytem Feature:Animation
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of microscopic model
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Able to predict v Unable to predict Conceptual
Scaffolds
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micro-macro link Prediction Questions Pointers to observe
Student action: ™ key areas/aspects
Sytem Featura: Fredict a macroscopic of microscopic
— ] Justification Box outcome based on model,
Student action: observations in the
Justify prediction based microscopic world.
an observations made in
the microscopic world. followed by System Feature: Note Taking

Student Action: Write down

Reasoning Incorrect their own notes during

interaction.

System Feature:
Experimental results for comparison &
judgment
Student Action: Test prediction
against
real world outcome

Doesn't Match Malches

—
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Student action: Follow pointers for assumptions needed for this
observations & reasoning phenomenon (o exist

Figure 4.2. Overview of MIED-MAP TEL environment
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4.4 Crucial Featuresof MIC -O-MAP TEL Environment

The detailed features of M¥O-MAP which aid in developing micrmacro thirking skills are
depicted in Fig. 4.3.

The micro world represents the microscopic model of the PN junction inside the diode. The
force arrows depict the force due to the external battery and the force due to the barrier
potential respectively. The diode is connected to a resistor and a battery whose voltage can be
varied. Interact with the micro world and predict the current versus voltage graph.

Micro World: Macro World:

PN Junction Current VIS Voltage Graph

00000
|00 0% o

Take Notes here

@ & Your answer for current versus voltage graph is shown. Explain why you chose this graph based

§

on the observations you have made in the micro world.

Micro World: Macro World:

PN Junction Your Answer

Take Notes here

49



g é&| Interact with the micro world and predict the macro world IV graph based on your observations.

Micro World: Macro World:
PN Junction Help To Predict Graph

Which of the following most closely matches what you
observed in the microscopic model of the PN junction:

1. As the voltage is increased, the electron flow increases

gradually and varies linearly with the voltage and that it has

no dependence on the depletion layer.

2. Initially there is no electron flow across the junction due

to the presence of the depletion layer and that once this

barrier is overcome, there is a larger flow of electrons fora

small increase in the applied voltage.

E. Initially the electron flow goes on increasing then reaches
'a maximum and later goes on reducing and that this is on

account of the depletion layer.

[T 4.Initially the electron flow goes on increasing then

saturates after reaching a maximum.

[T 5.None of the above.

& Does your answer for current versus voltage graph match the experimental graph obtained from
laboratory?

Micro World: Macro World:

PN Junction

Your Answer

Experimental Graph from laborato

Take Notes here

Figure 4.3: Screen shot of key MIG-MAP features

Top to Bottom Simulation of microscopic model along wiiediction questions, Justification
Box, Conceptual Scaffolds/Assertion and reasoning questions with customized feedback
Experimental Results for comparison and judgm&sdagogical Agent and Note taking

present in each screen window.
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a) Simulation of thévlicroscopic Model
Students are provided with the microscopic model of a phenomenon and are asked to interact
with it with the help of variable manipulation, text entry and meter readings as shown in Fig.
4.4. This feature encourages students to explorard@cict, handle parameters and observe
their results. Features such as isolation and manipulation of parameters helps students to
develop an understanding of the relationships between physical concepts, variables and
phenomena [Rutten, van Joolingen &vder Veen, 2012].
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Figure 4.4: Simulation of the Microscopic Model
b) Prediction questions
Students are given a macroscopic situation and are asked to use the microscopic model in order
to predict what might be the outcome of this situaiershown in Fig4.5. Learning material
should provide opportunity for predicting the outcome of a situation/experiment [Wilkening &
Sodian, 2005].
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The micro world represents the microscopic model of the PN junction inside the diode. The
force arrows depict the force due to the external battery and the force due to the barrier
potential respectively. The diode is connected to a resistor and a battery whose voltage can be
varied. Interact with the micro world and predict the current versus voltage graph.

Micro World: Macro World:

PN Junction Current VIS Voltage Graph

Take Notes here

Figure 4.5: Prediction Questions
c) Justification box

When students predict the outcome, they are asked to write explaoati@rhich their
prediction is based, to give them the opportunity to reason and adapt a known model to the

specifications of the given problem [Wells et.al., 1995]. This is shown in Fig. 4.6.

g é&| Your answer for current versus voltage graph is shown. Explain why you chose this graph based
on the observations you have made in the micro world.

Micro World: Macro World:

PN Junction Your Answer

Take Notes here

Figure 4.6: Justification Box
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d) Experiment results for comparisé@njudgment

To test their prediction, students are provided with the experimental outcome of the situation
and are asked to decide if their prediction is correct as shown in Fig. 4.7. This is important
because students should be able to analyzeuitemes of an experiment and be able to justify

their conclusions.

Does your answer for current versus voltage graph match the experimental graph obtained from
laboratory?

Micro World: Macro World:

PN Junction

Your Answer

@

Experimental Graph from laboratory
1}
Ne_Guide Me

Figure 4.7: Experiment results for comparison & judgment

e) Assertion & Reasoninguestions with customized feedback

During the revise phase, depending upon their prediction, studentewaited with a series of
multiple-choice questions along with customized feedtackhown in Fig. 4.8This activity
begins with showing the student their own prediction and justification. They are then asked
guestions related to possible observatitvey made in the microscopic simulation that might

have led them to answer in that manner. For example, if the student choice is a graph in which

current varies I|linearly with voltage, they
flow initially? 6, 6 Di d the current increase only wh
voltage?6 | f their answers are not consi st

feedback which helps them identify what was missed in their observations. Ehagkad
interact with the simulation again and to note that particular aspect in the simulation. This is a
very crucial feature and is based on designing instruction using building blocks such as hints,
scaf f eclodhsf,u séidf6 and s umnah 199% Ravis, 0A0].[ Wi el i nga
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? &-| This is incorrect. You need to make careful observations and answer the rest of the questions.
Go back and vary voltage and observe what happens in the microscopic model of the PN
junction

Micro World: Macro World:
PN Junction Help To Predict Graph

1. There is a low electron flow initially.

2. There is a varying rise in the number of electrons when
you vary the externally applied voltage.

=

Figure 4.8: Assertion & Reasoning questions with customized feedback

f) Multiple representations of microscopic picture, macroscopic experiment and graph.

In order to summarize the activities in Ml@G-MAP, students are shown tkeorking of the
microscopic model of the PN junction, the experimental set up with meter reading is needed in
understanding the underlying concepts, relations and processes [Kozma et.al., 1997]. This is

depicted in Fig. 4.9.
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let us surnmarize the working of a PN junction by relating the microscopic model to the IV
characteristics of the PN junction.

@ é-| That's Good! You have correctly predicted the |-V characteristics of a PN junction diode. Now ‘

Zoom In!

Change the battery voltage, observe the microscopic model and IV characteristics of a PN junction and briefly
summarize the working of a PN junction

Figure 4.9: Multiple represeations of microscopic picture, macroscopic experiment and
graph.

45 Research Method

Within mixed methods research design, the explanatory sequential design is followed
here where in quantitative data collection and analysis are followed up with qualiatae
collection and analysis, leading to an interpretation of the data. The first study is a quantitative
study which helps find if students who interact with MDBEMAP develop skills. This was done
by undertaking a twgroup quasi experimental researchsiga. The second study is a
qualitative study which follows the quantitative study. Within the second and third study, the
on screen activity is recorded and analysed by means of the screen captures of the students

belonging to the experimental group.
4.5.1 Resarch Questions

Under Theme 1 whi ch a emheroetlangimgdising MI€aM AnRi 6n,g tohfe
first study (Study 1) consisted of a gooup quasi experimental research design, and was used

to answer the following research question:

RQ1: Did studets who worked with the environment develop mianacro thinking skills?

After the first study the goal was to investigate the path adopted by students while learning with
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MIC-O-MA P 2: 01 ntOewAPdt. |
the following research questions were investigated in Study 2: RQ 2a: What interaction paths
do students follow as they learn with MIG-MAP? and RQ 2b: What difficulties do students

under Theme o' afdldlr eeassrsry

face while interacting with MIED-MAP for developing micremacro thinkng?

4.5.2 Materials

Two sets of learning materials in the same topic were developed for StudyCl-O-
MAP modules in the topic of PN junction, and a conceptual visualization in the same topic. The
experimental group learned from MIG-MAP while the control gyup learned from the
conceptual visualization. Features needed for developing +smanso thinking skills
(discussed in Sections 4424) are present in MKO-MAP whereas the conceptual
visualization focuses mostly on the domain understanding and explaocétihe given topic.
The conceptual visualization contained multiple representations of microscopic phenomenon,
macroscopic experiment and graph, as its key feature along with a theoretical summary and
definitions. However, the conceptual visualizatdwes not contain the scaffolds and question
prompts present in MKD-MAP. Table 4.2 provides a comparison between the features

incorporated in the MIE€D-MAP design and the design of the conceptual visualization.

Table 4.2.Comparison of features MIC-O-MAP (experimental group learning material)
andconceptual visualizatiofcontrol group learning material)

MIC -O-MAP features Conceptual Visualization features
Theoretical Feature present in Type of feature Is this exact feature Is there an equivalent
basis MIC-O-MAP present in conceptual | feature?
visualization?
Inquiry Experimental Setup Simulation of No Yes-the simulation is @
Learning allowing variable microscopic model. part of t hi
manipulation (in this representations of
case, variation of microscopic
voltage is allowed) phenomenon,
along with an macroscopic
animation explaining experi ment
what happenat the
microscopic level of
the PN junction
Inquiry MCQ asking student tg Prediction Questions | No Not present
Learning predict thel-V
characteristic curve of
the diode.
SelfRegulated | Answer space where | Justification Box No Not present
learning & student has to mention
Inquiry the justification behind
Learning the prediction.
SelfRegulated | Real world answer for | Experimental Results | No Not present
leaming, comparison with for comparison and
Inquiry prediction judgement
Learning &
Scaffolding
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separate assessment i
question and answer
format, instead, it is
embedded into
different features such
as Conceptual
scaffolds, assertion an
reasoning questions
and prediction

questions.

Scaffolding, A series of MCQs Assertion and No Not present
Question depending upon their | reasoning based
Prompts, prediction and the questions with
Formative justification along with | customized feedback
Assessment & | customized feedback
Feedback
Scaffolding MCQ for assumptions | Assumptions No Not present
accounted for while
making prediction and
immediate feedback fo
the same.
Scaffolding Simultaneous Multiple Yes Same featurpresent
representations of the | representations of
experiment, microscopic
microscopic picture as| phenomenon,
well as the graphical | macroscopic
representation. experiment and graph.
Scaffolding Definitions of technical| Glossary Yes Same feature present
terms. For example: 'n
type semiconductor' ' p
type semiconductor’
'doping’
Are these features Is there an equivalent | Features prest only in conceptual simulation
present in MICO- or similar feature?
MAP?
Scaffolding Yes It is present as part of | Summary Theoretical Summary
OMul tiple
representations of
microscopic
phenomenon,
macroscopic
experi ment
Formative Yes It is present throughou| Separate assessment | Questionnaire
Assessment & the learning questionnaie
Feedback environment but not ag

4.6 Study 1- Two Group Quasi Experimental Research Design

4.6.1 Results of the pilot study

Before the main study, a pilot study was conducted to test the validity and usability of
the learning materials in TEL environment and the validity of the-fes$t During the pilot
study, the learning materials, followed by the pest were administedeto a sample of

students equivalent to those in the main study. Three students from first year science and
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engineering course worked with the learning environment for 45 minutes. They were given no
additional information, but their clarification questsowere noted. Then they worked on the
posttest and the average time required was noted. Finally, students were asked about their
perceptions on the learning environment. Results of the pilot study showed that students did not
have conceptual difficulty werstanding the material or the ptestt questions. Clarifications
asked related to the pestst were used to refine the wording of the questions to remove
ambiguity. The time required for the pdest was used as a benchmark for the-festttime

interval for the main study. A key point mentioned by students was that they could reason better
using the learning environment since they were guided by the prompts to think about what was

happening in the microscopic model in the simulation.

4.6.2 Participants

Students from the 1st year undergraduate science and engineering programs from
various colleges under Mumbai University, India, were chosen as the sample. Formal
invitations were sent to the departments of 12 colleges and students were asked to formally
regider with us for the study. The topic being learnt using the learning environmentMas P
Junctions from the subject of physics. This topic is traditionally taught in the second year of
Engineering program. We chose 1st year students since we wanted sstiodeatve prior
knowledge of XII standard science, but we wanted them learn the topic for the first time using
the learning environment.

All these students had learned the domain knowledge present in the TEL environment
in their college classe3.0 check 1 the experimental and control groups were equivalent in
terms of prior knowledge, we compared their Xll standard examination scores for the subject
of physics. We performed an independent samgiestand found that there was no statistically
significart difference between the groups at p<0.05 level (t=0.412, p=0.685). This indicated
that the overall achievement level of the students was equivalent in terms of their prior
knowledge in the chosen domain, Physics, (same as that of the TEL enviromment)

traditional exam. Thus, the overall achievement level of the two groups was equivalent.
4.6.3 Procedure

A quasi experimental research design was adopted. The students (N=73) who arrived at
the experiment venue were assigned to two groups by randomized asgig@raup 1
(Experimental group) contained 37 students while Group 2 (control group) contained 36
students. Students in the experimental group were given theOMWIAP TEL environment as

the learning material. Students in the control group were givenoiieeptual visualizadn
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which contained the same animation of the microscopic phenomenon as-+0-MIKP, but
did not contain the scaffolds and prompts such as justification box for prediction reasoning or
assertion questions and feedback. The controlpgstudents, in addition, were given-p&ge
write-up containing a description of the macroscopic experiment and its microscopic
explanation.This write-up is given in Appendix CThis was done to ensure that the information
contained in both the learnimgaterials was equivalent.

A total time period of 1 hour was allotted to the students for learning the topic. At the
end of the hour, a new physical phenomenon was presented to the student by means of a
simulation depicting its microscopic explanationudnts were asked to interact with a
simulation depicting the working of a PN junction diode in reverse biased conditions. Earlier,
while interacting with the TEL environment, PN junctions in forward biased condition was
chosen as the topic. Hence, the noscopic model of the same material (PN junction) was
altered on account of its biasing conditions and students had to make sense of the altered
microscopic model and predict its macroscopic experimental outcome. Students were asked to
answer postest qustions related to the new phenomenon. Tipesttestquestions tested the
st ude nt-madro thinking gkills of making the prediction, testing the prediction by

comparing with given experimental results, and regghe prediction if necessary.

4.6.4 Data Sources and Instruments

I n order to answer RQ1 r el amaedihinkingslkslls, u d e n
we administered a pestst which contained open ended questions that mapped to each micro
macro thinking sub skill. These questions were gieeh $ubject matter experts to test content
and construct validity. Examples of pdste st questi ons ar e: 6Gi ven
setup for which you have observed the microscopic model of the material. Now, use that
microscopic model to predictsitcurremvoltage (}V) characteristics as the voltage is
increased. 6 Or <GChHanmacerstice wherothis egperiment ihperfoimed in a
lab. Is the graph drawn by you same as this? List all the differences betweeiV the |
characteristicsdawn by you and the onelbisioast shawnimd i n
Appendix B.1

To evaluate the answers of the students to thetpsstjuestions, scientific abilities
rubrics [Etkina et.al., 2006] were used. These rubrics are designed toicsfigcdssess
prediction and testing skills, and have been validated in several experiments. There are four
rubric items corresponding to each sub skill of making an observation, devising an explanation

for an observed pattern, predicting an outcome basethe explanation and testing the
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prediction against experimental evidence. All of these are listed in Appgendisample rubric

item for related to prediction ability is shownTable 4.3elow:

Table 4.3. Sample rubric item

Subability Score O: Scorel Score 2: Score 3: Adequate
Missing Inadequate Needs improvement
Is able to make § No attempt is| The prediction| A prediction is made that A predictionis made tha
reasonable made to make § made does no| follows from the explanatior follows from the
prediction based ol prediction. follow from the | but may contain minor error| explanation ano
an explanation explanation. or does not incorporat| incorporates
assumptions. assumptions.

4.6.5 Data Analysis

An inter-rater reliability analysis was performed to determine consistency among raters
who would be graded thgosttess

and

t he
MannWhitney Utest was used to determine statistical significance in the eliifes in the

Cohen

60s Kappa

st at

posttest scores on predictigastingrevision skills. This test is used to compare differences

between two independent groups when the dependent variable is ordinal and not normally

distributed. The test ranks the sample values from bosho$etata. The interater reliability

for the raters was calculated using the statstic

Co hen@sO0.88%ppr9.600).This

indicates that there was a very high agreement between the rubric scores allotted by the two

raters.

4.6.6 Results

Table 4.4s h o ws

micro-macro thinking skills of describing observations, devising exgilans for an observed

t he

me an

r u b r i-tessperorcnanceeralated tb

st

pattern make predictions based on explanations, deciding whether the predictioheand t

experimental outcome agree and revising the explanation when necéabdeyt.5shows the

Man Whitney Utest results.

Table 4.4 Posttest scores aéxperimental and control groups

Students should be able to:

Expeimental Group
Mean Rubric Score
N=37

Control Group Mean
Rubric Score
N=36

Describe observations without explanations

M =1.97, SD= 0.644

M =1.77, SD=0.637

Devise an explanation for an observed pattern

M=1.62 SD=0.758

M =0.83 SD=0.845

Make prediction based on explanation 1.62(0.794) 1.19(0.524)
Decide whether the prediction and the experimental outcome ¢ 2.27(1.017) 1.83(0.810)
Revise the explanation when necessary 0.64(0.856) 0.22(0.590)
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Table 4.5. ManfWhitney U-test Scores

Students should be able to: U value p value
Describe observations without explanations 562.00 0.195
Devise an explanation for an observed pattern 342.50 0.000
Make prediction based on explanation 437.00 0.003
Decide whether the prediction and the experimental outcome agree 455.00 0.014
Revise the explanation when necessary 475.50 0.008

The results show that the experimental group showed a statistically significant difference at
p=0.05 level in their improvement in theikills of makingpredictions, testing them and then
revising themas compared to the control grodjnere is no statistical significant difference for

the sub skill of making observations without explanations.

4.6.7 Discussion of Study 1

Based on the results from section 4.6.6, it is found that-@HRAP is useful in
developirg most skills of micremacro thinking. For the sedkill of describing observations,
the existing simulations which are present in the Conceptual Visualization learning material are
sufficient. For the skills of devising an explanation for an observee@rpatpredicting an
outcome based on this explanation, testing the prediction against an experimental outcome and
revising the explanation when required, the experimental group which learned wit®MIC
MAP had statistically significantly higher scores thia@ control group. From this we infer that
MIC-O-MAP features and learning activities were responsible for student learning of most
micro-macro thinking skills.

The next step is to track the learning path followed by the experimental group students
as theywork with MIC-O-MAP. MIC-O-MAP is a semi opemnded environment, i.e.
instructions are provided to the learner but there exists a flexibility of following any alternate
path other than that which is suggested. We would like to check if students arénipltbes
feedback given to them and its effect on their learning. So also, if students undertake a particular
path, then is it same for all leaners or is it similar to certain group types? The following study
is a qualitative study with the experimental ponvherein their onscreen activity is recorded
and analysed to mark their learning path and examine if they face any problems while
navigating/learning with MIGO-MAP.
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4.7 Study 2 and Study 3i Screen Capture Analysis
4.7.1 Interaction Analysis

The onscreen activitypf each student was recorded and later analyzed using the
methodology of interaction analysis. Interaction Analysis has been used to analyze video
records for many different purposes and on a large variety of topics [Henderson & Jordan,
1995]. The screerecordings of each student were first transcribed. The entire screen activity
was analyzed in accordance with the steps included in interaction analysis methodology. The
structure of events provides the chronological time [Henderson & Jordan, 1995jrahdes
analysts with a standardized time line for the activities they observe on tapes from a variety of
perspectives, namely the total time spent by each student, the time spent on each activity,
percentage of time spent on each activity, sequencédivitias, responses given by high and
low scorers to the feedback, etc. The time log also gives an insight into beginnings and endings.
We always want to observe the starting up and winding down process because significant
interactions tend to happen dtese junctures [Henderson & Jordan, 1995]. Segmentation
speaks about events of any duration which are always segmented in some way. They have an
internal structure that is recognized and maintained by participants [Henderson & Jordan,
1995]. We took notesf the ways in which students tried to interact with these features of the
TEL environment. Initially, we allocated codes for each line that was transcribed. Later revised
these codes and related them to each other in order to establish a behaviofqrattedent
who had high scores in the pdsst (High Scorers) as opposed to those students who had low
scores in the pogest (Low Scorers). Using this we were able to establish a behavior pattern
for student who had high scores (High Scorers) assgupt those students who had low scores
(Low Scorers).

Constructivist theories of | earning cons
be considered when developing teaching and learning programmes. Events that surprise create
conditions where students may be ready to stegkanining their persohéheories. As far as
students are concerned, unless students are asked to predict first what will happen, they may
not observe carefully. Writing down their prediction motivates them to want to know the
answer. Asking students to explain the reasons&r predictions gives the teacher indications
of their theories. This can be useful for uncovering misconceptions or developing
understandings they have. It can provide information for making decisions about the subsequent
learning.Fig. 4.10is a conceptnap which incorporates the various features of MIMAP
and also provides indications for the possible paths students can undertake while interacting
with the learning environment.
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o
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in the working of a PN junction
J

Figure 4.0: Features & interaction paths in MIG-MAP

4.7.2 Participants and Procedure

For Study 2:A total time period of 1 hour was allotted to the students for learning the
topic. The topic being learnt using the learning environment wadgihctions (forward biased)
from the subject of physics. The students were asked torexple learning environmerIC-

O-MAP, and try to attempt every task in it. Once a student completed interacting witMIC

MAP, he/she was asked to raise their hand and the screen capture was stopped and saved. This
screen capture video was later repldytranscribed and coded in order to examine the
interactionpath adopted by each student and the logic behind each choice made by them while
working with MIC-O-MAP. This was an important analysis as it would bring insight into the
interaction path adopddoy students while developing micraacro thinking skills. As students
interacted with the MIEO-MAP TEL Environment, they on screen activity was being captured

by means of a recording software described in section 4.7.3.

For Study 3:In order to get andea of the various student behaviours, purposive
sampling was conducted within the participants in the experimental group of Study 1, to obtain
12 participants who scored high on the TEL environmenttgsstthat is, those who developed
micro-macro thinkng, and 12 participants who scored low on the TEL environmenit@sist
that is, those who did not develop mienacro thinking. The rubric scores were used to identify
high and | ow scorers: studentscionreupbéind gt op
students at the bottonmsctohrierrds dwe rTeh & aebretlil reed
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these students was analysed for the action performed by them on screen and the logic of thought

behind the same.

4.7.3 Data Sources and Data Analysis

For Study 2:While students studied the material, their screen activities were captured
by My Screen Recorder software, screeoording software. Post the study, all these screen
capturers were analyzed and later coded in accordance with the interactiom giagerved.

This is known as Clickstream Analysis i.e. analyzing the record of screens or pages that user
clicks on and sees, as they use a site or software product [Taniguchi, 2009]. Students were
classified as high and low scorers on the basis ofshenes in the mickmacro thinking based
posttestand later we tried to identify a common interaction pattern for high and low scorers
respectively. The recordings range from 29 to 32 minutes, which reflects the time spent with
by the student with the TE€nvironment.

For Study 3:The screen recordings of each student were first transcribed. As explained
in section 4.7.2, screen capture logs of high scoring students (N= 10) from the experimental
group were chosen for the analysis as these students histitsiat higher scores on the miero
macro thinking based pegtst. We wanted to investigate the manner in which they interact
with the learning material and how the learning process takes place. The transcripts were
segmented by activities in the leampimaterial. The entire screen activity was analysed from a
variety of perspectives, namely the total time spent by each student, the time spent on each
activity, percentage of time spent on each activity, sequence of activities, responses given by
high andlow scorers to the feedback, etc. An example of a time log is given in Table 4.5 and

that of a transcript is shown in Table 4.6.

Table 4.5: Time Log example

Start time| ENd time| Content in the learning material Studentds act
(min) (min)

0.00 0.24 Learning Objectives Read

0.24 6.40 Simulation of the microscopic modBladio buttons to vary Vary radio button for voltage

voltage and view animation along with on screen text

6.40 7.19 Circuit diagram along with four options of graphical outcon| Selects one of the options ai
clicks on SUBMIT
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Table 4.6: Transcript example

Student 1

Student reads Prediction question (cursor movement). In this attemp
chooses wrong choice for prediction and does not write a justificg
Studentgoes back to simulation and interacts with it. She comes ba
Prediction Question, chooses the same graph and attempts the justifig
She does not write anything initially (cursor keeps blinking in justifical
box and no text written). After sontene she writes a justification for th
chosen graph. Chosen graph is incorrect but reason is partially correq
goes back and interacts with the simulation and attempts the justifig
again

Code

Make informed choice in multiple choic
question inprediction activity.

Basis for justificatiorreason micro to
macro link

We took notes of the ways in which students tried to interact with these features-&f-MIC
MAP. Initially, we allocated codes for each line that was transcribed. Later revised these codes

and related them to each other in orteestablish a behavior path for High scorers as well

as Low ScorerslTable 47 shows the coding scheme applied in our study.

Table 47: CODING SCHEME

Activity / feature in interactive
visualization

Student sd behavior pa

Code

Home page learning objective

Read on screen text

Read learning Objectives

Simulation  of

model

microscopiq

Vary parameters and make careful observation
its effect in simulation

Interact with Simulation

Prediction Questions

Observe the experimental set up, view zoome
imageto co relate it to animation, and choose ¢
graph.

Make informed choice in multiple
choice question in predictio
activity

Keep choosing graphs till one of them matct
with real world answer

Guess answers in multiple choi
prediction activity

Justification Box

Try to correlate observations in animation
microscopic picture to the macroscopic graph :
write a justification

Basis for justificatiorreason
micro to macro link

Copy on screen text on X and type same text-in
-- or write about contennot present in MIGO-
MAP and write a justification

Basis for justification given on
screen text

summarizations

macroscopic outcome and write summary.

Conceptual Reasonin| Use conceptual questions to note which areg Reasoning using conceptua
Scaffolds animation is to be viewed and make care reasoning scaffolds
observations accordingly
Assertion  and reasonin| Answer assertion and reasoning questions an¢ Assertion and reasorgnquestions|
questions to improve our observations or reasoning by eit to improve reasoning
going back and viewing animation or rephrasi
justification.
Treat Assertion and reasoning questions a Assertion and reasoning questio
qguestion and answer activity and click on | treated as Q&A without furthe|
answers until you get| application
Multiple representations fo| Co relate the microscopic phenomenon to | Link microscopic phenomenon t

its macroscopic outcome and wri
a coherent summary

4.7.4 Results

For Study 2:Given in Fig. 4.11 and Fig. 4.12 are the learning paths of typical high scoring

students and low scoring students.
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HIGH SCORER: TIME STARTS=* Colors indicate feature order & numbersindicate time durationin minutes.
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Figure 4.1.. Order in which features were viewbdjh scorer
Figures 4.11& 4.12 indicate a typical order in which high and low scoretsract with each
feature in TEL ENVIRONMENT respectively. Here, the codes being followed are as followed:
LO: Learning Objectives, SIM: Simulation of the microscopic model, PQ: Prediction Question,
Conceptual reasoning scaffolds: HINT, GLO: Glossary, RE&ferences, HE: Help, JUS:
Justification Box, RWA: Experimental results for comparison and judgment, A&RQ: Assertion

& Reasoning Questions, SUM: Multiple representations for summarization, A: Assumptions.

LOW SCORER: TIME STARTS=> * Colors indicate feature order & numbers indicate time duration in minutes.
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Figure 4.2. Order in which features were viewkxv scorer

Figure 4.1 indicates that a typical high scorer initially makes careful observations, then
tries to answer the macroscopic prediction based question but if unable to do so then makes use
of the conceptual reasoning scaffolds feature to take obtvhich area of the microscopic
model is to be viewed more carefully. After this, makes an informed choice of prediction and
tries multiple attempts at justifying it. Once a prediction is made, he/she tries to judge it in
comparison with an experimentahswer, if they are correct then they proceed to the feature
wherein they summarize the entire working establishing a link between the microscopic
phenomenon to its macroscopic outcome. In case their prediction is incorrect then they go to
assertion andeasoning based questions and try to improve their reasoning by making more
careful observations or rephrasing their justification behind the prediction. And finally, they
answer questions based on assumptions which are crucial to be noted and keptwhilaind
making predictions. High scorers also view features like glossary, help, and references but
spend little time on it.

On a similar note, Figure £kxplains the interaction pattern of a typical low scorer. A

low scorer also begins by reading the thag objectives and interacting with the simulation of
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the microscopic model but when confronted with a prediction based question, they make a
choice mostly by picking one of the options and try to proceed and check if the answer is correct.
In order to povide a justification for the prediction, they mostly copy thesoreen text and

type the same answer for multiple attempts at justifying their predicting of the macroscopic
outcomes. In case they go wrong they either directly proceed to summarizingriagerking

or they treat the assertion and reasoning questions as a typical question and answer task. This
text which is typed by them as justification is either copied from conceptual reasoning scaffolds
or the glossary section. These students alswe features of help and references to a minimal
extent [Kenkre & Murthy, 2014].

For Study 3 Post transcription and coding screen capture loggnab/zel the data under the

following parameters:
1 Learning Time

On an average, all the students spent ar@0ndinutes interacting with all the features of MIC
O-MAP. Table 4.8 shows the time spent by students on different@ANIAP features. Low
scorers spent double the amount of time in an attempt to answer the prediction questions in
comparison with high scmg students. In contrast to these high scorers spent double the
amount of time while revising their justification and while answering the questions based on
assumptions. The time spent for activities like prediction questions, usage of experimental
resuls for comparison and judgment and assertion and reasoning questions was found to be

statistically significant.

Table 4.8: Time spent on different MHO-MAP features

For interacting with LEMA: Total time spent- high scorers (31.28 min), low scorers(30.92 min )
Time Spent (min] | % Time Spent{min) pvalue
For each feature in | low high low high (at 0.05 | Signifi
LEMA SCOrers  |scorer  |scorers  |scorer tvalue | level] | cance

Simulation of
microscopic model 8.75 6.49 2832 2139 -1.851 0.622(N
Prediction Questions 4199 2.59 16.15 853 -2416 0.003|Y
lustification Box 3.08 7.24 26.15 23.86| -0.607 0.352|N
Conceptual reascning
scaffolds 0.69 133 2.23 4.38 1116 0.774|N
Experimental answer
for comparison &
Ii]udgement 0.78 044 252 145 -2p841 0.019(Y
Assertion and
reasoning based
question 0.33 1.1 1.06 3.62 1211 0.049(Y
Summarization with
multiple
representations 431 6.16 1395 203 1162 0.333|N
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To understand possible reasons for the different time spent by students, we compare the
interaction behaviour of students from the low and high scoring groups respectively. Table 4.9
tells us how many times each code related action was performed by high and low scorers while
interacting with MIGO-MAP.

Table 4.9: Frequencies of Behaviour

Code Low scorers| High Scorers
Read Learning Objectives 12 12
Interact with Simulation 46 49
Make informed choice in multiple choice guestion in prediction activity 2 11
Guess answers in multiple choice prediction activity 10 1
Basis forjustification-reason micro to macro link 4 26
Basis for justificationgiven on screen text 20 1
Reasoning using conceptual reasoning scaffolds 8 16
Assertion and reasoning questions to improve reasoning 0 4
Assertion and reasoning questions treate@&A without further application 1 0
Link microscopic phenomenon to its macroscopic outcome and write a coherent su 5 7

Table 4.9 indicates the total number of times a certain activity was performed in the
manner described in the code. For examMbile writing a justification behind the prediction,
high scorers made 26 attempts on an average to establish a micro to macro link whereas low
scorers made 4 attempts to do the same. On the other hand low scorers made 20 attempts in
copying on screen texthereas in the high scorers only 1 attempt to copy text was seen.
Similarly, while making a prediction itself, high scorers made 11 attempts in order to make an
informed choice of the graph whereas low scorers made 2 attempts for the same. Low scorers
took 10 attempts in order to guess the graph until it is correct where as high scorers showed
only 1 instance of guesswork. This establishes a stark difference in the reasoning method of

students who score high and those who score low.

4.7.5 Discussion of Study 2 ad Study 3

Towards answering RQ 2a: O6What interact
with MIC-O-MA P ? 6, results from the previous sec
similar patterns in their interaction paths, i.e. they make an infornadectf prediction post
interacting with the simulation of the micro world and based on a mi@aro link inferred
with the aid of assertion & reasoning questions where as low scorers follow a linear and
chronological order of navigation while interactimgth MIC-O-MAP, making multiple
attempts at a prediction until it matches with the real world outcome and treating the prompts
as assessment. In contrast to this, low scoring students were found to follow a linear path
wherein they attempted each task afier another in the order in which it is presented and
were found to be keen on moving ahead to view what is next and complete interaction with the

entire module. These interaction paths of high scoring students will be compiled later to suggest
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a neffedtive interactio® pat h whi | e ¥WdWAR sunhgthatwiti willbhelpMi C
extracting out maximum benefit from the learning environment.

Towards answering RQ 2b: OWhat difficul
MIC-O-MAP for developingmicranacr o t hi nki ng? 6, a compari s
the visit to any feature of MKO-MAP. In cycle 1, design features such as an animation of the
microscopic picture, prediction questions, justification box, real world answer for comparison
and judgment, assertion and reasoning questions with customized feedback and multiple
representations for summary have been included for developing the skills of making
observations, predictions, testing predictions against real world outcomes and revising
predidions when necessary. Table 4.10 summarizes to what extent eaeD-MKP feature
was used by the high scorers in developing each skill.

Table 4.10Usage of MIGO-MAP features by high scorers in passt

Skills Feature Example Evidence from qualitativanalysis (attempts
by total number of students in group)

Observe| SIM  (Simulation  of | Allows to manipulate variables an 88 attempts by high scorers to interact w

microscopic picture) observe effects. Note effects ol simulation
variable on other entities.
MR (Multiple | simultaneous display o
Representation) experimental set up & microscop
picture of the diode.
ARQ  (Assertion  &| micro guestions/micronacro

Reasoning Question) guestions / @uestions
Explain | SIM  (Simulation of| Allows to manipulate variables an 26 attempts by high scorers to write the bz

microscopigicture) observe effects. Note effects ol for justification as a reason using a micro
variable on other entities. macro link where as 1 attempt to write ¢
Justification Box Allows text entry where studen{ screen text.

can write their justification behin
their choice of prediction.
ARQ  (Assertion  &| micro-micro questions /macre | oo attempts by high scorers to follg

Reasoning Question) macro questions / michmacro | nointers and indulge in sense making
guestions
Predict | SIM  (Simulation of| Allows to manipulate variables an 11 attempts by high scores to make inforn
microscopic picture) observe effects. Note effects ol choice in multiple choice question ir
variable on other entities. prediction activity & 1 attempt in gues

PQ (Prediction Question] Choose one graph relatin work.
macroscopic variables
Test RWA (Real World| Decide whether predicted grag High number of attempts in making ¢
Answer for comparison & matches with real worldnswer. informed prediction proves a good decisi
Judgment) making & judgment skill.

In spite of the fact that students were able to develop the obsezdiettestrevise skills
and in turn the broader skill of micro to macro thinking, we noticed that there were some
problems which came across as students interacted with this systemampteg>even though
high scoring students made an informed choice of prediction, they had to view the microscopic
model 88 times, make a choice of prediction 132 times and justify this choice with a micro to

macro link 62 timesTable 4.11 summarizes thadiings and possible reasons for each problem
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that students face. In the next DBR cycle, we refine the design o{O/MNAP to addres each

learning related problem

Table 4.11. Problems from cycle 1 design and possible reasons for them

Problems from Experient 1

Evidence for the
for High Scorers (N=10)

problen

Possible reason for problem (speculative)

Struggle in establishing a mierg
macro link in first/seconc
attempt, making an informe|
prediction and phrasing
justification.

No. of visits to PredictiorQuestion
feature: 132.

No. of visits to Justification featureg
62.

Making an
prediction: 11
Attempts to establish a micro f
macro link while writing
justification: 26.

informed choice o

Disjoint activities detailed question prompt
and scaffolds i.e. aertion and reasonin
guestions are included in the revision ph:;
only.

Following feedback was tediou:

No. of visits to Animation of micrg
world: 88.

No. of visits to Question prompts: 3
Attempts to follow pointers an
indulge in sense making: 20

Oveload on memory to recollect pointe
from feedback while interacting witl
animation of microscopic model.

Perceiving question prompts as assessmelr

Navigation difficulty ~ while
interacting with the environment

Number of visits to each feature

very hgh in comparison with the
action taken i.e. attempts to view/e
their previous choice/answer writte

Features are included in a linear manner |
in order to view the first features you had
compulsorily visit all other features. Q
coming back /préous choices/answers wel

erased.

4.8 Discussionand Summary of DBRT Cycle 1

Based on the results and discussion of all the three studies undertaken in the first cycle
of DBR, we can conclude that MIO-MAP is a suitable seliearning environment for students
for learning micremacro thinking skills in PN junction topic. The quatitve analysis also
informs us that in spite of working with the same learning environment, all students do not
follow the same path while navigating through MBEMAP, rather, those students who score
high follow a similar path and those who score lovofwlanother yet distinct yet similar path.
These two paths are contrasting and can be used to suggest the best possible way while
interacting with MIGO-MAP so as to ensure that students develop the skill of mie@o
thinking and use all features presshto them in anptimalmanner. The oiscreen recordings
of the high scoring students were analysed to investigate the frequencies of simply
visiting/clicking on a feature versus following a logic and thinking before taking each step.

The frequencynalysis findings provide insight into the following implications, we also
propose possible solutions towards addressing the same in the next chapter:

1 A difficulty in establishing a micranacro link is showing up in being able to arrive at
a correct prediton based on careful observations. A possible solution could be
simultaneous display of microscopic model, macroscopic prediction and conceptual

scaffolding prompts in order to ease establishing the linkage.
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1 Following instructions given in feedback is i®as. This tends to increase load on
memory. Low scorers spend time in memorizing and do not reach the revision phase,
some get answers correct, some misjudge and some go back chose the correct answer
and then proceed. They end up treating the AssertidRe&soning Questions as a
summative evaluation. Possible solutions to address these can be:

1 Simultaneous display of Assertion & Reasoning Questions, microscopic models and
macroscopic predictions.

1 Technique of giving feedback can be altered: It will behim form of a dialogue
with a pedagogical agent.

1 Revision phase will be infused and merged into the main sequence mediated by a
pedagogical agent who makes this process explicit and friendly. The idea of getting
assessed or examined gets ruled out.

1 Notes &iking section wherein students can write down important points which might
need recall at a later point of time.

4.9 Summary and Implications

As part of this chapter we have reported the design features eOM@P incorporated
based on pedagogical theorig€he results of a controlled experimental study are also reported
wherein it was tested whether MIG-MAP is effective in the development of mienasacro
thinking skills as compared to a control group which received a traditional learning materials
not conaining scaffolds present in M¥O-MAP. Post the quantitative evaluation, we have also
undertaken qualitative studies to understand the interaction paths of high as well as low scoring
students and their behaviour in terms of visiting a feature of-®H@AP and the purpose
behind the visit.

Towards the end of this chapter where we have reported findings from the quantitative
as well as qualitative studies, we have identified learning based problems faced by students
while interacting with MICO-MAP and posible solutions for the same. These solutions will
be implemented in Chapter 5 where wee undertake the second cycle of DBR and examine if
students are able to develop mienacro thinking skills and if the learning based problems

faced by them in cycle 1 @BR fade away post incorporation of new features.
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Chapter 5

Design and Evaluation of MIGO-MAP - Cycle 2

In Chapter 4, we saw that there was a statistically significant difference in thiegtost
scores of the experimental group that learned MitG-O-MAP and the control group. In a
qualitative study of the screen recordings of students in the experimental group, we examined
the interaction patterns adopted by them while they learned withAMAP. We found
differences in the manner in whichféifent students interacted with the learning material, and
also recorded problems related to navigation as well as learning that students faced with MIC
O-MAP.

The goal of this second iteration of DBR is to understand why students might be taking
multiple attempts at choosing a correct prediction, providing a justification for the same by
establishing a micrmacro link between the microscopic dynamic processes the

macroscopic visible measurable outcomes.
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5.1 Problem Analysis

Study 3 has been analyzed in section 4.7 of chapter 4, findings from which resulted in
possible learning related problems being faced by students while interacting wHO-MIEP.

In orderto go one step deeper and analyze these problems further the qualitative data from
Study 3 has been reported here in Fig. 5.1. For this analysis, we have chosen to focus on the
students who scored high in the ptest in Study 3 for examining their naaigon paths and

the actions performed while working through this path. The reason for opting to examine the
learning behaviour of high scorers is because this set of students have managed to gain benefit
from the features and learning activities of MOEMAP, and have used the features
productively for the development of miensacro thinking skills. This behaviour of high scorers

will be contrasted with the behaviour of low scorers in the-fesitto test if there exists a
difference in the two.

We have tied to gather insight into the reasons behind any choice of feature which
students choose to interact with. Within the high scoring students, we have segregated them
into groups who got the prediction right in the first attempt and those who got thetipredic
wrong in the first attempt. Further, we wanted to examine the reasons for which both these
groups of students interact with the assertion and reasoning questions, i.e. what which purpose
and out of these students how many of them result into higarsaarlow scorers. The reason
behind carrying out this analysis is that the reasons for the learning problems reported in section
4.8 in the discussion of DBR cycle 1 are speculative. We now, wanted to gather evidence for
these problems which will set thaotivation for the second DBR cycle. Fig. 5.1 is colour coded
wherein each colour depicts the same category, for example: blue colour depicts number of
students who attempted prediction (later may have got it right or wrong), the yellow colour
depicts nurber of students who have attempted the prediction question and have also tried
answering the assertion and reasoning questions for multiple reasons, the pink colour depicts
the number of students who are high scorers and the grey colour depicts theofisnlzimts
who attempted prediction but have not answered the assertion and reasoning questions. The
arrows help in reading the chart, from the left to right where we start with the total number of
students in each groupumber of students who got theegdiction right and number of students

who got the prediction wrong.
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Total no of students: 37, Total no of high scorers: 10, low scorers:10

« for task completion =3 > No of High Scorers = 1
for carrying out more ; _
Students who got Students who " observations= 12 » No of High Scorers = 3
prediction wrong » worked with ARQ = -
in 1t try = 20 19
for carrying out more
. observations . _
Students who and also for justifying micro- QR e el
* alternated with macro link = 4
answers =1
« for task completion = 4 > No of High Scorers = 2
for carrying out more .
Students who got Students who v observaytiogns -5 » No of High Scorers = 0
prediction right in > worked with ARQ =
1ttry =17 11
for carrying out more
. Observations + No of High -1
Students who tested and also for justifying micro- EleublienIeares
“answer and macro link = 2
summarized = 6

Figure 5.1: Analysis of t u d ehoidessirbfirst attempt on Prediction

It was noted that within the group bigh scorers, except one student who got all answers
correct, all high scorers interacted with assertion and reasoning questions either to make more
careful observations or to improvise their reasoning. 6 out of 10 high scorers have got the
prediction of nacroscopic outcome incorrect in the first attempt, but they have worked through
a combination of either using the assertion and reasoning questions for either making more
careful observations or for further improvisation of the justification for the mempas
prediction based on a miecroacro link. The remaining 3 out of 10 high scorers who have got
the prediction correct in the first attempt have still worked through a round of answering the
assertion and reasoning questions and interacting with siprulatithe microscopic world
while phrasing their justification for the macroscopic prediction. The above analysis of Fig. 5.1,
in addition to the findings from section 4.8 from chapter 4, lead to following indicators that
need improvements:

1 Problem 1: Students struggle in establishing a micramacro link in first/second

attempt, making an informed prediction and phrasing a justification

Based on the findings from the qualitative interaction analysis (Chapter 4, Section 4.7.6)
we observed that in spité the assertion and reasoning question being present in the learning

environment students are not using them as intended, a possible reason being that they appear
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only when the student opts to revise their answers after testing the prediction. Conceptual
scaffolds include hints and prompts that are designed to provide guidance about what
knowledge to consider during problem solv[Mye et al., 1998; Azevedo et.al., 200Fhese
prompts are to be provided when the learner is facing a probleomiprehending the content
presented to them. Keeping this in mind, we decided to infuse the revision phase into the main
phase of making observations, devising explanations for the observations made, predicting
outcomes based on the observations and las#ityng the predictions against experimental
out comes. The assertion and reasoning- ques
Macro Link based Questionsbo, OMi croscopic
Prediction basedu@ulesntgi dQuseé ta ndn s6dCo nffhes e wi
5.2.2. They wil/l present on screen under t
Graph©o. The student can opt to click on e
requirement foassistance.

1 Problem 2: While number of observations in the simulation was high, the number

of times feedback from the question prompts was followed by students was much

lower.

As a student attempted answering a question, we provided a feedback which was
customized and directed the students towards either making more careful observations or
establishing a micrmacro link. But, this entire process was linear i.e. the assertion and
reasoning questions along with their feedback were visible only towardmth&hen the
students have tested their prediction and have judged their prediction to be incorrect. In order
to follow the feedback given with the questions, students would have to restart and locate the
feature where a rework from their end was expediéd.found that students were taking
multiple iteration rounds simply to go through the questions and read the feedback once more
and locate the area where the feedback is to be implemented.

Metacognitive scaffolds may include human or nonhuman learnglgsaghose roles may
include helping students with specific tagated tasks [White, Shimoda, & Frederiksen, 2000;
Azevedo et.al., 2004]. In order to make this entire process of providing students feedback
without giving them a feeling of judgement easithe inclusion of pedagogical agent was
considered who would mediate this process and could be accessed at any point of time. The
option of OView Feedback Againd with the i
students recollect what was tdlal them as part of the feedback and they would view this as

well as work with any other feature of M{G-MAP simultaneously.

75



1 Problem 3: Students left the task of answering conflict resolution questions half

way after getting multiple answers incorrect

While students who reached the revision phase and tried attempting the assertion and
revision questions, we had provided a visual cue of a tick and cross which implied getting the
answer correct or wrong. It was observed that as the frequency of in@rsectrs increased,
students were found to switch and move on to the next feature. As mentioned in problem 2,
mediating this process by means of a dialogue with a pedagogical agent would help in removing
the possible notion of assessment and aid in fofigwhe feedback provided.

1 Problem 4: There existed a navigation difficulty while interacting with the

environment.

When students interact with MHO-MAP, we inferred through the screen capture analysis
that they are undergoing multiple rounds of the emirvironment, at times resetting the system
and writing the same answer multiple times in order to reach a certain task. Even when students
want to improve their answers, they were required to begin again by choosing earlier options
once again. It was ldiang to distraction from the main task of establishing a micaaro link
between the observations made in the simulation of the micro world and the macroscopic
graphical outcome of the experiment.

Procedural scaffolds assist students with learning havséaresources or how to perform
certain tasks [Azevedo, Verona, & Cromley, 2001; Azevedo et.al., 2004]. In the second version
of MIC-O-MAP, we will to provide students with the option of tracing their path so that locating
the area which needs more work dze located with ease by simply hitting the back button. So
also, all of the user choices will be retained so that they need not write anything from start time
and again. Lastly, a scratch pad will also be given so as to allow taking down notes wiheir o
words and aid recollection of information provided to them either in glossary or in feedback or

simply to write down the observations made by them.

5.2 Refining Design Features of MICO-MAP

In this section, we have discussed solutions in order to addeepsabiems identified
in the previous section. We have tried to ensure that students go through the learning cycle of
three stages wherein initially students establish the mm@oro link by making careful
observations, strengthen this migr@acro link bymaking an informed choice of prediction in
the macro world, justify this prediction based on observations in the micro world, test these

predictions against real world outcomes and at each time if they feel that they need assistance
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in establishing or stngthening this link, then they can use the feature of assertion and reasoning
guestions.

While interacting with MICO-MAP, students are provided with feedback for their
choices while answering assertion and reasoning questions mediated by a pedageqgical
incorporated into MIGO-MAP, so as to eradicate the perception of assessment. Customized
feedback is provided in the form of a dialogue with the student and at each stage, while making
observations in the micro world, while predicting an outcom#nénmacro world and while
justifying the prediction based on a miar@cro link. The assertion and reasoning questions
are now displayed simultaneously while making observations in the micro world and a note
taking section is also included so as to easehmiload on working memory and to provide
directions and assistance in strengthening the rm@oro link. This is done in order to reduce
the overl oad on the studentés memory and he
as well as strengéming the micramacro link. Lastly, path tracing and retention of all answers

in also incorporated into MKD-MAP so as to ease out the difficulty in navigation.

5.2.1Incorporating a Pedagogical Agent andNote Taking

CHARRICC-}[E)EISTCS HOME GLOSSARY  REFEREMCES  HELP

Welcome. | will be guiding you throughout this session. Let us
| begin.

Figure 52: Incorporation of a Pedagogicagent

Learners in the adaptiveaffolding condition, in which students had access to a tutor
to regulate their learning who assisted students in establishing goals, monitoring emerging
understanding, using effective strategies, and providing motivatsmadfolding [Azevedo
et.al., 2004]. Learners in the1soaffolding condition and the fixestaffolding condition (who
were given a list of expeget sub goals to guide their learning) were less effective at regulating
their learning and exhibited greaanability in seltregulating their learning during the
knowledge construction activity [Azevedo & Cromley, 2004]. In order to provide real time and
adaptive scaffolding, it is important to diagnose at risk students early and monitor them via a

pedagogicahgent who provides individualized feedback [Gobert et.al., 2012]. This scaffolding
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design leads to a guided system; that is, striking a balance betweeenmggehand guided
inquiry [Kirschner et.al., 2006; HmelBilver et.al., 2007] such that students ba assessed on
inquiry skills and so that they are provided with support so they do not flounder or engage in
haphazard inquiry [Buckley et.al., 2006].

Animated Pedagogical Agents (APAs) are lifelike characters designed to facilitate
learning in compur-based environments [Moreno & Flowerday, 2006; Baylor & Ryu, 2003;
Bradshaw, 1997; Craig et.al., 2002; Johnson et.al., 2000]. The most sophisticated APAs are
two- or three dimensional anthropomorphic (i.e., humanlike) characters that advise and provide
feedback to students [Lester et.al., 1998]. They have a strong visual presence and the purpose
of enhancing learning [Moreno, 2004]. The role of an APA is to promote student learning, such
as gui ding studentsd6 attenti os [Maremo, 2004f, er ac
providing students with feedback, modeling, and guidance [Moreno et.al., 2001], or increasing
active learning [Mayer & Moreno, 2002]. The presence of another intelligent beejsting
and interacting with you facilitaties persuatiéiofg & Tseng, 1999]. It makes the environment
more human like, engaging and motivating [Moreno & Flowerday, 2006].

In the revised version of MKO-MAP, we included a correspondence between the
pedagogical agent and the learner in the form of a dialogukiph facets can be incorporated
mediated through a dialogue such as prompts which push students to carefully view and
establish a link between microscopic world based observations and macroscopic outcomes.
These were named as OuGosnf.l iWae &Rlesoliunclonmdd
Di al oguesd i n t he-OiMAR whererdmulipterAssertion & Reasoniigy C
Questions (ARQs) are asked customized tosthie u d answters.dNhile the first version of
MIC-O-MAP also contained Assertion and Reaing Questions, in the revised version, we
have improvised and made these questions more specific and based on two direct®is
wherein the learner is given specific prompts about the key areas in the micro world which
require more observations cithe next direction is wherein the learner needs assistance in
establishing or strengthening the mienacro link. These ARQs provide appropriate
scaffolding to generate correct understandings and developing explanations and arguments to
deepen their undstanding. They will be explained in more detail towards the end of this

section
5.2.2 Assertion & Reasoning Questiongor strengthening micro-macro link
Assertion & Reasoning Questions were incorporated in both the versions eDMIC

MAP in order to aid studestin capturing and transferring insights with respect to the
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observations made and the link between these microscopic observations and the macroscopic
outcomes. In the first version, all of the questions were presented together and were presented
to the stidents one after another. In the revised version of-BHRIAP, these questions are
explicitly positioned under the headings of
Questionsao. The rational e behi redionttowardsthd i f ur
action expected from them, i.e. answering each question based on the difficulty faced by them
and follow the feedback to address that difficulty. ARQs are a sophisticated form of MCQ that
aims to encourage higher order thinking on the @lethe student [Williams, 2006]. Essentially,
learners arrive at meaning by actively selecting and constructing their own knowledge through
experience. The main virtue of the ARQ test
of questionghat test student learning beyond recall [Connelly, 2004].

In particular, higher level thinking and application of key concepts may sometimes be
more easily constructed using this format, than by using a conventional maltgte
appr oach ealyo2004]6 ARRLhave rbeen identified to be belonging to the very
highest level in the cognitive hierarchy because they contain elements of all the other categories.
Like traditional MCQs, ARQs present students with a number of possible solutions.ristont
to traditional MCQs, however, ARQs also include a true/false element.

We have altered the design of MIGMAP from version 1 to version 2 in a manner
that the concept behind the questions is retained with respect to the content yet the manner in
whichthey are presented varies i.e. previously all the questions would be presented at once to
the learner and in the next version the questions are presented to the learner based on the
difficulty faced by them. To begin with we ask the student to clearigugate and commit to
one statement which he/she considers to be appropriate and correct for the given situation. On
the basis of the choice of answer posted by the student, the next string of questions changes.
These questions belong to four categories:

1 Micro-Macro Link based Questions: These lead students to make careful observations,
pointing to specific variables in the simulation. Also, some of these questions emphasize
that students should make micro and macro connections i.e. help them reatizeréhat
exists a connection between micro and macro worlds. The goal on incorporating these
is that after answering these questions, students start seekingnmaicro connections
more frequently and on their own. An example of such a question is given below
What do you think is the nature of the relation between conductivity and temperature?

o Conductivity increases as the temperature is increased.

o Conductivity decreases as the temperature is increased.
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o Conductivity stays the same as the temperatureigased
This question has the following feedback
a measure of the amount of electrical current a material can carry. And a rise in
temperature increases the cur mdénkihgthel owi |
macroscopic element of temperature to microscopic elements of electrons and
conduction band.

1 Microscopic Observation based Questions: These lead students to make careful
observations, pointing to specific variables in the simulation. Amelea of such a
question is given below:

In the simulation, what is the effect of increasing the temperature?

0 Arrise in the number of electrons in the conduction band.

o A fall in the number of electrons in the conduction band.
With the f eedbkeethe nimibarrokelecirbnks gettirg kexcited as you
increase the temperatured for the incor
attention to aspect of observing the number of electrons in the conduction band in the
microscopic world.

1 Macroscoj Prediction based Questions: These aid students in trying to think of a
pattern in which the macro variables are related to each other. An example of such a
question is given below:

Did you notice that the bulb glows brighter as you increase the ambtemhperature?
With the feedback of 6Vary the temperatu
bul b at each value. 0

1 Confounding Questions (CQ): These point students towards the fact that they need to
go through the entire simulation once again oheoto make sense of it. An example of
such a question is given below:

Which of the following most closely matches what you observed in the microscopic
model?With none of the above as one of its options. If the student chooses this option,
then they aredld that they need to revisit the microscopic model and undertake another

round of sense making with the microscopic model.

For some of these questions, students have to commit to an answer of the type True/False
or commit to one of the choices given and then they are presented with the next set of related
guestions along with customized feedback mediated by the pedagogitaiagd helps them
deep dive into observations and linkages arising out of tidgnwill also be including a Note

taking section into the environment so as to reduce the load on working memory and also serve
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a purpose to aid in strengthening the migraao linkages. Incorporating reflective activities
iIs important to encourage an understandingnted approach. After completing their task,
learners deliberately reflect on their experience to abstract the lessons learned and to consider

how they performeth their selfdirected learning [Hmelo et.al., 2000]

5.3 Evaluation of Redesigned MIGO-MAP

5.3.1 Research Method

The explanatory sequential design is followed here where in quantitative data collection
and analysis are followed up with qualitative data collechioth analysis, lastly, leading to an
interpretation of the data. Study 4 is a quantitative study which helps find if students who
interact with the refined version of MHO-MAP develop micremacro thinking skills. This was
done by undertaking a single gmprepost research design. We do not need a control group
here since it has already been proved with the results of Study 1 that students learning with
MIC-O-MAP have higher scores on a miar@acro thinking skill test as compared to students
who learn usig traditional material (control group). Study 5 is a qualitative study which follows
the quantitative study. In this study, thegoreen activity of students is recorded and analyzed
by means of the screen captures. The mapping between the themesdmtdilie: description

of these studies is provided in the sections below.

5.3.2 Research Questions

Under Theme 1 which addresseh e i dea of émagmhmking asopg MIGO- mi cr
MA P 6 , Studly® leas been carried out which consists sfragle grouppre-post testesearch
design, and was used to answer the following research question:
RQ1: Did students who worked with the environment develop micro macro thinking skills?
Post ensuring that students who interact wite refined version oMIC-O-MAP
develop micremacro thinking the goal wasiow to confirm that the challenges faced by
students while interacting with MKO-MAP, identified in Study 3, have faded awdty.order
to address this goal, the following research questierbban investigateth Study 5,under
Theme 2: o6l nteractOMARP.60f | earner with MIC
RQ 2.c: What was the effect of the improvised design on students' interaction with the various
features of the learning environment?

Section 5.3.3 and Section 5.3.4 provide the detailatadach study and findings from the same.
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5.3.3 Study 4: Single Group PrePost Test Research Design

5.3.3.1 Participants

Students from the 1st year undergraduate science and engineering programs from
various colleges under Mumbai University, India, weregasicipants of this study. Formal
invitations were sent to the departments of 12 colleges and students were asked to formally
register with us for the study. The topic being learnt using the learning environmentNvas P
Junctions from the subject of phgsi This topic is traditionally taught in the second year of
Engineering program. We chose 1st year students since we wanted students to have prior
knowledge of 12th standard science, but we wanted them learn the topic for the first time using

the learningenvironment.

5.3.3.2 Procedures and Data Sources

The students (N=46) who arrived at the experiment venue givenQYMAP as the
learning material. Before interacting with MHG-MAP, physical phenomenon was presented
to the student by means of a simulataepicting its microscopic explanation. Students were
asked to interact with a simulation depicting the working of a PN junction diode in reverse
biased conditions. They had to later answertpsé questions relaleto this phenomenon.
These prdestquestons tested the studentds skills of
the prediction by comparing with given experimental results, and revising the prediction if
necessaryStudents werg¢henallowed to interact with MIGO-MAP and a total time pesd of
1 hour was allotted to the students for learning the topic of PN juncticiosward biased
conditions. Hergethe microscopic model of the same material (PN junction) was altered on
account of its biasing conditions and students had to make settse alfered microscopic
model and predict its macroscopic experimental outcome. At the end of the hour, students had
to view the earlier simuladh once again and answer a pest having the same questions
testing student sd s,lpredicting outocdmesiesing theyn andbreviging v a t
when necessary.

The posttest questions and rubrics used for data analysis were same as those used in the
DBR Cycle 1 Study 1 discussed in section 4.6.4 of chapteArd examples of postest
questionsis 0 Gi ven beside is the experimental
microscopic model of the material. Now, use that microscopic model to predict its €urrent

voltage(}V) <char acteri sti cs Taedethilbgosttestoquestianpareis s i r
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given inAppendix B.1As reported in Section 4.6.5, the intater reliability for the raters was
calcul ated and the value of Cohends Kappa w

5.3.3.3 Data Analysis

The Wilcoxon signedlank test was the staticéil test used to determine differences in
the pretest and postest scores on observatipnedictiontestingexplanation skills. It is the
nonparametric test equivalent to the depend#sstt It is used to compare two sets of scores
that come from theasne participants. This can occur when we wish to investigate any change
in scores from one time point to another, or when individuals are subjected to more than one
condition. This test is used when the dependent variable is ordinal, for example, matysgsa
we have used a Likert scale for grading the tests and the independent group consists of related

groups or matched pairs, i.e. the same subjects present in both groups.

5.3.3.4 Results

The average learning time was 43.9 minutes. Takleshows the meanubrics scores of

st ud e ntéessahd ppdest performance related to the skills of describing observations,
devising explanations for observed patterns, making predictions and deciding whether the
prediction matches experimentdhe Wilcoxon signedanktestwas performed to determine

if the scores were significantly different.

Table 51: The Wilcoxon signedank testesultsfrom Study 4

Pre-test Posttest
. [Mean rubric score] | [Mean rubric ’
Ability to (S.D)N=46 score] Z value p-value
(S.D) N=46

Describe  observations  withol 1.27 (0.962) 1.84 (0.851) -3.953 0.000
explanations

Eaet‘t"esri an explanation for an obsery 1.48 (1.12) 2.13 (0.694) -3.018 0.003
Make prediction based on explanation 1.75 (0.829) 2.53 (0.694) -4.284 0.000
Decide whether the prediction and th

experimental outcome agree 2.42 (1.177) 3.0 (0.000) -2.887 0.004

The results showed a statistically significant difference at p=0.01 level in their
improvement in their skills of making observations, predictions, explanations and testing them.
For the ability of describing what is being observed without explanationpre-test versus
posttest scores showed statistical difference (p=0.000). For the ability of devising an
explanatbn for an observed pattern, gest versus pogest scores revealed a statistically

significant difference at the level of p<.01 (p=@R0~or the ability of making a prection
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based on explanation, ptest versus pogest scores revealed a statistically significant
difference at the level of p<.01 (p=0.000). Within the ability of testing a prediction, for deciding
whether the predimn and the outcome agree, fgest versus pogest scores revealed a

statistically significant difference at the level of p<.05 (p=8)00

5.3.3.5 Discussion of Studyl 4

Study 4 was carried out to examine if the refined version of-WHRIAP helps students
in develging micromacro thinking skills, further operationalized as the skills of making
observations in the micro world, devising explanations for the observed patterns, predicting an
outcome in the macro world based on a mitiacro link and being able to juddgéhe predicted
outcome and the real world experimental outcome agree. In order to answebB&tddents
who interact with MIGO-MAP develop micremacro thinking abilitiesa single group pre
post research design was carried out and iedibn signeerank testwas performed to
determine if the scorem the postestwerehigher and statistically significant as compared to
the pretest scores on a test evaluating the miaecro thinking skills.

After we found that students learned mionacro thinkingoy interacting with MICO-
MAP, we also wanted to test if the challenges identified in Study 4, which students faced while
interacting with MIGO-MAP have faded away. This set the motivation to carry out Study 5 in
which we analyze the screen captureshef students who received high scores on the test

capturing their micramacro thinking skills.

5.3.4 Study 5: Qualitative Study with Screen Captures

5.3.4.1 Participants and Procedure

Purposive sampling technique wasedin order to choose the students who received
high scores on the micmmacro thinking skills test in Study 4 explained in secidh3. These
students were chosen since they show a mark of having developeehmaicro thinking skills
very well and theiraeen capture recordings would be compared with those of the high scoring
students from Study 3. This would help in contrasting the two in order to confirm that the
learning challenges being faced by students have been addressed by the refined de€ign of Ml
O-MAP.

A gualitative analysis was conductstnilar to Study 3explained in section 4.7 of
chapter 4and same codes were allocated post viewing the screen recordings.
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5.3.4.2 Data Analysis and Results

The screen capture recordings of the high scorers from Study 5 were analyZabtland

5.2 showghe comparisorof the interaction of the high scorers from Study 5 and Stwayi¢h

indicates that the flaws detected earlier have been corrected and tieel desion is being

performed by the student while interacting with the learning environment

Table 52: Results othe Screen Capture Analysis fradycle 2

Observations from Learning related| Possible TEL | Redesign step to addre§ Was the  problen
qualitative analysis ol problems located | environment desig problem addressed? Study
Study 3 (N=10) related problem (N=10)

(speculative)
No. of visits to| Struggle in| Disjoint activities | Incorporating the] No. of visits to
Prediction  Questior establishing a detailed  questior] assertion and reasonir] Prediction Questior|
feature: 132. micro-macro link in | prompts and| questions at two stage] feature: 89
No. of visits to| first/second scaffolds i.e.| when a choice of grap| No. of visits to
Justification  feature] attempt, making ar| assertion ang is made and justification Justification feature]
62. informed prediction| reasoning question| is written. | 50
Making an informed| and phrasing ¢ are included in thg Testing indicates Making an informed
choice of prediction: | justification. revision phase only.| incorrect prediction.| choice of prediction;

11
Attempts to establish

Option to take notes.

37
Attempts to establish

micro-macro link while micro-macro link
writing  justification: while writing
26. justification: 40

No. of visits to| While number off Overload on| Simultaneous display o No. of visits to
Simulation of micro| observations in th¢ memory to recollec{ simulation of micro| simulation of micro
world: 88. simulation was| pointers from| world and rest of thg world: 64
No. of visits to| high, the number o] feedback while| features includig | No. of visits to
Assertion and| times feedback interacting with | assertion and reasonir] assertion ang
reasoning questions: 3 from the asertion| simulation of | questions. reasoning questions
Attempts to follow| and reasoning microscopic model. 32

pointers and indulge it
sense making: 20

questions was
followed was much
lower.

Including a pedagogicg
agent and providing
feedback as a dialogue

Attempts to follow
pointers and indulge
in seng making: 35

No. of visits to| Leaving task halff Perceiving assertioll Including a pedagogicg No. of visits to
assertion and reasonir| way after getting| and reasoning agent and providing assertion ang
questions: 34 multiple answers questions aq feedback as a dialogue| reasoning questions
Attempts to follow| incorrect. assessment. 32
pointers and indulge it Attempts to follow
sense making: 20 pointers and indulge
in sense making: 35

Number of visits to| Navigation Features arg Back tracing the patl Number of visits to
each feature is ven difficulty while | included in a linea and retaining user{ each feature and th
high in comparison interacting with the| manner and in orde| action such as choicg actions taken seem t
with the acbn taken| environment. to view the first| selected and text entry be on par considering
ie. attempts ta features you had t( Scroll bars, reset an| the instances of actio|
view/edit their compulsorily  visit| back button ang taken.
previous all other features. On retention of
choice/answer written. coming back| answers/choices

/previous included.

choices/answers
were erased.
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There exist a higher number of attempts in establishing asmaavo link, in following
the pointers given in the feedback of the assertion and reasomstjoms, and the navigation
difficulty appears to have eased out due to enabling path tracing and retention of the choices
and text entered by the student. We can say this by comparing the number of visits to each
feature and the corresponding action taler example: in DBR cyclg, attemptso establish
a micremacro link while writing a justification were 26 but the student visited the features of
Prediction Questions and Justification Box 132 and 62 times respectively. In the revised
version, attemptto establish a micrmacro link while writing a justification were 40 but the
student visited the features of Prediction Questions and Justification Box 89 and 95 times
respectively. The attempts towards the correct action have increased and numbgs of vis
towards other features have reduced (Eg: Prediction question).

5.3.4.3 Discussion of Studyi 5

In order to answer RQ 2 c: What was the effect of the improvised design on students'
interaction with the various features of the learning environmém&?das from Study 5 has
been compared with Study 3. Post a rigorous analysisan say that using both thersions
of the MIG-O-MAP TEL environment students are able to develop the skills of Observe
PredictTestRevise but the improvisation undertaken in the design structui2BRrcycle2
reduce the learninigased problems whididarisen earlier. Students arew able to perform
the desired aains for each skill. While making observations in the microscopic world, they
use the animation of the microscopic picture and the assertion and reasoning questions as
scaffolds in order to identify key areas where changes are taking place, for eg: kage. Vol
dialogue with the pedagogical agent erases the look and feel of assessment, instead, provides
an aspect of mentoring and providing feedback when necessary. When posed with prediction
guestions, students are found to make an informed choice impthdiction option since they
choose a graph and also phrase a justification for the same usimigr@amacro link.
Establishment of anicroomacrolink takes place since students are using the assertion and
reasoning questions as pointers towards makinge neareful observations, also for sense
making between the unseen dynamics and the visible manipulative outcomes. They perform all
these actions when they choose a macrosceygigiaph and then phrase a justification for
choosing that graph.

Similar to Study 3 students are found to develop the skill of testing their answer with
respect to experimental outcomes. Students go back and forth between all the features of the

TEL environment but the instances of the expected actions are higher in compairstrewit
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earlier versionMIC-O-MAP in DBR cyclel. Revision of their prediction or justification
happens throughout in thisvisedlearning environment.

We display the features of the animation of the microscopic picture along with the rest of
the featureand the agent simultaneously. This is done to reduce the load on memory and keep
the focus on development of the skills and sense making. Usability changes such as allowing
the user to trace his/her path has helped in navigation and students needricaessttime
that they wish to go back to a certain area of interaction. Retention of their answers and choices
has also aided in focusing on improvisation of the answers instead of rewriting them for the
sake of moving back and forth. We have also predid section for taking down their own
notes which students generally have a habit of during their learning process. These notes are
retained for each session of interaction. Lastly, we have allowed students to reset the entire
environment and start likecdean slate in case they feel like beginning from scratch. This option
will erase all the data entered by them.

Owing to the results frorstudy 4 and Study 5 we claithat the pedagogical features
identified by us for designing a learning environment loamsed for developing the skills of
ObservatiorPredictionTesting Predictions against real world outcofRewvising Predictions.

A limitation of this study ighat the entire on screen activity keeps getting recorded unless the
students says that he/dines finished interaction with MKO-MAP, a maximum time of 1 hour

has been allotted but by viewing each other
rounds of interaction until their friends/peers finish interaction. Every students pace of

interaction and understanding the content is unique which can get affected by this.

5.4 Overall Discussion and Summary

After completing two DBR cycles we find that MVHG-MAP features are effective in
developing micremacro thinking skills. With reference toettscaffolding Design Framework
[Quitana et.al., 2004], we segregate the MOG/IAP features into the strands of sense making,
which involves the basic operations of testing hypotheses and interpreting data; process
management which involves the strategicisiens involved in controlling the inquiry process;
and articulation and reflection, which is the process of constructing, evaluating, and articulating
what has been learned [Quitana et.al., 2004]. The following image reflects how each feature of

MIC-O-MAP is mapped to the Scaffolding Design Framework.
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2 Management & Reflection
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Feal World
Answer
Assertion & Reasoning

—  Questions - Types of
Questions

Figure 5.4: MICO-MAP mapped to the Scaffolding Design Framework

The features mentioned under the strand of sense making help the students in going
through an inquiry cycle which includes makiogservations in the micro world, devising
explanations based on the observations, predicting a macroscopic outcome and testing it against
a real world answer. The assertion and reasoning questions are prompts towards identifying key
areas of the micro watlwhich may need further observations, or in establishing a link between
the ongoing processes in the micro world and the graphical options presented in the macro
world prediction questions. The features mentioned under process management aid completion
of each task of MIGO-MAP without any struggle. The option to trace paths helps in reaching
any area visited previously, unique for every learner and answer retention helping in quick
improvisation of previous choices. Note Taking makes following feedbatk@nprehension
of onscreen information easier by providing students with a scratchpad where they can write
down text in their own worlds. This scratch pad can be enlarged and moved around the screen
S0 as to utilize the screen space effectively. Lasttigudation and reflection of what has been
learnt takes place by indulging into a dialogue with a pedagogical agent who guides the learner
through the entire inquiry cycle. It not only gives instructions for proceeding through the
learning environment bulso provides customized feedback for every question answered by
the learner.

The learning materials used in the studies in both DBR cycles were based on the same
topic of PN JunctionsForward Biased from Basic Analog Electronics. We now wanted to
examire if the MIGO-MAP design features that have been evaluated, refined awhheated
in the two iterations can be used for the development of new modules. In order to do this, we
first created an Instructional Design Document and identified various tepible for the
learning of micremacro thinking skill. This as well as their evaluation of the various modules

will be discussed in Chapter 6.
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Chapter 6

Development & Evaluation of MIC-O-MAP modulesin

topics in analog electronics

6.1 Design learningsfrom two DBR cycles

The pedagogical goals of the MIG-MAP learning environment are to promote
st ude nt sétablsikg, dtréngtheimgfand integrating micrmacro thinking skillsThe
featuresand learning activities iMIC-O-MAP supportsstudentsas they learrto explain
reasoning, justify conclusions, analyze outcomes abqeriment, get immediate feedback,
test their predictions against experimental outcomes and revise their predidtiloms gets
established between the misoopicand macroscopic worlds as students vary the parameters
and observéats immediate effect in both the world&fter undertaking careful observations,
this link gets strengthened whitreypredict the functionality of the system based on the micro
macro link Towards completing interacting with MIO-MAP, students are asked to vary
parameters and observe its effects on dynamically linked multiple representations of the topic
which helps integrate the microacro link.

Two design based research cycles hawnlmetailed out and described in Chapters 4
and 5 respectively. After confirming that the challenges faced by students are addressed in the
revised version of MIE-MAP (Study 5, Chapter 5, Section 5)33.4ve arrived at an
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instructional design template fareating MIGO-MAP modules in various topics. This
template provides teachers/researchers guidance on choosing a topic suitable for developing
micro-macro thinking skills, placement and positioning of the micro and macro worlds on
screen, ways of writingnstructions such that a programmer can easily distinguish between
instructions for coding and content to be displayed on screen and writing assertion and
reasoning questions which are observation or inference Bdsethstructional design template

of MIC-O-MAP provides instructions with regards to the placement and position of both the
worl ds as wel |l as the facility of teattempti ng ¢

the choice of answer. This is discussed in detail in Section 6.3.

6.2 Choice d Topics

An important decision to be taken svhe choice of the topic to develgipC-O-MAP modules

The processof the development of the first MIO-MAP module was initiated by comparing

the syllabi of theory as well as laboratory experiments for the subject of Analog Electronics
within the domain of Physics for the first yeamwidergraduatstudy The topics chosen were

such that they were covered as an experiment in the laboratory as well as betaught in
theorycoursesThe second filter applied was that the topics formed the basic building blocks
of the higher complex topics such as transistor or FETS/MOSFETSs. Lastly, we ensured that the
modules of MIGO-MAP which we have covered compléd8% of the integrated syllabus of
Electronics.

The process for selecting topics is started by taking note of the levels across which
learning of the topic takes place. Topics which have concepts consisting of multiple levels (i.e.
a micro and macro levetrebest suited for learning using MHO-MAP. In such topics, there
are important variables at the macroscopic level (i.e. observable/ measurable) and
corresponding variables at a microscopic level (often invisible) which explain the mechanism
for the ma&roscopic variable behavioufhe above criteria were applied to the syllabussof 1
year Analog Electronics. The topic of forward biased PN junction was chosen for the
development of the first MIKD-MAP module. Five further modules of MIO-MAP in the
following topics were created:

1 Conductivity in Intrinsic Semiconductors
1 Formation of Extrinsic Semiconductors

1 Conductivity in Extrinsic Semiconductors
1 Thermistors

1 Light Dependent Resistors (LDR)
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For all of these topics, there are variables/parameters waiche manipulated in a real
world laboratory and its corresponding readings can be obtained simultaneously. When these
parameter values are varied, there exists an effect on elements at the microscopic level. For
example: For the first topic of PN Juncig when the voltage is varied, there is an effect on
the electron motion at the microscopic level which further reflects a change in the ammeter
reading which depicts current flowing in the circuit. As the voltage is varied further, the
electrons are abl® cross the barrier potential and there exists a rise in the current post this
voltage value. This voltage value is referred to as knee voltage. These values of current and
voltage can be measured in a laboratory and when plotted as a graphical ottdepiets the
functionality of the system. The current versus voltage graph for the PN junction diode is
exponential when the battery voltage exceeds the value of the knee voltage. Here, we have
elements such as electrons, barrier potential which arentriesthe microscopic world or are
invisible in the real world where as there are variables which can be manipulated in a laboratory
such as current and graph. The readings obtained from the current and voltage meters are used
for plotting an 4V curve whch depicts the behawios of the eletrical component of the diode.

Similar cases exist for the rest of the topics where in, for the module of a thermistor, the
real world/macroscopic variable which can be manipulated is temperature which affects the
electron excitation from the valence band to the conduction band, giving rise to a value of
resistance in an ohm meter. This enables the plotting of a resistance versus temperature curve
which depicts the functi oni ng moduleafforenationo mp o |
of extrinsic semiconductors, the variable which can be manipulated in the real world is the
doping of the semiconductor and its effect on the rise number of electrons getting excited from
the valence band to the conduction band carobedn This is further used to plot the graph of
conductivity versus doping. For the module of conductivity in intrinsic and extrinsic
semiconductors, the variable to be manipulated in the real world is the temperature and its
corresponding effect on the @tation of the electrons can be observed in the micro world.
Simultaneously, the readings for the current and voltage can be measured which can be further
used for the calculation of the resistance. Following this, the conductivity is calculated and a
graph of conductivity versus temperature is plotted to depict the functionality of the component.
Lastly, for the module of the Light Dependent Resistor (LDR), the distance of the LDR from
the light source is varied and its effect on the electron excitatioinserved in the micro world.
Simultaneously the reading of the resistance is measured in the real world which is further used

to plot a graph of resistance versus distance from the light source.
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6.3 Instructional

modules

design template to develop MICO-MAP

On the basis of the findings from the two DBR cycles, we have created a template-GF MIC
MAP which can be filled out for various topi@ppendix Ahas this template filled out for the
first module of PN Junctions. The brief look and feel of the entnethe template can be
gathered Fig. 6.1.

Step 1:

Refer to slide 15

Description of the action/ interactivity Text to be displayed

«Let the opening screen look like The micro world represents the

slide 9.

*The rectangle on top is the
agent dialogue box. After the
user clicks on any radio button in
the micro world type this in the
rectangle:

‘When the PN junction is placed
in a circuit, lets try to predict its
IV characteristics.’

+If the user clicks on Direct Me go
to slide 24.

+|f the user clicks on Predict
Graph go to slide 12.

microscopic model of the PN
junction inside the diode. The force
arrows depict the force due to the
external battery and the force due
to the barrier potential respectively.
The diode is connected to a resistor
and a battery whose voltage can be
varied. Interact with the micro world
and predict the current versus
voltage graph.

12

Figure 6.1. MICO-MAP template entries

The template has a colour coding to separate the instructions to the programmer from the text
to be displayed on screen. This can be seen in Fig 6.1. The entire screecodbergets
separated into two parts where one side depicts the micro world and the other half depicts the

macro world of the chosen phenomenon. This is shown in Fig. 6.2.
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44 Interact with the micro world and predict the macro world IV graph
based on your observations.

Micro World: IF THIS... Macro World: THEN THAT... 1K ohms

PN Junction Current V/S Voltage Graph

A 2-0 l?ll If]
4=

|PredictGragh |

Take Notes

interacting with
micro w‘oﬂd/ 9

@ The micro world represents the microscopic model of the PN junction inside the diode. The
< & force arrows depict the force due to the external battery and the force due to the barrier
potential respectively. The diode is connected to a resistor and a battery whose voltage can be

varied. Interact with the micro world and predict the current versus voltage graph.

PN Junction Current VIS Voltage Graph

Take Notes here

Figure 6.2. Demarcation of the micro and macro world inrtbguctional design dmment
template mapped to the MHO-MAP module

The pedagogical agent is to be displayed on the top of the screen where the instructions to the

learner as well as the feedback will be displayed. At all times, the micro world be available for
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interaction onleft side of the screen and the other half depicting the macro world will get
replaced with the assertion and reasoning questions in case the learner clicks on the icon of
0Direct Med or OHelp to Predicto. Heamez c us

mediated by the pedagogical agent based on the answer chosen. This is shown in Fig. 6.3.

i@ &| This isincorrect. You need to make careful observations and answer the rest of the questions.
Go back and vary voltage and observe what happens in the microscopic model of the PN
junction

Micro World: Macro World:

PN Junction Help To Predict Graph

1. There is a low electron flow initially.

2. There is a varying rise in the number of electrons when
you vary the externally applied voltage.

=

Figure 6.3. Assertion and reasoning questions mediated by the pedagogical agent

The Prediction Questions along with an entry for justification will also begnt in the area
demarcated for the macro world as these are all the instances which can take place in a real

world setting and will be visible to the learner as shown in Fg.6.4.
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i@ & Your answer for current versus voltage graph is shown. Explain why you chose this graph based
on the observations you have made in the micro world.

Micro World: Macro World:

PN Junction Your Answer

Take Notes here

Figure 6.4. Prediction Choice with Justification written

There are alsomo options of note taking as well as path tracing which are affordances
provided to the learner from the system. Either the learners path can be traced dynamically and
provided to him/ her by the 6Back6 anathed Nex't
path traced out. We suggest the inclusion of the two buttons which smooths out this process of
reaching an area which they have interacted with. The note taking section can either be
segregated out and placed below the micro and macro worlds arrante from student
interactions is that a text box which can be opened and closed as well as moved around the
screen is more appreciated as well as user friendly. At all times an option to reset the screen is
present in case the learner wishes to staréttiire learning process afresh. So also, the choices
made by the learner (for example: an option of a graph) are always retained unless and until the
user chooses to reset the screen.
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6.4 MIC -O-MAP modules

In this section, we describe the details of thkeMIC-O-MAP modules we developed.
We discuss the content in each topic, specifically the microscopic and macroscopic levels and
how they are linked. We provide details of how we developed the module, and describe the

evaluation study we performed with eanbdule.

6.4.1 Module 1: PN Junctions (Diode Theory)

Content: A PN junction is a dage with a junction between a-tppe and an 4type
semiconducting material. Students are expected to observe the microscopic phenomenon like
electron motion as they vamgacroscopic parameters like voltages. Further they are expected

to predict the voltage versus current characteristics based on these observations and justify this
characteristic curve by establishing a link between the microscopic and macroscopic worlds.

Development and EvaluatianPN Junctions has been taken as the topic for the development

of the learning environment of MKO-MAP. The learning activities and results of the studies
conducted in the DBR cycles have been reported in detail in Chapter$4 and

6.4.2 Module 2: Thermistors

Content: A Thermistor is an electrical resistor whose resistance varies based on changes in
temperature. Students are expected to observe the changes in the electrons getting excited from
the valence band to the conduction banthenmicroscopic world as they make changes in the
temperature in the macroscopic world. Further they are expected to predict the temperature
versus resistance curve based on these observations and justify this characteristic curve by
establishing a link beveen the microscopic and macroscopic worlds.
Development The design template explained in section 6a&s used forthe topic of
thermistordased on the content mentioned above. In the microscopic picture of the thermistors,
students were allowed to vary the temperature and observed its effect on the rise number of
electrons getting excited from the valence band to the conduction bandhé&nstor. In the
graph, they were asked to predict a relationship betwesstanceand the temperature. Four
different options ofresistanceversus temperature were provided under the features of
OPrediction Questi ons 0. ecBrrect dgraphicalsoutcerme basedos k e d
the based on the observations recorded by them in the microscopic worltheirthistor. This
is shown in Fig. 6.5.

If students were unable to make a prediction, then they were asked observation based

questionssuca s 6 DI d vy deforennureasingehe terhparature no electrons existed in
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the conduction baid OR ¢ Dhotide thatothe electrons started getting excited to the
conduction band only when the temperatureisvadied? Bas ed uponthaabowa r r €
guestions they were provided with feedback suctOdiserve the number of electrons in the
conduction band before yjo st ar t var yi nORo/ary the tempergiuecraadt u r e
observe the number of electrons in the conduction band.

If studerts needed assistance in establishing a link between the microscopic and
macroscopic worlds, then they were provided with link establishing questions. These questions
were also of two type$ Link Establishment-Ob s er vati on b a sretbe for
simulation what happens to the number of electrons getting excited to the conduction band as
there was a rise in the thermal energy?

a) More number of electrons get excited to the conduction band

b) Less number of electrons get excited
Basedupon the student response, t h eOpservedlree pr
number of electrons in the conduction band for each temperature value. Note that a rise in
temperature indicates arise inthermalené&rgyT he second t y pdewerefor qu e ¢
Link Establishment’ Inference based, for exampl&yVhich of the following is related to
cocept of resistance? Ther mal Energy dff Exc
the option ofThermal Energyvas chosen, then feedback provigeas,dRecollect that Thermal
energy increases when you increase the temperature. It is not related to the concept of
temperaturé It asks the learner to recollect the definitiontleérmal energynd helps them
correlate it to the observations made bgnthin the micro world i.e. the number of electrons
getting excited from the valence band to the conduction band as the temperature is increased.
In contrast to thisjf the option chosen by the studentescitement of electrons to the
conduction band, tmethe feedback provided was,You ar e Ri ght! Go ahe
remai ni n gltigfarnesshe leaonershat éheir thought process is coard encourages

them to answer the next questidinis is shown in Fig. 6.
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Transducers HOME INTERACT READMORE CREDITS

In the Microscopic picture of the semiconducter, you varied the temperature and observed its effect on the rise number of electrons getting excited from the valence
~ band to the conduction band. In the graph, you need to predict a relationship between resistance and the temperature. Let us link the two. | will ask you a series of
questions related to the simulation to help you in doing this.

Micro World: Macro World: Show experimental circuit

Resistance vs. Temperature Graph
Thermistor

Take notes Zoom In!

Figure 65. Screenshot of module drhermistor

Transducers HOME  INTERACT READMORE CREDITS

o Recollect the definition of resistance i.e. itis an opposition to the flow of charge. Hence, resistance is high when current is low.

Micro World: Macro World:

Thermistor Help To Predict Graph

1. Which of the following is related fo concept of resistance?

Zoom In!
2. What do you think is the nature of the relation between resistance and no of electrons in the conduction band?

B. Asresistance increases, number of electrons in the conduction band decreases.

C. As resistance increases, number of electrons in the conduction band stays the same.

Figure 6.6 Observation and Inference based Questidhsrmistors

Evaluation and Findings Research Design and Sampling single group prgost test

research design was adoptBdrticipants were undergraduate students from colleges affiliated
to Mumbai University. Students were familiar with the domain content in the topics, but they
were not explicitly exposed to micraacro thinking process before this study. The sampling

98



procelure consisted of the following steps: students with a knowledge of higher secondary level
and studying in the first year of graduation were randomly chosen as participants in the study.
Randomized sampling ensured that students with varying prior knosviedge allowed to
participate.The total number of participants wed@.

Procedure:Before interacting with MIGO-MAP, physical phenomenon was presented
to the student by means of a simulation depicting its microscopic explanation. Students were
asked tanteract with a simulation depicting the working of a light dependent resistor. They
had to later answer pttest questions reladeto this phenomenon. These fest questions
tested the studentds skills of mediktionlly o b s
comparing with given experimental results, and revising the prediction if necessary. Post this
the students were allowed to interact with M@GMAP and a total time period of 1 hour was
allotted to the students for learning the topic of thetans. At the end of the hour, students had
to view the earlier simuladh once again and answer a pest having the same questions
testing studentsod6 skills of making observat
when necessary.he posttestquestions on the topic of an LDRe given inAppendix B.3

Instruments and Data AnalysisThe scientific abilities rubrics explained in Chapter 4

have been used for the grading of the tests. There eriséequestion per criterion in the tests
answered by students. A prior int@ter reliability analysis of the rubric has shown that
Cohendéds ©=0.839 with p<0.001.

The Wilcoxon signedank testvas used to determine differences inphetestand post
test scores on observatigmedictiontestingexplanation skillslt is the nonparametric test
equivalent to the dependentesst. This testis used to compare two sets of scores that come
from the same participants. This can occur when we wish to investaggtchange in scores
from one time point to another, or when individuals are subjected to more than one condition.
It is only appropriate to use a Wilcoxon sigrradk test if your data "passes” three assumptions
that are required for a Wilcoxon signeghk test to give you a valid resulthe first assumption
is that thedependent variable should be measured at the ordinal or continuoutlewelcase,
the dependent variable is ordinal as it is measured using a Likert Scale. The second assumption
is that theindependent variable should consist of two categorical, "related groups" or "matched
pairs". "Related groups" indicates that the same subjects are present in both ghisips.
assumption also holds in our case as the same group of studentstahepretestas well as
the posttest The last assumption is thdiet distribution of the differences between the two

related groupss symmetrical in shape.
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Findings: The average learning time was 41.2 minufe$Vilcoxon signedrank test
showed that atatistically significant change ipretestandposttestscoresfor all of the sub
skills of micremacro thinkingwi t h p. Tdble 6.1 €hdws the mean rubrics scores of
st ud e ntéessahd ppdtest performance related to the skills of describing observations,
devising explanations for observed patterns, making predictions and deciding whether the

prediction matches experimaint

Table 6.1Wilcoxon signeerank test result3 hermistors

Abili Z Value Pre-test S.D. Posttest S.D. p-value
ility to

Mean Mean

(out of 3) (out of 3)

Describe observations -4.428 1.53 0.681 2.80 0.406 0.000
Devise a micreworld explanation for -4.802 1.73 0.583 3.00 0.00 0.000
observedattern
Make prediction of macrworld based on  -4.617 1.10 0.607 2.50 0.508 0.000
micro-world explanation
Decide whether the prediction and t| -4.820 0.93 0.583 2.50 0.508 0.002
experimental outcome agree

6.4.3 Module 3: Light Dependent Resistors
Content: A Light Dependent Resistor (LDR) is a resistor whose resistance varies based

on changes in light incident on it. Students are expected to observe the changes in the electrons
getting excited from the valence band to ¢beduction band in the microscopic world as they
make changes in the amount of light incident on the LDR in the macroscopic world. This is
done by varying the distance at which the LDR is placed form the light source. Further they are
expected to prediche resistance versus distance curve based on these observations and justify
this characteristic curve by establishing a link between the microscopic and macroscopic
worlds.

Development The desigrtemplate explained in section 6W8asusedfor the topic @
light dependent resistolmsed on the content mentioned above. In the microscopic picture of
thelight dependent resistqgrstudents were allowed to vary ttistance between the LDR and
the light source i.e. the bulnd observed its effect on the risember of electrons getting
excited from the valence band to the conduction band fayhtidependent resistoin the
graph, they were asked to predict a relationship between resistance atistahee Four
different options of resistance verdlistancew e r e under the
Student s

provided

Questionso. were asked to predict
on the observations recorded by them in the microscopic world bfjtitelependent resistars

If the studentgaced a difficulty in predicting the graphical outcome or establishing a
micro-macro link, they were provided with questions based on their observations and link
establishment as explained for the module of thermistors in section/&eXample okuch
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aquestioniasfollows:Ob s er vat i on Wha mppbens o thesnumberofelectrans
getting excited to the conduction band when the distance between the LDR and light source is
increased ncr eases, Decreases orkr ®garyathéndstancea me 6
between LDR and light source and observe the numbérefet r ons i n the con
order to direct them to next appr oMhatisthedé e ac
co-relation between the distance betweenltbR and light source varied by you and the value

of resistance measured of the LBR? wi t h opti ons of O0As the di s
l i ght source increases, t h@eAstheedstancd batweeretheo f  t
LDR and the lightsurce increases,thee si st ance of the LDR incr
i sRecdllect that the number of incident photons increases when you decrease the distance
between the LDR and light source. A rise in the number of incident photons is respansible f
more number of electrons to be excited to the conduction band further leading to high current

and low resistance. Consider this and rethink your options.

Screenshots of the module tght dependent resistoms well as the questions related to

obsenations and micranacro linkages are shownhig. 6.7 and Fig.6.8.

Transducers HOME  INTERACT ~READMORE CREDITS

y The micro world represents the microscopic model of the semiconductor inside the LDR. The LDR is connected to a shmmeter and can be moved along a scale towards or
away from a light source (bulb). The energy band diagram represents the electron motion as the LDR is moved towards or away from the light source. Interact with the

micro world and predict the resistance versus distance graph

Micro World: Macro World: Show experimental circuit

Light Dependent Resistor Resistance vs Distance Graph
Zoom Inl

4.5

i el % °
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L8, :
N7 [J L.

[
Submit

Figure 6.7 Screenshot of moduti Light Dependent Resistor (LDR)
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HOME INTERACT READMORE CREDITS
Transducers
(%) 4 Recollect that the number of incident photons increases when you decrease the distance between the LDR and light source. A rise in the number of incident photons is
responsible for more number of electrons to be excited to the conduction band further leading to high current and low resistance. Consider this and rethink your options.

Micro World: Macro World:

Light Dependent Resistor Help To Predict Graph

Zoom In!

Take notes
- LIn the simulation what happens to the resistance as the number of electrons get excited from the valence band to the
conduction band increases?

AThe resistance increases. = CThe resistance remains constant. Next
ce between the LDR and light source varied by you and the value of resistance

B.As distance between LDR and light source increases, the resistance of the LDR increases. Next

Figure 68. Observation and Infenee based QuestionsDR

Evaluation and Findings The research design, sampling method, instruments as well

as data analysis method is same as that carried out for the module on thermistors and detailed

out in section 6.4.2T'he totdnumber of participants were 29

Procedure:Before interacting with MIBO-MAP, physical phenomenon was presented
to the student by means of a simulation depicting its microscopic explanation. Students were
asked to interact with a simulation depicting the working of an extrinsic semiconductor. They
had to later answer pttest questions related to this phenomenon. Tpes&est questions
tested the studentds skills of making obs
comparing with given experimental results, and revising the predictimecéssary. Post this
the students were allowed to interact with M@EMAP and a total time period of 1 hour was
allotted to the students for learning the topic of thermistors. At the end of the hour, students had
to view the earlier simulation once agand answer a po$tst having the same questions
testing studentsod6 skills of making observat
when necessaryThe posttest questions on the topic ofonductivity in an extrinsic
semiconductoare given inAppendix B.5

Findings: The average learning time was 43 minu#&sWilcoxon signeerank test
showed that a statistically significant changelietestandposttestscores for all of the sub
skills of micreamacro thinkingwi t h  p. Tdble @2.slfowsthe mean rubrics scores of
st u d pratéssaldd postest performance related to the skills of describing observations,
devising explanations for observed patterns, making predictions and deciding whether the
prediction matches experimental.
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Table 6.2 Wilcoxon signeerank testresults Light Dependent Resistors

Abili Z Value Pre-test S.D. Posttest S.D. p-value
ility to

Mean Mean

(out of 3) (out of 3)

Describe observations -4.078 1.58 0.682 2.65 0.483 0.000
Devise a micreworld explanation for] -4.179 1.8 0.539 2.79 0.412 0.000
observedattern
Make prediction of macrworld based -3.788 1.55 0.827 2.55 0.506 0.000
on micreworld explanation
Decide whether the prediction and t| -3.798 1.68 0.849 2.65 0.483 0.000
experimental outcome agree

6.4.4 Module 4: Conductivity in Extrinsic Semiconductors

Content An extrinsic semiconductor is a doped semiconductor whose conductivity is
enhanced by adding impurities. Students are expected to observe the changes in the electrons
getting excited from the valence baiedthe conduction band in the microscopic world as they
make changes in the temperature in the macroscopic world. Further they are expected to predict
the conductivity versus temperature curve based on these observations and justify this
characteristic cwe by establishing a link between the microscopic and macroscopic worlds.

Development The desigrtemplate explained in section 6¥8asusedfor the topic of
conductivity in extrinsic semiconductotsased on the content mentioned above. In the
microscopic picture of thextrinsic semiconductorstudents were allowed to vary ttieping
in the extrinsic semiconductor and obseitgeeffect on the rise number of electransthe
conduction band. In thgraph, they were asked to predict a relationship betweeductivity
anddoping in the extrinsic semiconduct&iour different options afonductivityversusdoping
were provided under the features of ©OtiReredic
correct graphical outcome based on the based on the observations recorded by them in the
microscopic world of thextrinsic semiconductors

If the students faced a difficulty in predicting the graphical outcome or establishing a
micro-macro link, tley were provided with questions based on their observations and link
establishment as explained for the module of thermistors in section 6.4.2. An exasyih of
a question isasfollows:Obser vati on b as edd yqwnetgd thabtihhe balx a mp
glows brighter as you increase the amount of Tempera@ure®i t h opti ons of
f e e d b avark theadbping and carefully observe the brighe s s of t he bul b
I nference basedWhate yu thinkns the nadure pfethelationdbetween
conductivity and temperatur@? wi t h opti ons of O6conducti vit
i ncr ORs b ndeckriasiesy adet he t ORPpEeoad ustaysi Vv ist )
thesameas t he t emper.alheufe d b a s k i Becollectahe eadirotion of

conductivity i.e it is a measure of the amount of electrical current a material can carry. And a
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rise in temperature increases the current flowing through the d@®aieenshots of the module
onconductivityin extrinsic semiconductoess well as the questions related to observations and

micro-macro linkages are shownlhig. 6.9 and Fig. 6.10.

HOME  INTERACT READMORE  CREDITS

Semiconductors
'.q_ P The micro world represents the microscopic model of an extrinsic semiconductor. The extrinsic semiconductor is connected to battery and a bulb and placed inside a water
bath which can be heated. Interact with the micro world and predict the graph of conductivity versus temperature.

Micro World: Macro World: Show experimental circuit

Extrinsic Semiconductor Conductivity vs. Temperature Graph

Zoom In!
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Help Predict Graph

Figure 6.9 Screenshot of moduten Conductivity in Extrinsic Semiconductors

HOME  INTERACT READMORE CREDITS

Semiconductors

=& Recollectthe definition of conductivity i.e itis a measure of the amount of electrical current a material can carry. And arise in temperature increases the current flowing
through the circuit.

Micro World: Macro World:

Extrinsic Semiconductor Help To Predict Graph

Zoom In!

pietre
S 1.Which of the following is related to the concept of conductivity?

A Current Next

‘A AA S S
$-6-9-0-0-0-0-9 2What do you think is the nature of the relafion between conductivity and temperature?
'9‘9“9‘9 004 ‘AConductivity increases as the temperature is increased.

©90000-00
G800 CConductivity stays the same as the temperature is increased.

(i

Figure 610. Observation ah Inference based Questiel@onductivity in Extrinsic

Semiconductors

Evaluation and Findings The research design, sampling method, instruments as well

as data analysis method is same as that carried out for the module on thermistors and detailed
out in section 6.4.2. The total number of participants were 30pdsigestquestions on #

topic of a thermistor are given i\ppendix B.2
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Findings: The average learning time was 4Znthutes.A Wilcoxon signedrank test
showed that a statistically significant changeiietestandposttestscores for all of the sub
skills of micremacro thinkingwi t h p. Tdble @3.slfows the mean rubrics scores of
st ud pretéssaidd postest performance related to the skills of describing observations,
devising explanations for observed patterns, making predictions and deciding whether the
prediction mé&hes experimental.

Table 6.3Wilcoxon signeerank test resultsConductivity in Extrinsic

Semiconductors

Ability to Z Value Pre-test S.D. Posttest S.D. p-value
Mean Mean
(out of 3) (out of 3)

Describe observations -3.504 17 0.651 24 0.498 0.000
Devise a micrevorld explanation| -4.021 1.8 0.530 2.63 0.490 0.000
for observed pattern

Make prediction of macrworld -3.522 1.93 0.583 2.53 0.507 0.000
based on micravorld explanation

Decide whether the prediction arf -3.051 2.26 0.639 2.63 0.490 0.002
the experimental outcome agree

6.4.5 Module 5: Conductivity in Intrinsic Semiconductors

Content Intrinsic Semiconductors are undoped semiconductors and conduct weakly at
room temperature. Students are expected to observe the changes in the glettingrexcited
from the valence band to the conduction band in the microscopic world as they make changes
in the temperature in the macroscopic world. Further they are expected to predict the
conductivity versus temperature curve based on these obsesvaitio justify this characteristic
curve by establishing a link between the microscopic and macroscopic worlds.

Development The design template explained in section 6.3, was used for the topic of
Conductivity in Intrinsic Semiconductorsased on the coemt mentioned above. In the
microscopic picture of the semiconductstydents were allowed to vatlye temperature and
observed its effect on the rise number of electrons getting excited from the valence band to the
conduction bandor an intrinsic semiaaductor In the graphthey were asketb predict a
relationship between conductivity and the temperatewer different options of conductivity
versus temperature were provided under the
asked to predidhe correct graphical outcome based on the based on the observations recorded
by them in the microscopic world of the Intrinsic Semiconductor. This is shown in Fig. 6.8

If the students faced a difficulty in predicting the graphical outcome or establighing
micro-macro link, they were provided with questions based on their observations and link
establishment as explained for the module of thermistors in section&eXample of such

a question is as follows: If students were unable to make a predittemthey were asked
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observati on b a s Ridyounatieeghatithe wukb glava hrighteraas yowincrease

the amount of temperatui@? (ORI yau observe that there exist more number of free electrons

in the conduction band as the temperaiarancreased? . Based upon their
above questions they wer ¥aryghe mperdteralandicarefdlly f e e
observe the brightness of the bulb at each v@alue O\Riry the temperature and carefully
observe the number efectrons in conduction badd.

If students needed assistance in establishing a link between the microscopic and
macroscopic worlds, then they were provided with link establishing questions. These questions
were also of two type$ Link Establishment-Ob s er vati on b a sretbe for
simulation what is the effect of increasing the temperature?

a) A rise in the number of electrons in the conduction band.

b) A fall in the number of electrons in the conduction band.
Based upon the student responseythewe r e pr ovi ded WWardafullyoliseneed b a c
the number of electrons getting excited as you increase the températifeh e second
questions provided were for Link Establishmentn f er e nc e b a swhdhoftheor e x
following isrelated to the concept of conductivit@rrentorVoltaged . | f t he opti o
was chosen, then fYeuec bightt Edectiical comduativitydis ameasyre 0O
of the amount of electrical current a material can carryl t i n frreerthatstheit thoeghtl e a
process is correct and also helps them recollect the definition of electrical conductivity. In
contrast to this, if the option chosen by the student is voltage, then the feedback provided was,
Recollect the definition of conductiyiand notice the number of electrons in the conduction
band as you increase the temperature. Hence it is directly related to the @urrént. a s k s
learner to recollect the definition of conductivity and helps them correlate it to the observations
madeby them in the micro world i.e. the number of electrons getting excited from the valence
band to the conduction band as the temperature is increased. This is shown in Fig. 6.11 and Fig.
6.12.
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Semiconductors HOME 1N READMORE  CREDITS

- In the Microscopic picture of the semiconductor, you varied the temperature and observed its effect on the rise number of electrons getting excited from the
valence band to the conduction band. In the graph, you need to predict a relationship between conductivity and the temperature. Let us link the two. | will ask you a
series of questions related to the simulation to help you in doing this,

Micro World: Macro World: Show experimental circuit

Conductivity vs. Temperature Graph

Intrinsic Semiconductor
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444444004
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0 (mho/m) o (mho/m)
bbb b
ey the lemperature
)
- i
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Help Predict Graph Submit

Semiconductors HoME READMORE  CREDITS Semiconductors e REAOMOR: . Qs

Micro World: Macro World. i e Yt

Thermistor Help To Predict Graph Themésto Holp o Predit Gragh
1,10 the simstation wha hajpens 1o D brghtness of the b a1 S mumber of electons i D conducbon bend Icreases !

2. e sinclaton et eads 14 gh curret?

Figure 6.120bservation and Inference based Questi@unductivity in Intrinsic

Semiconductors

6.4.6 Module 6: Formation of Extrinsic Semiconductors

Content: An extrinsic semiconductor is one in which impurities contribute a significant

fraction of the conduction band electrons and/or holes. Students are expected to observe the

microscopic phenomenon like rise/fall in the number of conduction band electrons as they vary

macroscopic parameters like doping. Further they are expected fot ghed conductivity

versus doping characteristics based on these observations and justify this characteristic curve

by establishing a link between the microscopic and macroscopic worlds.
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Development The design template explained in section 6.3, was used for the topic of
Formation of ExtrinsicSemiconductorsbased on the content mentioned above. In the
microscopic picture of thextrinsicsemiconductorstudents were allowed to vaitye doping
and obsrved its effect on the risa the number ofin the conduction bantbr an extrinsic
semiconductarin the graphthey were asketb predict a relationship between conductivity
and thedoping Four different options of conductivity versus doping were ey under the
features of OPrediction Questionsd. Student
based on the based on the observations recorded by them in the microscopic world of the
extrinsic semiconductor. This is shown in Fig. 6.10.

If the students faced a difficulty in predicting the graphical outcome or establishing a
micro-macro link, they were provided with questions based on their observations and link
establishment as explained for the module of thermistors in section AMekample of an
observati on agoa moticq that thetdonorimpurity at@ams have free electrons
in the conduction band? wi t h t he options of Yearypothe No.
doping and carefully observe the free electrons in depenhs in the atomic structuée. A n
i nference based Inghe sirutationwhatéada tmp high currént?wi t h t h
options of OA rise in the number indhenumbeect r o
of electrons in the conductidna nwdiét h t h e Reedattithe ddfinitionfof carrent
and notice the number of electrons in the conducikocand as you 1 ncreas
Screenshots of the module farmation ofextrinsic semiconductors as well as the questions
related to observations and migracro linkages are shownhig. 6.13 and Fig. 6.14.

HOME  INTERACT READMORE CREDITS

:+_ Themicro world represents the microscopic model of an extrinsic semiconductor whose doping can be varied. The extrinsic semiconductor is connected
to battery and a bulb. Interact with the micro world and predict the graph of conductivity versus doping.

Micro World: Macro World: Show experimental circuit

Extrinsic Semiconductor Conductivity vs. Doping Graph

Take notes Zrrult

Figure 6.13 Screenshot of moduten Formation of Extrinsic Semiconductors
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Micro World: Macro World:

Extrinsic Semiconductor Help To Predict Graph

1.In the simulation what happens to the brightness of the bulb as the number of electrons in the conduction band
increases?

Zoom Inl

Take notes

Figure 6.14. Observation and Infereased Questiongormation of Extrinsic

Semiconductors

6.5 Repeated Measures Study

This section reports a study to evaluate effect of the effect of increased interaction with
MIC-O-MAP modules on micranacro thinking skill development. Increased interaction is
operationalized in terms of the sessions of interaction with-@HRAP modules in different
topics, and micranacro thinking skill development is operationalized in terms of the score on
the micremacro thinking skill test.

6.5.1 Research Design

A repeated mesure is a variable measured two or more times, usually before, during
and/or after an intervention or treatment. After evaluating student responses to each module,
student responses to the mienacro thinking skill test on more than one occasion were
exam ned. ORepeated measur ement cipantyat saccessive d u
times (prepost and followup) or under more than one experimental condition (i.e., participants
are exposed to both treatment conditions sequentially). A distinctiomade among
independent variables (factors) composed of separate groups of participants (called-between
subjects or independent groups factors) and independent variables in which the same participant
is in more than one group or condition (called repeatedithin-s ubj ect s f act or s
554, 1999]. We will be following the withisubjects or repeated measurement for the group
of participants. The response of a participant to the treatment can be measured either as a part

of a group or catered to damdividual. These are known as group designs and single subject
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research design respectively. A group research design will be followed in this study wherein
we will be analysing group averages instead of responses at the individual participant level of
anal ysis and within subjectdés factor will be

interaction with all modules.

6.5.2 Participants

Students from first year graduation, affiliated to Mumbai University, India were chosen
as the participants. Thestudents had a prior knowledge of subject domain of physics from
standard 12th examination. We had opted for convenience sampling and sent an invitation to
the college which had sent maximum number of participants during vacation period. This was
done becase we wanted a large number of students to participate in this study and wanted them
to sincerely attend all the sessions involved in the workshop. Total number of students who
were present throughout the study was 29. We had tried to maintain a z&éom atite by
keeping the presence of the college teachers throughout the workshop and also awarding the

participation certificates to those who complete the entire workshop.

6.5.3 Procedure

The students (N= 29) who arrived at the experiment venue giverROYNAP as the
learning material. A onanda-half-day workshop was held wheredime same set aftudents
were asked to interact with 2 modules of MDEMAP on the first daynd the thirdnodule on
the second day. On the first day, Students were asked tocintgth Module 1 of MICO-

MAP for the topic of PN junctionforward biased, for a maximum time period of 1 hour. At

the end of the hour, students had to view a simulation of the microscopic world for a new topic

- PN Junctions reverse biased and answer atpsshaving questiorise st i ng st udent
making observations, predicting outcomes, testing them and revising when necessary.

Same procedure was repeated for session 2 where Module 2 eONIEP was
presented to the students as the learning material. The topic tié/® was conductivity in
intrinsic semiconductors and the topic for the gest was thermistors, i.e. students were
presented with a simulation of the microscopic world of thermistors and were asked to answer
micro-macro thinking skill based questiof@ this topic. Lastly, on dag, Module 3 was
allotted as the learning material. The topic for Module 3 was formation of extrinsic
semiconductors and the topic for the piestt was light dependent resistors i.e. LDR. students
were presented with a sinatiion of the microscopic world of an LDR and were asked to answer

micro-macro thinking skill based questions for this topic. Module 2 and 3, described in section
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6.4 have been used as the learning material for this sibh@yosttestquestions are givein
AppendixB. The schedule for the@ay workshop was as follows:

Table 6.4. Mapping Sessions to the Test Numbers

Session Number Micro-Macro Thinking Skill Test
--------- 07 Pretesti PN junction reverse biased
1 - PN Junctions forward biased 171 Posttestl- PN Junction reverse biased
2 - Conductivity in Intrinsic SC 21 Posttest2- Thermistors
3 - Formation of Extrinsic SC 31 Posttest3- LDR

6.5.4 Instrument and Data Analysis

Scientific abilities rubrics have been used for grading the testsisnstudy and a
Friedman teswill be calculated since there is no control group and the test scores have been
evaluated post each session and for the same sample.

The Friedman test is the ngarametric alternative to the ome&y ANOVA with
repeated measures. It is used to test for differences between groups when the dependent variable
being measured is ordindlhis test can be used ihe group that is measured thmee or more
different occasionsAlso, the participating group of studetigve to be aandom sample from
the populationLastly, he dependent variable should be measured at the ordinal or continuous
level. The micremacro thinking skill has been seorusing a Likert scale which is ordinal data.

In our study the responses to the minracro thinking skill test has been measured after on 4
occasions for the same set of studefitsexamine where the differences actually occur, we
will run a post hoc Wecoxon signeerank tests on the different test combinations of related
groupsWe will be doing a pair wise comparison of fire-testand the firsposttestwhich the
students will be answering after interacting with the first MOGJAP module, the firspost
testand the secongosttestwhich the students will be answering after interacting with the
secondMIC-O-MAP module the secondposttestand thethird posttestwhich the students
will be answering fter interacting with the third1IC-O-MAP moduleand lastly we will also

be comparing the test scores on pretestand the lasposttest which to examine their
performance after interacting with three MGEMAP modules.

6.5.5 Findings

For the skill of Observe:

Fig. 6.15 depicts the variation of the mesmores with each test answered by the students for
the skild]l o f bednOtbdstleat aftex tnteracting with enen first module, there is

minimal variation in the scores and the value lies between the second highest and highest rubric
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score.ln Fig. 6.15, the test numbers correspond tat¢lses answered by the students as given
in Table 6.4.

Mean Score Mean Score versus Session-Observe |

=

-1 0 1 2 Test Number 3

Figure 6.15. Meascore Variation across testbserve

TheFriedman tesindicates thatitere was a statisticglbignificant difference in thiest scores
for the sub ddpending uporfthe MEBMAP medalé used as the learning
material, 2 (3) = 56.8638, p = 0.000.

The mean scores of students before and after interacting with each session are shown in
Table 6.5. The post hoc Wdgon signeerank test indicates that there exists a statistical
significant difference in the scores of ghesttestl compared to thpre-testand in the scores
of posttest3 compared to thpretest But there is no statistical significant difference in the
scores oposttest2 compared tposttestl andposttest3 compared tposttest2.

Table 6.5Pair wise comparison of Mean Scer8ub Skill of Observe

Pair Wise Tests Z value Mean Score S.D. Mean Score S.D. P value
before After
Pretest& Posttest | -4.202 1.206 0.675 2.413 0.501 0.000
1
Posttestl & Post -1.698 2.413 0.501 2.655 0.483 0.090
test2
Posttest2 & Post -1.941 2.655 0.483 2.896 0.309 0.052
test3
Pretest& Posttest -4.640 1.206 0.675 2.896 0.309 0.000
3

For the skill of Explain:

Fig. 6.16depicts the variation of the mean scores with each test answered by the students for
t he s kExplaid It @dn bednoted thatgst interacting with 3 MIEGO-MAP modules,

students are found to receive the highest rubric sd@brere exists a rise and a fall in the test
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scores however, they are not found to be signifidarftig. 6.16 the test numbers correspond
to the tests answered by the students as given in Tdble 6.

Mean Score | Mean Score versus Session-Explain
35—

|

-1 0 1 2 TestNumber 3

Figure 6.5. MeanScore Variation across tedtxplain

The Friedman test indicates that there was a statistically significant difference in the st scor
for the sub 6sielple ndfi n g EDxHP maodule used dd th€ learning
materal , 62 (3) = 36.411, p = 0.000.

The mean scores of students before and after interacting with each session are shown
in Table 66. The post hocWilcoxon signeerank test indicates that there exists a statistical
significant differencén the scores of theosttest3 compared to thgosttest2 and in the scores
of posttest3 compared to thpretest But there is no statistical significant difference in the
scores oposttestl compared tpretestandposttest2 compared tgposttestl.

Table 6.6 Pair wise comparison of &n ScoresSub Skill of Explain

Pair Wise Tests Z value Mean Score S.D. Mean Score S.D. P value
before After
Pretest& Posttest | -0.912 1.827 0.658 2.000 0.654 0.362
1
Posttest1 & Post -1.444 2.000 0.654 1.758 0.689 0.149
test2
Posttest2 & Post -4.137 1.75 0.689 2.82 0.384 0.000
test3
Pretest& Posttest -4.221 1.827 0.658 2.82 0.384 0.000
3

For the skill of Predict

Fig. 6.17depicts the variation of the mean scores with each test answered bydinetstor
thes ki | | @ ft cad i@ nated thanitially there is improvement in the scores of students
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and only in the last test, there is no difference obseredrig. 6.17 the test numbers
correspond to the tests answered by the students as given ir6Fable

Mean Score |Mean Score versus Session-Predict |
35

3

-1 0 1 2 TestNumber 3

Figure 6.17. Meascore Variation across ted®sedict

The Friedman test indicates that there was a statistically significant difference in the st scor
for the subOoskKiebkendfng-®MpRmoduelused ad th€dming
material, eEp2=00®) = 58.803

The mean scores of students after interacting vaitih session are shown in Table. 6.7
The post hoc Wilcoxon signednk test indicates th#tere isastatistical significant difference
in the scores oposttestl and thepretest posttest2 andposttestland posttest3 and the

pretest Where as there is no statistical significant difference in the scomassttest3 and

posttest2.
Table 6.7 Pair wise comparison of &n ScoresSub Skill of Predict
Pair Wise Tests Z value Mean Score S.D. Mean Score S.D. P value
before After
Pretest& Posttest -3.638 1.206 0.491 1.724 0.454 0.000
1
Posttestl & Post -3.987 1.724 0.454 2.586 0.501 0.000
test2
Posttest2 & Post -0.190 2.586 0.501 2.620 0.727 0.850
test3
Pretest& Posttest -4.490 1.206 0.491 2.620 0.727 0.000
3
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For the skill of Test

Fig. 6.18depicts the variation of the mean scores with each test answered by the students for
t h e s Kesf Iditiallg thereGs no improvement in theeores but after interaction with the
second module of MIEO-MAP, there is a constant improvement notidad-ig. 6.18, the test

numbers correspond to the tests answered by the students as given in Table 6.4.

Mean Score | Mean Score versus Session-Test |
35 |

-1 0 1 2 TestNumber 3

Figure 6.18. Mean Score Variation acresssionsl est

The Friedman test indicates that there was a statistically significant difference in the st scor
for the sul®d dleipleind b h g édVAB tmodulehused bl ti@aming
material, ep2z=000®) = 36.686

The mean scored students after interacting with each session are shown in T.8ble 6
The post hoc Wilcoxon signednk test indicates that there is a statistical significant difference
in the scores giosttest3 andposttest2, posttest2 andposttestl andposttest3 and there

test Where as there is no statistical significant difference in the scopesstestl andpre-

test
Table 6.8Pair wise comparison of &n ScoresSub Skill of Test
Pair Wise Tests Z value Mean Score Std. Deviation | Mean Score | Std. Deviation P value
before After
Pretest& Posttest -1.389 1.827 0.848 2.172 1.071 0.165
1
Posttestl & Post -2.623 2.172 1.071 2.793 0.412 0.009
test2
Posttest2 & Post -2.449 2.793 0.412 3.000 0.000 0.014
test3
Pretest& Posttest | -4.327 1.827 0.848 3.000 0.000 0.000
3
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6.5.6 Discussion

After analysing the finding$or all the subskills of micranacro thinking for the three
sessios, overall it can be noted that there is a statistical difference in the test scores after
students interact with eaaghodule of MIGO-MAP for all the subskills but there exists a
variation when a pairwise comparison of each test is undertaken for statistical significance.

Post analysing the variation of the mean scores with each session, the following
inferences canbeade:For t he subskill of 6Observed the

and the test score reaches the second highest rubric value immediately after the first session.

For the subskill of OExpl ai ndé stdoaeswhereixthest s
drop in the scores after the second sessior
in the scores which | ater remains constant.

rise in the test scores acrodissassions.

In section 6.4.5, we have also analysed the pair wise comparison of mean scores on the
micro-macro thinking skill test for each sub skill. For the sub skill of observe, It was found that
after interacting with the first module, there is mialmariation in the scores and the value lies
between the second highest and highest rubric score. This is an indication that students are able
to make careful observations after exposure to one module ofOMWAP and further
interaction with MICO-MAP modules are a practise for theRar the sub skill of Explain,qst
interacting with 3 MICO-MAP modules, students are found to receive the highest rubric score.
Based on this finding it can be inferred that students might need more exposure and practise in
order to be able to establish a mienacro link when faced with a new situatiéiar the sub
skill of predict, nitially there is improvement in the scores of students and only in the last test,
there is no difference observed. But, a good point to bedristthat the score is on the second
highest value of the rubric scakeor the sub skill of Testnitially there is no improvement in
the scores but after interaction with the second module of®@HZAP, there is a constant
improvement noticed.

Even though MIGO-MAP modules are found to help students in developing each subskill
of micro-macro thinking, a serious and sustained commitment is required while working with
them. There are multiple limitations of this study such 4= difficulty level of the topics
chosen for this studigs the sameThis could be a reasatue to which attainment of a score
which remains between the second highest and highest score is seen to be possibte
gap between interaction with each M@MAP module is very less i.e. when they complete
interaction with one module, answer the test questions and begin interaction with the next

module. There is also a time gap between the second and third matiida can lead to
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students being prepared beforehand for topics in basic electronics. A maturity effect can also
take place as students interact with MIEMAP modules multiple number of times and for a
longer period of time. So also, irtparticipant vaability is largely ignored in group based
analysis and contributes to weak effects (statistical insignifecaioc the subskill of
explanation).Some participants improve and some get worse in response to the learning
material resulting in a weak effefctr the group.

Overall, we can conclude that development of the skill keeps on improving as students

interact with multiple modules and for longer time periods.

6.6 Summary and Implications

In this chapter, the choice of topics, development and evaluationl@fQvWMAP
modules has been discussed. Six modules have been developed within the domain of basic
analog electronics out of which three modules for the topics of thermistors, light dependent
resistors and conductivity in extrinsic semiconductors have bedua¢ed by means of single
group prepost test research designs. A repeated measures design research study has also beer
carried out wherein student responses to mmsaaro thinking skill tests has been examined
post interacting with three modules for tirae period of one and a half day. It is found that
overall there is a statistical significance in their test scores even though there is a variability in
the significance when a pair wise comparison is calculated. The mean plots for the different
sessios are an indication of improvement in the skill development as the frequency of
interaction with modules increases.

Towards an effort in enabling students to develop explanations and reasoning linkages
which deepens their understanding, the next stuthe tondertaken will be a qualitative study
examining their thought process while interacting with NOGVAP.
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Chapter 7

Student Interaction with MIC -O-MAP

7.1 Introduction

7.1.1 Motivation

The evaluation studies in Chapters 5 and 6 showed that |&aeraction withMIC-O-
MAP modulesin various topicshelps in their development of micronacro thinking.The
interaction path followed by a student reflects the learning process that the student takes while
as they develop micrmacro thinking skill. Ougoal now is to examine the learning process
behind the development of mieroacro thinking skill.The reason behind investigating this
learning process is that@pite of having a similaacademic background, technology familiarity
andinteractiontime,ther e i s a v ar i destiscoragvhichmevatuatas theextens 6 p
to which they have acquiredicro-macro thinkingskill. Also, students who get a high score on
the micremacro thinking skill test follow a similar pattern of interaction imavigating
through MIGO-MAP in section 4.7.4vhile this pattern of interaction is different compared to
students who score low on the migracro thinking postest.

Investigating a scientific phenomenon without the presence of a mentor can give rise to
difficulties as there is no one for doubt solving or for prongdguidance when stuckh many

existing TEL environments, there exists a facilitator to guide the students throughout the
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learning session or suggest alternative interaction paths when re@nréek other hand/IC-

O-MAP is used primarily in the context afelfregulated learning. Thus, it is important to
investigate the learning process of students as they inteitadIC-O-MAP. To do thiswe

have analysed the screen recordings of learder i nt e r a c-O-MAPnas well asthe M1 C
responses from followp semistructured interviewsr his qualitative analysis will provide an
insight into the thought processes of students while interacting with@AMAP. Thus, our

study will provide guidehes for prospective designers of TEL environments on how to
promote actions considered O6productOMABO s o

learning environment.

7.1.2Devel oping a Description of Studen

While considering any educational setting, it is importargtress the dual aspects of
both (a) accomplishing the task and (b) learning from one's efforts, that is, improving one's
performance on the future tasks in the process [Reiser, 2004]. In preblemg using
heuristics, students learn to monitor and direct their own progress, asking questions such as,
"What am | doing now," "Is it getting me anywhere," "What else could | be doing instead?"
This metacognitive level helps students to avoid peraéing in unproductive approaches, to
remember to check candidate answers, and so on [Schoenfeld, 1982].

Wertheimer has used the term productive thinking to denote insightful learning based
on an understanding of the underlying nature of the problemtfidierer, 1959]. According to
this view, learning occurs as the learner gains insight into the problem. Learning based on
understanding is called productive thinking [Bower & Hilgard, 1981]. Also, a more holistic
emerging view of learning is captured in 8cenf el dés definition: 0 é
things and developing increased capacities
1999]. If there exists a difficulty in managing investigations then it leads to insufficient attention
devoted to eflection and resvaluation [Loh, 2003; Loh et al., 2001]. For learning through
investigation to succeed, it is needed to develop a process which articulates a generalization of
studentsé ongoing understandi ng.ningrataerthaar s s
getting bogged down in translating from a representation to its underlying meaning. Simplifying
this translation can reduce the complexity of the task, minimize errors possible with the tool
[Norman, 1993; Reiser, 2004].

The @pr ecareng'sis erhfbited by what the student does in order to learn
something and it is defined in terms of the student's focus of attention. This process of learning

is investigated through a student's report of what he is doing, and this can be relaged to t
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outcome, which is exhibited by his performance in tests [Laurillard, 1979]. A synthesis of the
above ideas wherein we understand what makes a process of learning productive i.e. which type
of actions performed by students while learning can be condigesductive. A student should

be performing an action which makes an active contribution to what he is doing rather than

simply reproducing what can be recalled from lectures [Laurillard, 1979].

We define student so acti ons tionally ugepa oduc
combination of MIC-O-MAP features for establishment of a micremacro link. While we
try to encourage all students interacting with MDEMAP to complete attempting all the tasks
presented to them, it is also crucial to gather insight iearthnner in which they complete the
task and try to find an underlying common set of actions performed by students who score high
on the micremacro thinking skill testThe following study using a case study approach
provides us with the richness of expihg patterns in qualitative data through screen captures
and the logical explanations behind student choices while interacting withOMIAP.

7.2 Research Design

The research question to be investigated in this study is as follows:

RQ 3: How does student ietaction with MIGO-MAP lead to development of mienaacro
thinking skills?

This research question is mapped to the third theme, whidlocggs of acquiringiicro-macro

thinking.

7.2.1 Participants

Participants were students from the 1st year undergraduate science and engineering
programs from various colleges under Mumbai University, India. Formal invitations were sent
to 5 colleges and students were asked to formally register with us for the\&teidhose 1st
year students since we wanted students to have prior knowledge of XllI standard science, but
we wanted them learn the topic for the first time using the learning environment. The sample
size was of 12 students out of which 10 students scagladh the test measuring mienaacro
thinking skills. Purposive sampling was adopted to focus on the thought process of high scoring
students. These students who scored high (N=10) were asked to explore the learning

environmet MIC-O-MAP, and try to atteapt every task in it.
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7.2.2 Procedure, Data Sources and Instruments

A total time period of 1 hour was allotted to the students for learning the topic. The topic
being learnt using the learning environment wal Bunctions (forward biased) from the
subjectdomainof physics. While they were learning, the topic using NOGIAP, their screen
captures were recorded and post end of the session, the recording was replayed and semi
structured interviews were conducted. Students were asked to expldatail thereason
behind viewingevery feature anthe mannerin whichit did/did not helpthem in developing
micro-macro thinking These sutskills were mentioned in MIKD-MAP as learning objectives,
hence students were aware of the learning outcomes expecteth&onThe maximum time
duration for which the interviews lasted were I®minutes.

In order to record then screen activitiegsMy Screen Recorder software, screen
recording softwaravas usedAll these screen capturers were analyzed and later coded in
accordance with the interaction pattern observed. This is known as Clickstream Analysis i.e.
analyzing the record of screens or pages that user clicks on and sees, as they use a site or
software product [Taniguchi, 2009]. Semi structured inésvg were coducted post this

analysisin order to gather an understanding into the thought process behind the choice of a

particular interaction path. Semi Sstructur e
elaborate why you have opted to go back to thisufeae ? 0 , Al n what mann
hel pful for finishing this task?o, ACan you
prediction? Can you detail out how you have managed to establish thenmacor o | i nk ? G

7.2.3 Data Analysis

The recordings of the screen captures and interviews were transcribed leading to a
complete interleaved transcript of interviews and screen captures of each of the 10 students,
amountingto% pagesd®6 worth data per stnmeardimgiwe FocC
took note of which feature was viewed in order, one after another. Analysis of this provided us
with the interaction path taken by students as they interact with@AMAP. The unit of
analysis was one question by the interviewer and a pameléng answer by the student. Codes
were allotted to each unit of analysis depending upon what was being repmadlity,
purpose of visit and time spent. Initially new codes were allotted till saturation of these codes
was reached, after3 studentsranscript.

Two raters coded the transcripts. Intater reliability for the raters was calculated and
the value of Cohendés Kappa was found to be

a particular feature of MI®-MAP for various learning gas. The interviewer at the same time
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took notes of the actual actions of the students while interacting with the learning environment
in the recordings. Analysis of a mapping between the codes allocated and the interaction path
taken by students gave risethe actions considered productive when students learn with rich
technology enhanced environments such as-BHMAP. Three illustrative case studies have
been detailed out in section 7.4 which contrast the thought processes of high and low scoring
students.

7.2.4 Results

Frequencies of the respges given by students were noted andadrelated in Table 7.1.
The three mia categories arising for thesedesare: Usability, Purpose for which features
have been sed andReason behind time speiithe number ofimes a code appears under the
categories of purpose of visit and reason behind time spent is shown in Fig. 7.1 and Fig.7.2
respectivelyThere were a few codes associated with the usability o ®HGAP which got
addressed immediately post the intervieWsese changes are mentioned in Fig.7.3.

Table 7.1: Frequency of Student Responses for the Codes

Codes Frequency
Good navigatiorbuttons selexplanatory 11
Bad navigatiortoo much scrolling 12
Not noticeable (notes taken and feedback) 15

Zooming infor closer view

Micro world Simulation & Assertion an
Reasoning Questions Improving conceptua
understanding

Micro world Simulation & Assertion an¢ 10
Reasoning Questions Improving reasoning &
prediction
Viewing Micro world Simulation, Experimsal | 10
Setup and Assertion and Reasoning Question
phrase justification
Viewing Micro World Simulation and 15
Experimental Setup together to improve predicti

Correlating representations for sense maki| 15
Multiple representations

Title of button (direct me) Useful for finding| 4
guidelines/instructions

Tracing path for curiosity.

Tracing path to check earlier answers

Tracing path to change answer

Experimental Setufl.inkage to real world lab

Glossary Gathering/recollecting information

IS RN I NS B YIS | N

Notes to reduce memory load
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Missed a task hence gone back

Navigation for finding a task

done

View features multiple times to decide what hag 3

trying tounderstand)

Multiple attempts for Sense making (reading

q

No of attempts (attempting again) i.e. restarting

Codes

NOTES TO REDUCE MEMORY LOAD

GLOSSARY- GATHERING/RECOLLECTING INFORMATION

EXPERIMENTAL SETUP- LINKAGE TO REAL WORLD LAB

TRACING PATH TO CHANGE ANSWER

TRACING PATH TO CHECK EARLIER ANSWERS

TRACING PATH FOR CURIOSITY.

TITLE OF BUTTON ({DIRECT ME) — USEFUL FOR FINDING
GUIDELINES/INSTRUCTIONS

CORRELATING REPRESENTATIONS FOR SENSE MAKING- MULTIPLE
REPRESENTATIONS

VIEWING MICRO WORLD SIMULATION AND EXPERIMENTAL SETUP
TOGETHER TO IMPROVE PREDICTION.

VIEWING MICRO WORLD SIMULATION, EXPERIMENTAL SETUP AND
ASSERTION AND REASONING QUESTIONS TO PHRASE JUSTIFICATION

MICRO WORLD SIMULATION & ASSERTION AND REASONING
QUESTIONS - IMPROVING REASONING & PREDICTION

MICRO WORLD SIMULATION & ASSERTION AND REASONING
QUESTIONS - IMPROVING CONCEPTUAL UNDERSTANDING

9 10 11 12 13 14 15 16

Frequency

Figure 7.1 Frequency otodes arising for Purpose of using MGEMAP Features
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Codes

NO OF ATTEMPTS [ATTEMPTING AGAIN) LE.
RESTARTING

MULTIPLE ATTEMPTS FOR SENSE MAKING
(READING AND TRYING TO UNDERSTAND)

VIEW FEATURES MULTIPLE TIMES TO DECIDE
WHAT HAS TO DONE

NAVIGATION FOR FINDING A TASK

MISSED A TASK HENCE GONE BACK

0 1 2 3 4 5

Frequency

Figure 72: Frequency of codes arising fstultiple Attempts

For the responses associated with ta¢egories of usability and time spent, we
addressed them in the following manner: Scrolling was stopped in totality and it was ensured
that students need not view a scroll bar leading to distraction. The usability of the entire screen
was improvised by geerating the dialogue with the pedagogical agent in the form of a pop up
which can also be closed if not needed for assistance. The response received from participants
that the feedback was not noticeable got addressed due to this. Similarly, for ttekimgte
section, we ensured that the scratch pad for writing down notes could be enlarged and moved
all over the screen and could also be closed with the information retained when not needed. Fig.
7.4 brings out the difference between these two screen gmage
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BEFORE AFTER

Scrolling needed to view Feedback from the Agent, and all
Feedback other features on one screen, no
scrolling

©0ee0d
22800 .
R TT I
« ®o0eeo0o
. Boseco

Note Taking can be enlarged,
moved around and closed

Note Taking at the bottom of
the screen

Figure 7.3: Usability based Changes

7.2.5 Findings

On the basis of the results reported in section 7.2.4, it can be inferred that students vary
the mcro world simulation parameteirs order to viewts corresponding effecin the elements
and processes in the micro world. They are found to be usings#ertionand reasoning
guestionsobservation baseir improving conceptual understanding. This same combination
of featuresi.e. interaction with the micro world and ansing the assertion and reasoning
guestions (in this case, observation as well as inference thesealso beenusedforr e di ct i o
of a macroscopic out cmmer aSidu dederttteedy laicsg h iwn g ha
simulation of the microscopic woexlpd iand |iyt
predictingfam omattcome opi ¢ phenomenon

Anot her combination of features being e

s muliaan of the microscopic world, the expe
reasoningohpsestvimdom®n and i nference hhiansge da gt
justification 1 . enactrao 4dtirme&n gt tAhrdgamebdian dtyii omion
representations i .e. the simulation of the

the dynamic graph plotting has beent wwaerddd o
the end of the modul e whemcdtiinde wist hhavd d«

MI ©MAP I n addition to -OMAR ,faeadteuned | eavefb:
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and aptly used whbi lwe dtawdd ehrotpse di ftoagr actFowi t
exampl e, & rmati migt omehevi se an ansawdar dmmgwr i
t hesef mmrmotperasing a justification for a gra
Students are also found to undertake multiple attempts to complete the interaction with
MIC-O-MAP. One of the reasons noticddough the screen capture data has been to reach a
particular choice of feature. The option of path tracing present in@AMAP has been used
by students for this purpose. The next two instances for which multiple attempts of interaction
with MIC-O-MAP have been undertaken by students is for restarting the entire process and
going through all of the tasks once again. Overall, we have seen students making a genuine

attempt at trying to develop all the subskills of mianacro thinking using MIED-MAP.

7.2.6 Ca= Studies

We present three illustrative cases of student actions and behaviours as they interact with
MIC-O-MAP. The first two cases reported here are those students who developed the micro
macro thinking skill whereas the last case is of a student who did nobpeked skill in spite
working with the same environment of MIG-MAP. An indication of the development of
micro-macro thinking skill is their scores on tlp@sttess. Also, the interview transcript
analysis for these chosen students are representatietiaris considered to be productive for
students while using MKD-MAP. The specific interaction paths of the first two learners are
different, yet each of these learners was seen to display productive underlying actions to
develop micremacro thinking. @e case representative of a typical path undertaken by low
scorers is also presented in end. The key point to be noted is that the last student who is a low
scoring student, does not perform the productive actions undertaken by the high scoring
students. Tis stands out as evidence for establishing a relation between the productive actions
performed by a learner and their development of macaaro thinking skill.

Case 1: High Scoring Student

Studentl begins by interacting with the simulation of the mierorld and almost
immediately goes to the prediction task. In the prediction task, in which he has to choose one
correct graph out of four shown graphs, his cursor moves over and pausegraplthe each
option, however he does not commit to the prediction. He then goes back to the simulation of
the micreworld and makes more minute and careful observations. After this, he commits to
one graph. He then tries to phrase a justification, cdraek to take a look at other options in
prediction task, does not change initial answer and continues phrasing the justification. Then

he comes to the testing phase, notices that the prediction is incorrect and goes to scaffolding
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guestions. He reads dfig options and feedback, deliberately moving and pausing between the
words, indicating careful reading. He once again goes back and watches each and every part
of the previous screen (as indicated by the cursor movement and corroborated in the interview).
He varies all voltage values in the simulation and reads corresponding screen text. Later he
comes back and reads the scaffolding questions second time. He repeats the action of going
back and forth between the simulation of the miwwwld, the predictio question and the
scaffolding questions. He then makes a second attempt at predicting a graph and justifying it.
This brings him to the summary phase where he writes a correct description of how the different

representations are linked to each other. Isie mads assumptions listed before stopping.

Given below is his corresponding interaction path:

|S|M PO SM PQ SM PQ SM PQ SM PQ S PQ JUS RWA SQ PQ SM PQ SM PQ JUS RWA SUM ASM |

Here, SIM Simulation of the micro world, PQPrediction Questions, JUSustification of
Prediction, RWA Real World Answer, SQ Assertion and Reasoning Qtiess i.e.
Scaffolding Questions, SUMSummarization, ASMAssumptions.

Summarized below is an excerpt from the interview transcript for Stddent

Question by Researchd?lease share your entire experience while interacting with this module.
Answer byStudertl: Understanding improved using MHO-MAP as opposed to what is taught

in class.

Q: Can you elaborate how you have made a choice of the graph?

A: | have followed whatever was suggested on tppthe mentor agent in the systethwas

told that weshould observe what happens when the voltage is varied. That is why | clicked on
the button indicating + and | interacted this for quite some time and saw how the electrons
moved. Then | saw that four graph options are given and submit is writtexgnsrthat | should
choose one of these. So | went ahead and chose one.

Q: On what basis did you chose a graph? You have selected option2, so what was your thought
process behind this?

A: When | was playing with this, for starting few values of voltageshmany electrons flow.

Later they start increasing and move faster with each voltage value.

Q: You have clicked on the help button in after the task of testing your prediction.

A: Yes | was answering each question, combining the feedback with whbaeived in the

animation and then chose another graph and wrote my answer.
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Case 2: High Scoring Student

Student2 similarly begins by interacting with the simulation of migvorld, varies
different voltages and observes the output electron motioeafc value. She then comes to
the prediction question task. When she realizes that a graph is to be predicted, she goes back
and interacts with the simulation of mienmrld for a longer time repeating the voltage values
and observing onscreen action. Aftieis she goes the scaffolding questions. Her cursor moves
along each option of the scaffolding questions, and then she answers each question. She then
goes back to the simulation of mienrld as per the suggestions in the feedback obtained in
the scafblding questions. Later she tries to attempt the prediction question once again and
chooses one graph. I n the justification tas
Is increased step by step, the current increases but after the kiage v®krossed, the current
increased rapidlyo. Then s hworldpaodeapidiyovarieskhet o t
voltage and checks what is happening. She returns to the justification task, and she writes an
even more detailed justification, mag that when the voltage is zero no electrons are flowing.
She also writes that when the knee voltage is crossed, there is a large electron flow for small
increases in voltage. She tests her answer with the real world answer, when found correct
proceedsd summary and assumptions. After reading the assumptions she comes back to the
given realworld experimental view, goes over the graph and goes through the summary once
more.
Given below is her corresponding interaction path:
|SIM PO SM PQ SM PQ SQ PQ GO SM PQ JS SM PQ SM PQ JUS RWA SUM ASM RWA SUM

Summarized below is axcerpt from the interview transcript for case 2:

Question by ResearcheCan you share what you were thinking while the cursor is moving
around?

Answer by Studef Yes | am trying to decide what | should be clicking on first. | have clicked
on PN junctbn animation.

Q: Please explain why.

A: Because everything is dependent on this, including graphs.

Q: Now before choosing a graph you have clicked on help to predict graph.

A: Yes the graphs were voltage versus current and | am trying to see whibépicts the fact
that current increases after a certain value.

Q: Can you elaborate that based on your choice of option how did you decide your answer of

the graph?
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A: Because | realized after reading the third point that when we increase the voltage of th
external battery, that at certain voltage ¢

graph.

Case 3: Low Scoring Student

Student 3 begins by interacting with the simulation presented in the-mictd. He
proceeds to the prediction questiout is unable to make a choice and returns to make more
observations in the micrevorld. He repeats the action of choosing one graph and going back
to the simulation of the micravord. He tries to proceed without making a prediction. When not
allowed to poceed he commits to one choice of graph but is unable to phrase a justification.
He goes back and forth between the scaffolding questions and the simulation in an attempt to
copy the on screen text. Finally, post reaching the testing phase, noticeg thiadiction is
incorrect but instead of attempting a revision proceeds to the summary and stops.

Given below is his corresponding interaction path:

M PQ SIM PQ demo  PQ S PQ JUS 0 S SQ S JUS  RWA SUM
Summarized below is an excerpt from the interview transcript for case 3:

Question by ResearchdCan youexplain the reason behind alternating between the simulation
and the prediction questions?

Answer by Studet& | am trying to think which is the correct option from the four graphs
presented.

Q: How did you arrive at your final choice of graph.

A: Actualy | wanted to go ahead to the next task, which is why | picked one of the graphs.

Q: Okay, after making your choice how did you phrase the justification? You seem to viewing
the features of scaffolding questions and the simulation.

A: 1 had not thoughtnuch before choosing the graph which is why | have copied the on screen
text from the scaffolding questions to proceed.

Q: You seem to be choosing one of the options in order to proceed to the next task, am | right?

A: Yes, | wanted to see what is theext. My graph which | had chosen did not match with the

real world answer so | went ahead to view the summary.

7.2.7 Discussion

On the surface level it seems like the paths taken by Stidemd Studer? are different.
Studertl attempted the task of making a prediction almost right after starting the activity, got

the prediction wrong, and interacted with the miararld simulaton and scaffolding questions
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multiple times for revising his prediction as well as for phrasing a justification. In contrast,
Student2 spent a lot of time initially interacting with the simulation to make careful
observations in the micreorld, then useé a combination of the simulation results and
scaffolding questions in order to make the prediction and improvise the justification. Student
2 got the prediction correct in the first attempt. However, each of these learners displayed
common productive adnsin which they intentionally used MKO-MAP features to establish

a micromacro link These actions were not noticed in the interaction undertaken by the low
scoring studentBelow we show some instances of our codes and analysis of the interleaved
trarscript for high scoring students. This was done to extract out productive actions of the high

scoring students.

i) From the screenaptures, we found that students interacted with the naortd
simulation multiple times and with greater detail in suceessisits. Visits to the
simulation alternated with spending time on the prediction question and graphs of
currentvoltage readings (mactwworld). During the interview, students corroborated
that the reason for multiple visits and large time spent on tbeworld simulation
was to reason through the predictions of the ma@dd processes. For example,
Studet2 r e p o r It chckled onhP&l funciion animation. Because everything is
dependent on t hiVWe ignacvleu da ng-mage wetflersté mi cr
i mprove pr edi c tWemfarthatstddentsénsersiod with thegmievorld
simulation in a more detailed manner in order to make an informed prediction of the

macreworld process.

i) The screercaptures showed that students alternattd/dsen the scaffolding questions
that led them towards the reasoning behind the prediction and the-widcb
simulation. The interviews provided quotes sudhbs want ed t o see wh
in Help to predict with respect to the graphs mentioned heée] the mentor
suggested that we interact with the simulation while answering the scaffolding
guest Wogaweaoode of O0Si mul ati onitaheldreasanaf f o
and predictd. We infer thatspompisdveenthey us e
are unable to make a prediction and the types of scaffolding questions with links to the
micro-world simulation are designed so that to be able to provide students guidelines

for helping them solve the complex task.
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iii) Screencapture dat showed that students revisited the migayld simulation multiple

times during the process of writing the justification for their prediction. After each

interaction with the simulation, the justification was refined and improved. In the

interviews stude t s
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Table 7.2summarizes the actns of learnersonsidered to bproductive as they interact with

MIC-O-MAP learning environment to establish mier@cro links, and connects the design of

the learning environment that may have supported these actions.

Table 7.2 Student Actions whicha o n s i

der ed

to be

Learner productive actions

How does the learner action help establish
micro-macro link?

MIC -O-MAP design supporting
micro-macro link

When unable to make in informe
prediction, learners undergo multip
rounds ofinteraction with all features
of learning environment.

The various types of scaffolds are well desig
to be able to provide students specific guideli
for helping them get unstuck. Further the
scaffolds lead students to do productive acti
while exploring micro world. Scaffolds not jug
leading students to correct answer but to act
scientists and practice thinking skills.

Scaffolding questions aid i
identifying key areas in the micrg
world and use these observations
predicting the graph ithe macro
world.

In order to establish a micmmacro
link while phrasing justification,
learners manipulate variables in tl
micro-world simulation and establis
correlation with graphical outcome i
the macreworld.

When asked to write a justificatiororf the
macroeworld prediction, students make mo|
careful observations in the micworld
simulation, and later repeat this exerc
multiple times to improvise or ensure th
justification written is correct.

The pedagogical agent in MIO-

MAP encourages learners to ma
careful observations in the mier
world simulation while
constructing the justification for th
macreworld prediction.

For a complete understanding of tf
topic, learners simultaneous
interact with the dynamically linkec
multiple representations t
summarize understanding.

Students correlate the multiple representation
the summary task for sense making g
improving their understanding of the topic.

The summary section of MHO-
MAP encairages learners t
integrate various representatio
and write the summary of th
physical process, after varyin
parameters and correlating multip

linked representations.
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7.3 Summary and Implications

We wanted to identify productive actions undertakestbgents because enactment of
these actions are found to be aiding in establishing a fme@o linking by using the design
features of MICO-MAP for the precise goals for which they had been incorporated into the
learning environment. Table 7.2 estalis these connections between the action of the learner,
manner in which the action helps in developing a mmezro link and how the design of MHC
O-MAP supports establishment of this link. The productive actions idenghadlle learners
to effectivelyuse the rich features and scaffolds of the learning environment in order to achieve
the learning objectives of establishing connections between the-wictd dynamics and the
macreworld processes of physical phenomena. As an answer to RQ 3, we highkgh
connection between | earner s o6 -@MAFPdTbesetpiovide a ct

an insight into the process of acquiring mianacro thinking:

1 Guided Investigation and wayfinding
When a learner is stuck in navigation or thought proesstling an informed choice of
prediction, the constructive dialogue with the pedagogical agent aids in locating key areas to be
observed in the simulation of the mienmrld. A combination of these features is being used
by learners for carrying out a seatific investigation in MIGO-MAP and locating a path
leading to the goal of micrmacro skill development.

1 Accurate articulation and establishment of minracro link
Learners use the conceptual scaffolds for establishing or strengthening thenagcmlink
after committing to a graphical prediction in the mamarld. This is done via a dialogue with
the pedagogical agent who provides scaffo@isntrol is given tohe learner who is able to
decide how tause the scaffoldgresent in MICO-MAP in order to analyze the graphical curves
and observations in the mieveorld and later link the two. This is done when they justify their
commitment to a certain graphical outoe. Students are able to take pauses in between their
learning curve and reflect on their choices as well as the link establishment between the two
worlds.

1 Activities based on dynamic linked representation for holistic sense making
After interacting withvarious activities in the learning environment, a complete summary is
written by learner post interacting with all representations present on the Stdemts are
allowed to control the pace of the dynamically linked representations while interadting w
MIC-O-MAP. While they do this, they are able to understand thgaing process in the micro
world and the tangible outcomes in the macro world. Establishment of this correlation is
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essential for their conceptual understanding as well as transfeisdntbwledge in future
learning.

The analysisof this study is focused only astudents who did develop miemacro
thinking skills, i.e. those who scored high on the ftest that included questions on relating
micro- and macreworlds in a new topic. Quationale was to attempt to identify if there were
any common behaviours and actions of such students which may have led to increased learning.
We have also noted that these actions were absent in low scoring students, the case study from
section 7.5 praiding an example of the contrasting behavioral patterns. We fawaodnmon
setof actions in the behavior of high scoring students useful in the fmao thinking skill
developmenti.e. theset ofproductive actionsPost extracting out the actionsufal to be
productive while working with MIGO-MAP, we will now be providing an overall discussion
of the thesis work and recommendations for interaction and working withQAGAP in

chapter 8.
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Chapter 8

Overall Discussion& Future Work

In this thesis,we reported two desigbased research (DBR) cycles of design,
implementation and evaluation to develop a TEL environment;OH@AP, to develop micro
macro thinking skills in undergraduate science and engineering students. This DBR approach
helped us idetfy features and learning activities in MHG-MAP that led to productive
learning, such as, mullevel linked representations and conflict resolution questions with
customized feedback which aid students in establishing a link between the microscopic and
macroscopic worlds. Findings from the study gave rise to specific learnings for example, the
role of the pedagogical agent to ease assessment anxiety related -O-WWP question
prompts, and instead transform it into a mentoring process. The iterativelaselylinked
process involving the design (and redesign) of NIBMAP and its evaluation formed the
backbone of our research process. The detailed qualitative interaction analysis led to insights in
terms of the productive actions taken by students athieved micranacro thinking after
interacting with MIGO-MAP.
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8.1 Answering the Research Questions

The first research question, whislas under Theme 1: Learning of miar@crothinking using
MIC-O-MAP wasRQ1: Do students who interact with MIC-O-MAP develop micro-macro
thinking abilities?

RQ1 was answered in both the DBR cycles. Overall, we find that students who learn using
MIC-O-MAP are found to develop micnmacro thinking skills. This has been evaluated
multiple number of times. Initially, In DB cycle 1, a controlled study (Study 1) was carried
out where MICO-MAP was tested against a traditional simulation which did not have scaffolds
present in MIGO-MAP and there was statistically significant improvement in the scores of
students learning witMIC-O-MAP. In the next DBR cycle, when the features of MIEMAP
were revised, a single group grest test study was carried out (Study 4) to find that the
difference between thgre-testandposttestscores of students learning with MIG-MAP are
statstically significant with theposttest scores higher than theretest scores. This
strengthened the finding that students learning with J@MMIAP develop micremacro
thinking skills. The same research design was carried out to test 3 mo/@-MIEP modues
(Study 6) with the result also turning out to be saméheedifference between the pesst and
posttestscores were statistically significant with thesttestscores higher than thgretest
scores. The students participating in these studies aviferent each time but the difficulty of
the topic was on par for all of the modules being tested. Similar results have been reported in
research which says that miemacro thinking skill is developed is when learners understand
and to use relationsebveen observed phenomena at the macroscopic level and the models of
invisible particles such as atoms or molecules at as microscopic level (Meijer, 2011).

A repeated measures study was also carried out (Study 7) to examine the student
performance on theicro-macro thinking skill test post exposure to multiple modules of-MIC
O-MAP. Once again, it was found that over all there is a difference pré&testandposttest
scores of these students post interaction with each module. When a pair wise examination was
carried out, we found that even if there exists a variation in the test scores, it lays between the
second highest and highest value on the rubric. There is adéaito the lowest score. This is
an implication for the fact that over a period of time students go on improving in their micro
macro thinking skills. A possible reason for this finding could be that there is a ceiling effect
since the difficulty levetemains the same.

Now that we knew that students learning with MDEMAP develop micremacro
thinking skills, we also wanted to ensure that students are able to interact wt®-MIEP

with high degree of usability. The reason for this is that {MHMAP is a semi open ended
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environment and students are provided with instructions but the path of interaction to be
undertaken is at the discourse of the learner. In order to do this, under Theme 2: Interaction of
learner with MIGO-MAP, we aimed to find an aner toRQ 2a: What interaction paths do
students follow as they learn with MIGO-MAP? A gualitative study was undertaken (Study
2) wherein their screen capture log was analysed using the method of clickstream analysis. Our
goal was to examine the interactipaths of students who scored high versus those students
who scored low on the pestst for RQ1. A subset of the sample from Study 1 was chosen for
this study. We found that there existed a difference in the learning paths of high scoring and
low scorirg students. It was found that high scoring students have an underlying purpose
whenever they visit any feature of MIG-MAP, based on this purpose, for example: if the
purpose is to strengthen a miar@cro link, they undertake a combination of features s
the simulation of the microscopic world, the experimental setup along with the assertion and
reasoning questions (observation and inference based questions) for the purpose of phrasing a
justification i.e. to strengthen the mienoacro link. These stlents undertake multiple
iterations of interacting with MIE€D-MAP features due to which they interaction path depicts
a back and forth interaction activity. In contrast to this, students who score low are found to be
keen on completing any given task eththan indulging in sense making and combining
features for the same. These students interact with one feature after another until they finish
interaction with the entire module. They are also found to treat the assertion and reasoning
guestions as a sunative evaluation instead of scaffolds for improvisation of their predictions
and answers. They interaction path in very linear with each feature 6COMWAP viewed one
after another. This aspect of finding a path which is beneficial for all learnesoiseained
important by adaptive navigation support (ANS) which is aimed to help students to find an
"optimal path" through any learning material [Brusilovsky, Eklund, & Schwarz, 1998].

After gathering insight into the interaction paths, we aimed at gminigvel deeper in
this interaction path taken by students and undertook purposive sampling of the high scoring
students (N = 10) and transcribed the entire on screen activity (Study 3). This was done in order
to answeRQ 2.b: What difficulties do students face while interacting with MIC-O-MAP
for developing micro-macro thinking? under Theme 2: Interaction of learner with M=
MAP. The entire transcript was later coded and categorized in order to find the difference in
the time spent on each activity peas in MIGO-MAP and the frequency of features visits
analysed in accordance with purpose of visit. It was found that on an average, all the students
spent around 30 minutes interacting with all the features of®H@AP. However, when the

time spent omctivities by high scorers versus low scorer was compared, it was found that there
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was a statistically significant difference in the time spent for activities like prediction questions,
usage of experimental results for comparison and judgment and assamtioreasoning
guestions. To understand possible reasons for the different time spent by students, we compared
the interaction behaviour of students from the low and high scoring groups respectively i.e. a
frequency analysis of each code related actiomgygerformed in the screen capture recording.
We found a stark difference in the reasoning method of these two types of sthigrngsorers
and low scorers. Examples include: Attempts to predict based on-méam linki High
scorers: 5 times more thdow scorers OR Attempts to follow question promptgh scorers:
twice more than low scorers.

Research says that it takes a good design to make good technology based instruction
[Dempsey & Van Eck, 2002] which is why we wanted to gather more deghtimsio the way
in which MIC-O-MAP features are being used for developing mitacro thinking skills.
Students from the same academic background and having the same familiarity with technology
were present in the experimental group and all of them red@llC-O-MAP as the learning
material. Inspite of this, some of these students are receiving high scores where as some are
receiving low scores. Hence, we focus our attention on high scoring students and try to make
explicit the reasoning behind their dg@ons as they undertake an interaction path. We analysed
the number of visits to each feature of MBEMAP and the action performed on visiting a
particular feature (Study 3). For example, even though the numbeasitsf to Prediction
Question feature wa$32, an informed choice of prediction was made only 11 times. This
calculation was executed for all crucial features of NOGIAP and it was found that there
exist learning related problems while interacting with MMMARP. Possible reasons based on
the design perspective were found for these learning problems.

Under Theme 2: Interaction of learner with MIC-O-MAP, RQ 2.c: What was the
effect of the improvised design on students' interaction with the various features of the
learning environment? was invedgated by analysing the screen capture log of the high
scoring students who have interacted with the second version oOMIAP (Study 5) We
wanted to check if the frequency analysis of the purpose of visit versus feature visit are mapping
to each otheilt was found that for high scorers who interacted with the revised version ef MIC
O-MAP, the number of visits to a feature was quite close to the number of visits to a feature
based on a purpose. Example: Number of visits to Prediction Question fe8taral Blaking
an informed choice of prediction: 37 times. This is to say that students visited the feature of
OPrediction Questiondéd 89 times but made an

now contrasted with this analysis from cycle 1. Forghme feature, earlier analysis showed
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the following finding: Number of visits to Prediction Question feature: 132 and Making an
informed choice of prediction: 11. Based on this, it can be said that there exists a higher number
of attempts in establishireymicreamacro link, in following the pointers given in the feedback

of the assertion and reasoning questions, and the navigation difficulty appears to have eased out
due to enabling path tracing and retention of the choices and text entered by the Gtutfent.

basis of this comparison and analysis, it can be confidently claimed that the pedagogical
features identified by us for designing the learning environment of@HZAP can be used

for developing micremacro thinking skills.

The last study of und&ken in this thesis was a qualitative study (Study 8) with 12
students as the sample, und@eme 3: Process of acquiring migracro hinking and in an
attempt to answeRQ 3: How does student interaction with MIGO-MAP lead to
development of micremacro thinking skills? Purposive sampling (N=10) was carried out to
identify the high scoring students and semi structured interviews were carried out which were
further transcribed and coded in order to identify the thought process behind the actions
performedby students while interacting with MiO-MAP. These actions performed by high
scoring students are titled OProductive ac
learners to effectively use the features of MIMMAP for achieving the objectivef
connecting the micravorld dynamics and the maeworld processes of physical phenomena.
Examples of the actions are: undertaking multiple rounds of attempting all tasks when unable
to predict, interacting with the micro world parameters when askestablish a micranacro
link and simultaneous interaction with dynamically linked multiple representations. High

scoring students perform these where as they are absent in the interaction process of low scorers.

8.2 Claims

Based on the results and findings frima different experiments carried out with MG@EMAP,
we claim the following:

1. Students who work with MIE€-MAP develop micro macro thinking skills.
Evidence: Two DBR cycles were undertaken before finalizing the instructional design
document template for the development of future modules. In the first cycle, a statistical
difference inposttestscores of the experimental and control group whereimtperimental
group performed better than the control group on the test measuring thenmaimm thinking
skills. Post examining the results from qualitative studies about the interaction path followed
by students while working with MKD-MAP, a revised vesion of MIGO-MAP wasdesigned

and a single group pygost research study was conducted. A statistical difference prehe
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testand posttestscores measuring micraacro thinking was found. 3 modules of M@
MAP were tested using the single group poest test research design and each timgoise
testscores were statistically significantly higher thanghetestscores.

A repeated measures design was also conducted in order to analyse student responses to the

MIC-O-MAP modules over a period of tenOver a period of 1.5 days, students interacted with

3 modules and a statistical difference in-post test scores was found in the results. Although,

a variability was also detected in the statistical differences in the pair wise mean scores. The
sub «ills of Observe and Testing showed a constant increase in the scores as students interacted
with more number of modules where as for the sub skills of Explain and Predict, at certain
instances a dip was found in the scores. The good sign inspite ointhirggfwas that the
variation in the scores remained in the range <& @n the scale of the rubrics. An indication

of the skill development can be confirmed because the scores remain either on the second
highest or the highest score.

2. There exists a diffence in the learning paths of high scoring and low scoring students
with the high scoring students using M@MAP feature combinations for sense
making and skill development leading to them going back and forth between these
features. In contrast to thise path of low scorers is linear where they interact with one
feature after another till the end of the module.

Evidence: Learning paths plotted for high as well as low scoring students. It was found that the
students who score high on the mionacro hinking skill test are found to repeat interaction
cycles with a combination of MKO-MAP features depending upon the goal. For instance, they
read the learning objective and then proceed to varying parameters in the micro world and
making careful observians, if unable to determine which area to direct their focus on, then
they answer the observation based assertion and reasoning questions and then repeat an
interaction with the simulation of the micro world. When the observations are complete, they
finally attempt the prediction question after they are sure about the observations recorded by
them. Similarly, they repeat cycles of feature combinations in-@HEAP depending on
whether they want to establish the mionacro link, strengthen it or integratas link.

In contrast to this, students who score low on the test measuringmeaor thinking are

found to follow a linear path and answer each task one after the other in an attempt to complete
every task and finish interacting with the M@MAP modue. Too much of an effort is not
seen in instilling thought into the interaction path, instead the feature presented to them is

answered in the order in which it comes. On account of this, at times these students miss
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answering the answering the asseraod reasoning questions which could have helped them
in developing each sub skill of microacro thinking.

3. High Scoring students build their reasoning and predict an outcome using the conceptual

scaffolds and dynamically linked representations.

Evidence Semi structured interviews were conducted with high scoring students and they were
asked to mention, rather defend each choice made by them. While interacting wHD-MIC
MAP the on screen activity was recorded and later replayed in front of them. Studgeat
asked to explain the entire thought process behind the interaction path followed by them, the
goal which they had in mind and how the feature chosen by them would aid in achieving the
said goal. The same process was repeated for the low scoreasarstudies of 2 high scorers
and 1 low scorer were elaborated to depict the contrast in the thinking process. We inferred 3
productive actions which can be followed by students while interacting with GAMAP.
Examples of the actions are: undertakindtiple rounds of attempting all tasks when unable
to predict, interacting with the micro world parameters when asked to establish amamm

link and simultaneous interaction with dynamically linked multiple representations.

8.3 Generalizability

8.3.1 Generalizability of Domain

Topics which have concepts consisting of multiple levels (ie a micro and macro level) are
suitable for learning micrmacro thinking using MIED-MAP. In such topics there will be
important variables at the macroscopic leveldlservable/ measurable) and corresponding
variables at a microscopic level (often invisible) which explain the mechanism for the
macroscopic variable behaviouExample of such a topic in biology tis study the effect of
different temperatures and pH dime activity of salivary content, amylase on starthe
macroscopic parameters which can be measured are temperature and pH level and its effect can
be observed oan enzyme called salivary amylase which hydrolyses starch into mdhose
chemistryqualitative analysis of carbohydrates can be conducted by performing different tests.
Forexample,in8 e n e d i cirtadesttubeg-z t ml of Benisaddedtd@ml r eag
of aqueous solution of the sampalied thistest tubds keptin a boiling waer bath.A reddish
precipitate indicates the presence of a reducing stigarthe experiment to be performed and
observations to be recorded in the macroscopic world where as the reason for getting a reddish
precipitate (establishing the mienosacro lirk) is carried by writing the chemical reaction of the
Benedi ctwithkcahahygtestta forrruprous (copper (1) oxidehich is red in colour

and seen as a precipitate. An example in physiasfiad the velocity of sound in air at room
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temperatue using the resonance column by determining two resonance poditioirsg forks
on known frequency are used as the macroscopic parameter which can be varied and resonance
can be explained using stationary waves at the microscopic level.

We have testedhe MIC-O-MAP instructional design documeriemplate in one
additional domainof biology. The topic is tostudy pollen germination on a sliddhe
macroscopic parameter which can be varied igtiiken germination mediunin the macro
world, the pollen germination mediurs present on screen. Ingredients are also mentioned i.e.
10 grams sucrose, 10 milligrams boric acid, 30 milligrams magnesium sulphate and 20
milligrams potassium nitrate in 100mate dissolved inlistilled water.Students arallowed to
takethis nutrient solutiorusing a droppeand put two drops on a clean glass slidiaey then
have to tak@ mature flower and dust a few pollen grains from its stamen on to the drop on the
slide.Thenplace the glass slide on thage of he compound microscope anoserve the slide
through the microscope regulark clock is present for depicting the time.

In the microscopic world, what they observe is that pollen grain is uninucleate (has
one nucleus) in the beginning. At the tirokliberation, it becomes 2 celled, with a small
generative cell and a vegetative cillthe nutrient medium, the pollen grain germinates. The
tube cell enlarges and comes out of the pollen grain through one of the germ pores to form a
pollen tube. Theube nucleus descends to the tip of the pollen tube. The generative cell also
passes into it. It soon divides into two male gametes.

Students have to establish a mionacro link in order to understand how a pollen
germinatesln flowering plants, howevethe ovules are contained within a hollow organ called
the pistil, and the pollen is depOntestigend, o n
the germination of pollen grains begins by absorption of water and nutrients and the pollen
grain produces a tiny pollen tube through the style to the ov@he tube cell enlarges and
comes out of the pollen grain through one of the germ pores to form a pollen tube. The tube
nucleus descends to the tip of the pollen tdlbe generative cell also s into it. It soon
divides into two male gametes. In an act of double fertilization, one of the two sperm cells
within the pollen tube fuses with the egg cell of the ovule, making possible the development of
an embryo, and the other cell combines wita two subsidiary sexual nuclei of the ovule,
which initiates formation of a reserve food tissue, the endosperm. The growing ovule then
transforms itself into a seed. We can stimulate pollen germination in vitro with the help of a

nutrient medium.
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8.3.2 Generalizability of Context

MIC-O-MAP has been designed for sidfrning by a student but can also be used in
an instructor led classroom or a laboratory. Students can interact witONMUGP and work
through the modules in a classroom or lab wheredpie is being discussed. The teacher can
decide how to integrate an interaction with MBEMAP into the lesson plan, for example, as
a 30 min prdab activity, or during irclass problem solving. The teaching learning strategy
would be similar to that disissed as a recommendation in section 8.3 (a). Either students can
be given the TEL environment of MIO-MAP to interact with as a whole in the beginning or
end of a class/lab session. Another way to integrate this to ask students to pause and interact
with MIC-O-MAP at multiple instances decided by the teacher. The stages of establishing,
strengthening and integrating the mienacro link can also be explained to the students,

enabling them to interact with MO-MAP keeping a goal in mind.

8.3.3 Generalizability of Technology

MIC-O-MAP has been developed primarily using interactive simulations to depict the
microscopic and macroscopic phenomena. But the pedagogical design template 40r MIC
MAP has also been tested with a solution based on Augmented Realitytd@iiplogy.
Augmented Reality (AR) is a retime device mediated perception of a re@lrld environment
that is closely or seamlessly integrated with computer generated sensory objects [Camba, et.al.,
2014]. It is a natural way of exploring 3D objectslalata, as it brings virtual objects into the
real world where we live. The possibilities of AR include information visualization, navigation
in realworld environments, advertising, military, emergency services, art, games, architecture,
sightseeing, edation, entertainment, commerce, performance, translation and so on. Virtual
objects used in Augmented Reality Systems may include text, still images, video clips, sounds,
3-dimensional models and animations. Ideally these virtual objects will be peresveal
existing within a real world environment. The basic hardware requirements of an Augmented
Reality System include [Azuma, 1997; Billinghurst et.al., 2001]:

1 The presence of a video camera to capture live images

1 Significant storage space for virtual ebjs

1 A powerful processor to either composite virtual and real objects or display a 3d simulated
environment in realime

1 An interface that allows the user to interact with both real and virtual objects.
Examples of AR include Wikitude [http://www.wikitude.com/] which allows

information about sights, restaurants and events to display in a text layer on top of the camera
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viewport. More examples are MARS (Mobile Augmented Reality System) [Feiner et.al}, 2001
CyberCode [Rekimoto & Ayatsuka, 2000] and games like ARQuake system [Piekarski &
Thomas, 2002]. In engineering education, the development of spatial abilities has been
acknowledged by many authors as a factor that is strongly related to-legdlereaoning
skills, critical thinking, creativity, and success in STEM (science, technology, engineering, and
mathematics) fields [Camba et.al., 2014]. Specific examples of Augmented Reality (AR)
applications in this field include the development of a videoegimmassembling and analyzing
structures using virtual LEGO blocks or an AR system to study graphic projection methods.
Someti mes these two types of Augmented Rea
AnMar ker ARO technol ogya poisteok refdrenad uhati dafineg thana r k
position, orientation and scale of an AR object in the physical world, Eg: bar code, QR code.
AMar kerl ess tracking is where AR is used to
markers, EQ: natural prietl AR, a painting or real life marker like human face [Geroimenko,
2012] . Augmented Reality is the type of o6m
the real environment, as opposed to Augmented Virtuality where real world content is
transpanted into a Virtual Environment. Thus Augmented Reality can be seen as a conduit for
bringing together education in virtual environments and the real world [Milgram et.al., 1994].

A pilot study was conducted with three students to contrast the findorgsltie studies
with the TEL environment of MIE€D-MAP with the technology of Augmented Reality.
Students from first year graduation course were chosen are participants for this study. Initially
students were provided with the simulation of a reverseddRNgunction and were asked to
answelpre-testquestions. They were then provided with the circuit diagram for the experiment
of forward biased PN junctions. They were also provided with a bread board based circuit in a
real world laboratory as shown ifmgE8.1. along with QR coded stickers created using zap code
software. Students were asked to download the applet of zap codes in their smartphones and
focus the camera of the smart phone on the sticker after they have assembled the circuit using
the breadoard and other circuit components.

Figure 81: Circuit Diagram for PN Junctions topic
Once they set a voltage value using the battery they were able to note down live readings

of voltage and current as well as watch the electron motion in the micro world simultaneously
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using the zap code software. Once they performed this exercise foltadjevvalues they were
asked to interact with the MKO-MAP software in which they could directly procced to the
feature of prediction questions. They were allotted a total time period of 2 hours to work with
this entire set up. They were given no addibinformation, but their clarification questions
were noted. Then they worked on the pest and the average time required was noted. Finally,
students were asked about their perceptions on the learning environment and if working with
the laboratory bsed circuit and the MIO-MAP aided in improving their understanding.

Questions such as, ADi d watching the electr
help in predicting a graph? 1 f yes in in w
crcuit in addition to the technology based e

We found that the mean time taken by students to interact with the environment as well
as the breadboard based circuit was 1 hour 45 minutegpoBhtestscores were fountb be
higher than there-testscores. But these scores are on par with the results found with the studies
of MIC-O-MAP. Findings from the short interviews suggested that watching the electron
motion simultaneously with the meter readings enhanced titenest level but at the same
time, one student reported that she spent more time in troubleshooting the circuit connections.
Working with the TEL based environment was reported to be easier. One possible reason for
this could be that students spent mameetin troubleshooting the circuit than on keeping the

focus on watching the microscopic world in parallel with the real world laboratory.

8.4 Limitations

MIC-O-MAP modules have been tested only with Urban students who are fluent with
English. It will be a chiéenge for students from rural areas or students who are not fluent in
English to use this learning environment. A reason for this being thatOMNAP is an
environment basically designed for the contextsefrlearningdue to which clarification
guestims cannot be asked to any mentor/authority and peer learning was also not allowed in all
of the studies with MIGO-MAP. Another limitation of this research work is that students are
assumed to be familiar with technology. We have not assessed everpaatsi@ase of use of
a technology based environment. Students confidence levels and attempts to undertake multiple
attempts can interaction can get affected by this aspect.

The sample chosen in all the empirical studies in this thesis is first year grvaduat
students. Thus, the generalizability in student characteristics is restricted to undergraduate

students who are novices in this chosen domain. Another limitation is that if students are not
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motivated or interested igelflearningthen MIGO-MAP may na be useful to learn micro
macro thinking.

In terms of methodology, we have used mixed methods wherein quantitative studies are
followed by qualitative studies. While this research method allowed us to determine whether
MIC-O-MAP is effective indeveloping micremacro thinking skills, we have not explored the
cognitive aspect of this skill development. Richer and deeper qualitative studies will be needed
to understand how | earnerso interaction wit
their cognitive struct urwhWME-O-MARwaxeifdctiveim el p
developing micremacro thinking.

Another methodological limitation is that MIO-MAP was implemented only for short
durations (1 hour). Students were allowedttpsnteraction with MICO-MAP even before 1
hour if they felt satisfied and confident. Only for the repeated measures study students
interacted with 3 modules for a period of 1.5 days. Further, the testing was done immediately
after students interactedittv MIC-O-MAP. There was no study in this thesis that can claim
that students are able to apply mimnacro thinking after an elapsed time beyond their
interaction with MIGO-MAP. More implementation and evaluation is required to test for how
long studentsieed to initially interact with MISGO-MAP and for how long they are able to
retain the skill and further even apply it in other domains.

Even though we suggest that ME@EMAP can be used pilab activity, or during in
class problem solving, teacher traigifor the same purpose has not been carried out. Teachers
will need to be trained in order to redesign their lesson plans and incorporat®-MKP into
their strict time schedules.

All the MIC-O-MAP modules have been developed for topic that have #&eSing
between the micro and macro world. But for complex topics such as transistors or MOSFETS,
where multiple micremacro links may be present, the development of these modules has not
been attempted. There exists a possibility thatrtbguctional deign documentemplate will

need slight alteration depending upon the number of Am@oro links.

Ideally, the closest set up to develop mioracro thinking would be to actually perform
the experiment in a laboratory which has been briefly attemptesgtiios 8.3.3 but extensive
testing in this area will be more desirable wherein NOGAAP can be integrated into a setup

alongside a laboratory based experiment.
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8.5 Recommendations

The detailed qualitative interaction analysis undertaken duringdbearch work was
invaluable, and hence we recommend such an analysis to be part of the evaluation of any TEL
environment designed by researchers. Based on the findings from experiments and literature
we propose the following guidelines for different staddeers, namely: students interacting
with MIC-O-MAP for micromacro thinking skill development and teachers/researchers who
would like to create more modules of MITMAP.

a) Recommendations for students interacting with NHISAP

While interacting with MIGO-MAP, Fig. 8.2 showsn effective path which can be followed

in order to ensure that they receive maximum benefit from theMMAP TEL environment:

Repeat fill needed

A4

R v e R o

A
Repeat till needed

Figure 82: Effective Interaction Path

1 In order to establish a micimacro link, students should vaparameters in the
simulation of the microscopic world and record their observations, attempt answering
the prediction question of the macroscopic world, if unable to predict an outcome then
answer the observation based guedHeélopst o
Graphoé i . e. the assertion and reasoning
assertion and reasoning questions, students should identify the area pointed out and
carefully observe that area of the simulation of the microscopitdwbhis cycle of
interaction with the simulation of the micro world, attempting the prediction questions
and answering the assertion and reasoning questions can be repeated until a prediction
can be made based on the observations i.e. an informed choice.

1 In order to strengthen the miensacro link, students should justify their prediction by
linking the macroscopic prediction of a graphical outcome to the observations recorded
in the microscopic world of the elements and processes which are invisibke rieal

world. If unable to phrase a justification, students should answer the inference based
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linking questions. Based on the feedback from the assertion and reasoning questions, a
second round of interaction with the simulation of the microscopic waid be
undertaken. These questions will aid in linking the microscopic observations to the
macroscopic outcomes. This cycle of interaction with the justification box, attempting
the prediction questions and answering the assertion and reasoning queddions an
interaction with the simulation of the micro world can be repeated until the graphical
outcome chosen as an answer in the prediction questions can be justified based on a link
between the microscopic and macroscopic world.

Once the prediction questionasswered and justified based on a nticracro link, it

can be tested against a real world experimental outcome to evaluate if the predicted
outcomes matches with the answer obtained in aweddt laboratory. If it matches,

then the student should prode® the dynamically linked multiple representations for
summarization of the concept.

The entire cycle beginning from the learning objective ending on a summarization of
the concept can be repeated as many times as required till the student is sunengf lea

the objective given.

b) Recommendations for researchers

In order to develop modules for miensacro thinking, the following guidelines should be

followed for choosing a topic:

1 The topics need variables in the mawrorld or real world that can bmanipulated.

f

f

8.6

This needs to be explained by relations in the rdievel variables.

There needs to be a correlation in the manipulation of the variable in the real
world/macro world and an effect on the action of a corresponding element associated in
the miroscopic world.

The corelation between the variable manipulation in the real world and its
corresponding action in the micro world decides the functionality of the chosen

system/component.

Design Guidelines

A set of design guidelines are derived bageoh the technology affordance, learning activity

and the interaction of the students with the TELEe design guidelines mentioned below will

ai

i n extending the findings from this st
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begin with the rachanism of learning micnmacro thinking in general. This will be evaluated
along three tangents: the technology feature, learning activity and interaction with the TELE

Table 8.1 Design Guidelines

Stage of development of
micro-macro thinking

TechnologyFeature

Learning Activity

Interaction with a TELE

Establishment of micro

macro thinking

Variable manipulation, text
entry and simulation of any
process. A multiple choice
based question can also bg
included at this stage.

The variable manipulation
shouldbe a part of the
simulation wherein the
learner can change values
and observe its effect on th
different aspects of the
simulation present on
screen. A multiple choice
question will account for
options from which a
prediction has to be made
of the macrosopic real
world phenomenon.

Text entry can be allowed
at all times so that learners
can record any information
that they think is crucial for|
their understanding.

In the TELE, this
simulation mentioned as a
technology feature can
depict the processes aet
microscopic level which a
learner can interact with
and use in order to predict
an outcome at the

macroscopic level.

Strengthening the micro

macro link

Scaffolding questions
which provide the learner
with hints towards the right|
course of action. At iB
stage as well, text entry

should be allowed.

The learner will be
expected to answer a serie|
of linked questions which
will help link the
parameters varied and its
corresponding processes a
the microscopic level to the
prediction expected to be
made bythe learner at the
macroscopic level. The
learner will also be
expected to use this link in
order to justify their choice
of prediction by entering
text post predicting an

outcome.

A simultaneous display of
the scaffolding questions
along with customized
feedback and the simulatio
of the microscopic
processes will be provided
and students are expected
use the feedback provided
in order to locate the area
the simulation where
detailed observations are
expected. They are also
expected to mention the
link based on which they
have arrived at their choice
of answer. In short, how dg

their list of observations at

the microscopic level lead
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to their choice of prediction

at the macroscopic level.

The learner is also expecte
to find the exact activity in
the module which needs
improvement and locate it

in order to rework on it.

Integrating the micranacro
link

Dynamically linked

multiple representations

Vary the parameters in the
simulation of the

microscopic processes ang
observe its effect on the re|

of the representations

The learner is expected to
manipulate variables n the
simulation of the
microscopic processes ang

view the simultaneously

provided. linked animations of
different representations of

the given phenomenon.

Guidelines for designing studilearner interaction aspects with the TELE:

1. Provide a simultaneous display of the scaffolding questions and feedback along

with the simulation of the microscopic processes in order to lessen the cognitive

load. This will also make the navigatiorthroughout the module easier.

a. Supporting Evidence: Students who have decided to revise some of their
responses and have come to the scaffolding questions in order to seek guidance
are found to go to the incorrect area of the micro world simulationfiéduiback

and the simulation are presented on two separate pages.

2. Provide multiple types of question prompts with customized feedback whenever a

leaner asks for guidance. These questions should be catered to the need of the
learner. A Micro-Macro Link based Question should be asked in order to help the
student establish a link between the micro and macro worlds and justify their
prediction of an outcome of the system. A Microscopic Observation based Question
should be asked when students are unable to idefyt key areas which require
observations in order to devise an explanation for a pattern. A Macroscopic
Prediction based Question should be asked in order to lead students towards
parameters of the macroscopic world which can be manipulated and are linketd
elements of the microscopic world i.e a variation in these macroscopic parameters
will lead to a corresponding change in the microscopic world. Confounding

questions should direct the students to interact with the entire TELE from the
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beginning while m&ing them realize that they have missed multiple aspects
needed for the development of the micranacro thinking skill.

a. Supporting Evidence: If the learner wants guidance before making a prediction
with respect to the observations to be made in the micrddwben a
Omicroscopic only questiondé is provic

key area which require a more detailed list of observations.

b. Supporting Evidence: If a learner has made a prediction but in unable to justify
it based on a micbmmaco | i nk then they amaeo pr ov
guestionsd which aid in establishing

level and its corresponding output at the macroscopic real world level.

c. Supporting Evidence: If a learner is unable to understhedreal world
mani pul abl e variables then they are p
which aids in understanding which variables are relevant and needed to be varied

in order to see an effect at the microscopic level.

3. The feedback to the scaffaling questions can be mediated by an animated
pedagogical agent so as to convert the task into a conversation and not give the

feeling of an assessment.

a. Supporting Evidence: If the questions are provided one after another with a
count of how many questioase correct or incorrect then the learners are found
to leave the task halfway and proceed to the next task. They are lesser instances
of students following the feedback because they treat the entire activity as an

assessment.

4. Maintain a simultaneous dispay of all the crucial features on a single screen

without scrolling.

a. Supporting Evidence: Students are found to make an informed choice of a
macroscopic prediction (i.e. a graph) based on a link between the macroscopic
outcome and the explanation devisby them based on the microscopic
observations. This establishment of the nyeracro link is strengthened by
facilitating a simultaneous interaction with both these worlds and justifying the
macroscopic prediction based on the explanation of the processtés

microscopic world.
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b. Supporting Evidence: students are found to make lesser number of observations
if there is one feature per page and have a tendency to lose track of revision if
the entire sequence of tasks is linear and not together. Once aasEoul
display was included, students were found to follow the feedback given more

meticulously and undertake multiple attempts at revising their answers.

c. Supporting Evidence: When scrolling was incorporated into this TELE, students
were found to ignore thpart of the screen which got left out due to the scroll

bar not getting used.

5. Provide the learner with a control of the visual display parameters so that they can

take control of the speed at which the module proceeds and do ease out navigation.

Supportng Evidence: The feedback provided has an option of making it hidden which aids in
enlarging the other features of the environment and can be brought back on call by the learner
using a single click. Leaners are also found to write down crucial/impoars meeded for

a comprehensive understanding using the note taking section which can also be moved around
the screen. The size of this section is also kept variable depending upon the text entered by the
learner. Instead of resetting the entire moduoneltiple navigation paths are adopted by the
learner to reach their choice of feature which they think needs more improvement. This has
been found for most of the learners since each of them is unique and has a distinct learning
path.

8.7 Thesis Contributions

The thesis makes contributeim the field ofdesign and development of Technology Enhanced
Learning Environments terms of design guidelines, products and research knowledge based
on the empirical studies conducted.

1 The design of MIGO-MAP TEL envirorment for developing micrkmacro thinking skills
Features of MIGO-MAP have been identifiedcrucial features such as simulation of the
microscopic world, Prediction Questions, Justification Box, Real World Answer for
comparison and judgement assertion Redsoning questions and dynamically linked multiple
representations. Features such as note taking, inclusion of a pedagogical agent for mediating
the process of asking a question and presenting feedback by means of a dialogue, path tracing
and answer retéion are also included in MKO-MAP in order to ensure that interaction with
MIC-O-MAP is smooth and struggle free.

1 Development of MIGO-MAP
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MIC-O-MAP TEL environment has been developed and contains modules for analog
electronics. It runs on a browserdarompatible with all browsers, screen sizes and operating
systemsThe website hosting all modules of MIG-MAP can be found under Project TELOTS
(http://www.et.iitb.ac.in/telotsCompleted.htmil# he modules can be directly downloaded by

students/teachers. In addition the source code is available for researchers to build further new
modules.

1 Six modules for MIGO-MAP have been developed and tested in the domain of Basic
Analog Electronics. fieseaccounts to a coverage d% of Basic Analog Electronics.

1 Productive actions of students are identified which tell us the best practises while
interacting with MIGO-MAP. These have been provided as recommendations under
section 8.3 (a) of chapter 8.u8ents are expected to follow these recommendations
while interacting with MICO-MAP leading to optimizing the potential of features and
activities in TEL environments.

1 The instructional design template of MIGMAP which can be used for the creation of
further modules. For more complex topics such as transistors, JFETs or MOSFETs
having more than one micraacro link, further development of MiO-MAP modules
can be undertaken by teachers or researchers, as required.

1 Identification of learning paths of fierent types of students Based on empirical
e v i d e neffeetive irdemnactiopat hd i s provided in secti
inform students about the most beneficial interaction path to be adopted while working
with MIC-O-MAP. The combinatin and order of MIGO-MAP features to be followed
is provided as a recommendation so as to ensure that students are able to develop micro
macro thinking skills with ease.

These contributions are beneficial to multiple stakeholders. One of the stakel®lders
studentswho can directly download the develogdtlC -O-MAP modules as a productand
use it in order to learn the concept as well as develop the skill of-mi@coo thinking in the
absence of a teaché@mother product useful to teachers or researchers theinstructional
design document template of MICO-MAP which can be used for development of further
modules in the domain of electronics or tweaking it for the development of -miroo
thinking in different domains.

The identification of th@lesignguidelines for the creation of the MIGO-MAP TEL
environment is &nowledge useful for researchersvho would be interested in creation of

TEL environments for other higher order thinking skills.
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The effective interaction path and the productive actions is knowledge useful for
all three stake holdersi students, teachers as well as researche&udents can make use of
these recommendations while interacting with MKMAP where as teachers can convert the
recommendationsito a teaching learning strategy while using MDEMAP as an in class or
pre lab activity. This knowledge is useful to researchers as it provides an insight into the thought
process of students which is likely to repeat when they attempt learning arey bigler
thinking skill.

8.8 Future Work

One direction for future work in to include more recent learning analytics techniques.
The analysis of scores on the test measuring am@aoro thinking has beeoompleted
manually throughout this thesis work. All ¢tfie screen captures had to be transcribed and coded
for each qualitative study in order to claim a result. In order to make this TEL environment
more valuable and effective, it can be coded and automated such that it can predict whether a
student is followng the interaction path of high scorer or low scorer and intervene accordingly
so as to direct them towards the mei$ective interactiorpath. Building a TEL system which
is predictive can be an extension of the MIEMAP TEL environment.

Further analysis and behavioural patterns can be extracted out by carrying out more
detailed repeated measures research studies. A mixture of exposure to topic complexity and
time will help in understanding student behaviour as welll@slopment of theitevel of
expertisein micro-macro thinkingas they interact with these modules over a long period of
time. Collaboration in these studies can also be examined as a tangent in the dimension of
context.The effect of collaboration afne development of miormacro thinking skills can be
investigated as part of future work.

Affective states such as motivation, interasid attention can also be considered as
parameters which affect a studentds | earnir
this regarch work but they could play a role within the context ofisgjtilated learning. The
learning time is being measured and we conclude mastery or confusion basegvdretieias
the student coulagimply be distracted. As students are asked to paricipanore number of
studies their motivation could be restricted to receiving a certificate at the end of the study and
low scores on the test could be due to lack of motivation. Variation in the data points as
monitored oer a period of time can possildg explained using the students affective state at

that point of time.
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Lastly, difficulties in grasping and inferring graphs can lead to misconceptions and leave
an i mpact on a student ds ¢ apacw/chopse & grapht e st
Including the feature afirawing a graph could also shkght in this direction because if the
student is capable of understanding subtle differences in graphical oantyélsen willhe/she
be able to test these against an outcome presented to thexpeasnental evidence. Future
work can include studieshichwill examine understanding and inferences of graphs as one of

the parameters for investigation.

8.9 Final Reflection

This thesis work has been a continuous effort towards designing and creathgaadgy
based learning environment for the development of a higher order skill of-méamm
thinking. It is hoped that continuous interaction with MDBEMAP modules will help students
to bridge the gap between theory and experiment and aid in a trahsfer skill when posed
with any situation having multiple levels. It was a challenge to identify and address struggles
faced by students but at the same time it was interesting to view the same environment from
multiple student perspectives. Apart froine thesis contribution, growth in oneself in terms of

consistency, determination and real time troubleshooting has been a rewarding experience.
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Appendix

Appendix A MIC -O-MAP instructional design document
Template

PN Junctions

A device with a junction between a p-type and an n+iype semiconducting material.

course Name: Diode characteristics

Authors:
Anura.B.Kenkre
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Learning Objectives

After interacting with this Learning Object, the learner will be able
to:

*+ Predict the macroscopic IV characteristics of a diode based on the
microscopic model of a PN junction.

* Test your prediction of the IV characteristic curve by comparing it
with the outcome of a real world experiment.

*+ Revise your analysis of the migoscopic model and then re attem pt
your prediction of the IV curve.

g
l
|

Definitions of the components/Keywords:

* An n type semiconductor is a semiconductor in which
electrical conduction is due chiefly to the movement of electrons.
*A p type semiconductor is a semiconductor in which electrical
conduction is due chiefly to the movement of positive holes.
*Current conduction in a semiconductor occurs via free electrons
and "holes”, collectively known as charge carriers.

*Adding impunty atoms to a semiconducting matenal, known as
"doping”, greatly increases the number of charge carners within
it

*When a doped semiconductor contains excess holes it is called
"p-type”, and when it contains excess free electrons it is known
as "n-type".

* A p-n junctionis a boundary or interface between two types
of semiconductor matenals, p type and n type, inside a single
crystal of semiconductor.
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IMPORTANT NOTE TO THE ANIMATOR::

*All the instructions/labels or anything WREITTEN in blue
are CONTENT NOT TO BE DI EDI

PLA

*All the instructions WREITTEN in black are CONTENT TO
BE DISPLAYED!

*This is not applicable for images as there can be

overapping of these colours there. This should be
followed for all the instructions, labels etc..

Kindly keep a note of this while displaying text in the
animation .

L Interact with the micro world and predict the macro
world IV graph based on your observations.

Micro World: IF THIS... Macro World: THEN THAT...

Current V/S Voltage Graph

l:-.l

- ¥ e

@®
— . T . - S—
Predict Graph

Begin by
interacting with

micro “y
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Step 1:

Refertoslide 15

Description of the action/ interactivity

Text to be displayed

*Let the opening screen look like
slide 9.

*The rectangle on top is the
agent dialogue box. Afterthe
user clicks on any radio button in
the micro world type this in the
rectangle:

“When the PN junction is placed
in a circuit, lets try to predict its
IV characteristics.’

+|fthe user clicks on Direct Me go
to slide 24.

*If the user clicks on Predict
Graph go to slide 13,

*If the user clicks on Think &
Connect go to slide 25.

The micro world represents the
microscopic model of the PN
junction inside the diode. The force
arrows depict the force due to the
external battery and the force due
to the barner potential respectively.
The diode is connected to a resistor
and a battery whose voltage can be
varied. Interact with the micro world
and predict the current versus
voltage graph.

12

Step 1contd

&+ Did you notice? The electron flow goes on increasing
lineary with respect to the externally applied voltage.

Micro World: IF THIS...

Macro World: THEN THAT ..

Diode Dla[:ed in a circuit

T TV

' Micro World of a Diode |

Current versus voltage graph of a

DEFLETION LAYER.

diode

A

W fraira]

S LD Ij_Jl

o
Help to Predict Graph My Prediction I

interacting with

micro world 15
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S ep 1contd microscopic Model of PN Junction nsiruction for animator-
when usertakes mouse
on this electron show this
text along with arrows as
MOouse over

F due to external battery on electrons *

F dueto barrier potential on electrons DEPLETION

B}-‘-.RRIER F‘DTENTIAL
= DIFFERENCE

Instruction for animator:

when user takes mouse

= on this electron show this
text alond8vith arrows as
mouse over

—

F dueto barrer potential on electrons

Step 1contd

Microscopic Model of PN Junction

DEF'LETIDN LAYER
I

P Tarpe N Type

@Qﬁﬁ_

© OIG © o
000 00

* BARRIER POTENTIALS
: DIFFERENCE :

BATTERY

Extermnal Battery Voltage = Barrier Potential Difference
When the externally applied battery voltage equals the barrier potential difference, it is known as
the ‘Knee Voltage” and at this point the current through the junction starté to increase ra pidly.
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Description of the action/ interactivity

*Abways keep the size of the atoms of the lattice a lot larger than the size of the electrons. Move the electrons

along the path shown in the above figure. And do not ket the electrons pass through the atoms of the lattice or

through each other while moving in their respective paths.

vAllow the students to vary the voltage values of the battery between steps of 0.4, 0.52, 0.58, 0.6 and 0.64.

Given below iz a voltage versus speed table which you can use to create this animation.

*Asthe userincreases the voltage slowly and gradually increase the speed of the electrons. Let the speed be

fastest at 0.64.

*4t the start let the armow for 'F due to barrier potential on electrons” be longest and let onlythe head of the

arrow for 'F due to external battery on electrons’ be seen. Asthe voltage is increased, let the arrow for 'F due to

harrier potential on e lectrons’ reduce and that for the 'F due to external battery on electrons’ increase until at

voltage equal to 0.6 they are equal and after that show the arrow for ‘F due to external battery on electrons’

longer and that for 'F due to barrier potential on electrons’ shorter.

*The electron should complete a square path (shown for one from left to the right end of the battery and they

;hould mave one after another. Let them start moving from the + end and come and end on the — end of the
attery.

*Then keep repeating this cycle till the user changes the voltage value.

“Whenthe user clicks on the voltage value of 0.8V replace the text * Barrier Potential Difference” by the text

Exte mal Batte ry Voltage = Barrier Potential Difference’. This isshown in the figure on slide 17. Also display the

definition of knee voltage as shown.

*If the user clicks on the button displaying ‘To see the direction of forces on sample ele cron see mouse over on

the left most end of the wire) ShD'.\-'?:EEtEHt along with the arrows for the electrons indicated by the blue

arrows. This is shown on slide 16.

0 0 cm/second

0.4 0.1 emfsecond

0.52 0.3 cm'second

0.58 0.5 emfsecond

06 1.2 cmisecond 18
0.864 2 cmisecond

Step 2.

Referto slide 15

Description of the action/ interactivity Text to be displayed

*Let the call out keep blinking until the
user clicks on a radio button within the
rectangle of micro word.

*If the user clicks on Direct Me Insert the
series of questions as shown on slide 24
in the rectangle titled "Did You Notice’ on
the top as shown on slide 15.

*|f the user clicks on Predict Graph allow
the userto choose any one of the four
options and replace the radio button of
‘Predict Graph’ by "“Submit’.

*When the user clicks on Submit go to
slide 20

*If the user clicks on Think & Connect go
to slide 25. 19

160




Step 3:

&+ Try and connect the micro world of the PN junction to
its macroscopic IV graph and write a justification.

Micro World: IF THIS...

Macro World: THEN THAT...

PN Junction

DEFLETION LAYER.

Your Answer

TirAl

Submit

W (valts)

Justify it based on Micro World:

Help to Predict Graph

20

Step 3:

Referto slide 20

Description of the action/ interactivity

Text to be displayed

*Display the answer chosen by
user in the nght hand side space
and allow text entry in the box
where “Justify it based on micro
word’ 1s wntten.

*When the user clicks on Submit
go to slide 22

*Ifthe user clicks on Think &
Connect go to slide 25.

Your answer for current

versus voltage graph is
shown. Explain why you chose
this graph based on the
obsermvations you have made
inthe micro world.

21
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i Write feedback here

Micro World: IF THIS... Macro World: THEN THAT...
PN Junction Your Answer
DEFLETION LAYER. .
[«J - 3K Il +] Yes!
Ll They
Match

W [welis)

Experimental Graph from laboratory

Tma) "
f No...
r'! Guide
me.
Help to Predict Graph # _— —

Instruction to user: Does your answer for current versus voltage graph

match the expenmental graph obtained from laboratory? 2

Step 4.

Referto slide 22

Description of the action/ interactivity

*Display the Real World answer and the graph below it under the
answer chosen by user and let 2 radio buttons pop up. )

If user selects Yes! They Match’ then display this under in the
rectangle where currently ‘Write feedback here’ is written: “That’s
Good! You have correctly predicted the |-V characteristics of a PN
junction diode. Now let us summarize the working of a PN junction by
relating the microscopic model to the IV characteristics of the PN
junction.” Also let Proceed come up. When user clicks on this go to slide
33.

*|f the user selects ‘No..Guide me’ then display “You need to make
more careful observations and establish a link between the
microscopic model of the PN {'unctim_'l and ts macroscopic [V
characteristics. Would like to try again?” Let a Radio button DUP up
saying ‘Observe Micro World’ When user clicks on that go to slide
15__If the user clicks on Direct Me go to slide 24 If the yser clicks
on Think & Connect go to slide 25.

162



&+ Let us analyze why the prediction is not matching with
CONNECT
the real word answer.

Micro World: IF THIS... Conflict Resolution
PN Junction
DEFLETION LAYER. Forthe Questions to be

displayed here go to slide 27.
Here display: Take notes you
might need it to write
summary.

Help to Predict Graph Predict Graph Again

Here, if user clicks on ‘Predict Graph Again’ then go to slide 12§

THINK
&+ Would you like to trace your path? Or take down your &
CONMECT
own notes?
Micro World: IF THIS... Macro World: THEN THAT... ;raﬂ?le
d

PN Junction Current V/S Voltage Graph

DEFLETION LAYER. l

Take
L Motes

| I
s
— e T e W iy

Help to Predict Graph Submit

25
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Step 5.

Referto slide 25

Description of the action/ interactivity

Text to be displayed

=If the user clicks on ‘Trace Path’
then show them all the steps
taken by them till they clicked on
this radio button and allow them
!to goto any stage by clicking on

it.

*|fthe user clicks on Take Notes’
then let a box open which allows
text entry.

*Hetain which ever stage user
has reached on the left hand
side.

26
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