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Executive Summary

This deliverable presents a key building block in the iTalk2Learn project by preparing the ground for the

domain-specific and pedagogical aspects that facilitate the development of the exploratory learning

environment and its tasks as well as the intervention models for the learning platform. The emphasis is on

definitions, to provide a common ground for partners when preparing for the work around adaptive

intelligence (WP2), intuitive interaction interfaces (WP3), planning evaluation activities (WP5) and to a

lesser extent deployment and integration of the learning platform (WP4). After a general introduction

(Section 1), Section 2.1 defines procedural and conceptual knowledge - the two components students

require for robust mathematical learning. It explains how, through the lenses of a cognitive science and a

mathematics education perspective, procedural knowledge (knowledge about and application of

procedures) and conceptual knowledge (implicit or explicit understanding about underlying principles and

structures of a domain) develop iteratively through different pedagogical approaches to create robust

mathematical knowledge.

The deliverable also outlines the consortium’s decision to focus on fractions that are widely accepted as

being a very difficult aspect of mathematics to teach and learn. Section 2.2 highlights how the five

interpretations of fractions (the sub-constructs - part-whole, ratio, operator, quotient and measure defined in Section 2.2.1) are a significant reason for this. In addition to this, there is a range of

representations (area/region, number line, set of objects, liquid measures and symbol) that can be used by

teachers and students to represent fractions and these are also discussed. Although these interpretations

and representations are available to teachers, it has been shown worldwide that receiving limited exposure

to these has an impact in students’ understanding. The implication for iTalk2Learn is to ensure students

have access to a wide range of interpretations and representations to address this current imbalance.

Sections 3 identifies how cognitive, domain-specific and pedagogic approaches can be reflected in

Intelligent Tutoring Systems (ITSs) and Exploratory Learning Environments (ELEs). The consortium will

use tasks in Whizz and Fractions Tutor to support students' procedural knowledge and ELE tasks to

support students' conceptual knowledge of fractions and particularly addition and subtraction of fractions.

Section 3 discusses the affordances offered by ITSs, which include facilitated "drill-and-practice" of

routine problems with hints and feedback in support of students' procedural knowledge. Section 4 details

how ELEs offer students the opportunity to experience tools and tasks that are built on an underlying,

conceptually-based structure. We hypothesize that a carefully constructed combination of ITSs and ELEs

will lead to robust mathematical learning. Section 4 highlights the need for intelligent support while

students undertake exploratory tasks. This raises implications with respect to the design of the ELE in

iTalk2Learn in that it needs to provide access to sufficient unambiguous information (in order to enable

inference based on students’ interactions), but not be intrusive and make full use of students' actions in

the user interface (neither interfering too much nor limiting the exploratory nature of the ELE).

Section 5 provides a summary and the conclusions emerging from the deliverable, drawing out the

implications for the iTalk2Learn project, including how procedural knowledge is developed through ITSs

and conceptual knowledge is developed through ELEs and the tasks set within them.



28-10-2013



3



Version 1.0



D1.1 State-of-the-art for intelligent tutoring systems

and exploratory learning environments



Table of Contents



Executive Summary .................................................................................................................................................................. 3

Table of Contents ...................................................................................................................................................................... 4

1.



General Introduction ........................................................................................................................................................ 6



2. Background &amp; Terminology ............................................................................................................................................. 8

2.1 Procedural and conceptual knowledge .............................................................................................................. 8

2.2 Interpretations and representations of fractions ........................................................................................ 10

2.2.1 Interpretations of fractions .......................................................................................................................... 10

2.2.2 Representations of fractions ........................................................................................................................ 11

3. Relevant Intelligent Tutoring Systems......................................................................................................................... 14

3.1 Relevant ITSs for mathematics ............................................................................................................................ 15

3.1.1 Maths-Whizz ....................................................................................................................................................... 17

3.1.2 Fractions Tutor .................................................................................................................................................. 18

3.1.3 Shared ITS characteristics of Whizz and Fractions Tutor ................................................................ 20

4. Exploratory Learning Environments and Mathematics .......................................................................................... 21

4.1 Relevant ELEs for mathematics........................................................................................................................... 22

4.2 Intelligent support for ELE .................................................................................................................................... 25

5. Summary and implications for iTalk2Learn .............................................................................................................. 26

6. References............................................................................................................................................................................. 28



28-10-2013



4



Version 1.0



D1.1 State-of-the-art for intelligent tutoring systems

and exploratory learning environments

List of Figures

Figure 1. A Whizz question. A student’s response where like denominators have been incorrectly added

together results in feedback that states, "Remember: you do not add the denominators" and is followed up

with "Add the numerators; Denominators stay the same". ......................................................................... 17

Figure 2. Adding like denominators n Fraction Tutor .............................................................................. 19

Figure 3. Adding unlike denominators in Fraction Tutor, making an equivalent fraction to make the

same denominator before adding them two fractions. ................................................................................ 19



List of Tables

Table 1. Interpretations of fractions, exemplified using 3/4. ..................................................................... 10

Table 2. Representations of fractions. ........................................................................................................ 12

Table 3. Relevant ITSs for mathematics and their main features applicable to the iTalk2Learn project .. 15

Table 4. Relevant (relatively recent) ELEs and key aspects of their design with respect to conceptual

learning. ...................................................................................................................................................... 24

Table 5. A framework of pedagogic strategies for student support in ELE ............................................... 25

Table 6. A summary of how Intelligent Tutoring Systems support procedural understanding and

Exploratory Learning Environments support conceptual understanding .................................................... 27



List of Abbreviations

UHi

IOE

TL

RUB

BBK

Whizz

SAIL

ELE

MW

ITS

WP



28-10-2013



Universitat Hildesheim

Institute of Education, University of London

Testaluna SRL

Ruhr-Universität Bochum

Birkbeck College – University of London

WHIZZ Education Limited

SAIL Labs Technology AG

Exploratory Learning Environment

Microworlds

Intelligent Tutoring System

Work package



5



Version 1.0



D1.1 State-of-the-art for intelligent tutoring systems

and exploratory learning environments



1. General Introduction

The objective of this deliverable is mainly to review the state-of-the-art of the two types of educational

technology related to the iTalk2Learn project: intelligent tutoring systems (ITSs) and exploratory learning

environments (ELEs) and their relationship to procedural and conceptual learning. In reference to the

iTalk2Learn objectives, WP1 aims to provide the pedagogical background required in the project with

respect to learning processes and possible guidance or support required in elementary fractions, the

domain chosen by the project. As mentioned in other deliverables, the project selected fractions, and

addition and subtraction in particular, as the target domain because of the widely acknowledged difficulty

that students have in learning fractions and the richness fractions afford with respect to different

representations and interpretations. The WP1 work contributes indirectly to all the objectives of the

project but mostly to objective 3 and 4. We repeat the objectives below and the WP structure of the

project for completeness.

The iTalk2Learn objectives:

1. Provide an open-source platform for intelligent support systems integrating structured practice and

exploratory, conceptually-oriented learning

2. Provide state-of-the-art and highly innovative reference implementations of plugins for the platform

that could be used in a wide range of application domains

3. Promote our understanding of the role of the different modalities of speech and direct manipulation of

multiple or alternative representations in learning elementary mathematics through digital

technologies

4. A summative evaluation of activities and support features generated by our intelligent learning

support platform

The iTalk2Learn work packages:

WP number



WP name



Lead beneficiary



1



Robust Learning in Elementary Mathematics



IOE



2



Adaptive Intelligence for Robust Learning Support



UHi



3



Intuitive Interaction Interfaces for Elementary Mathematics



TL/SAIL



4



Deployment and Integration



BBK



5



Data Collection and Evaluation



RUB



6



Dissemination and Exploitation



Whizz



7



Project Management



UHi



As this is the first deliverable in WP1, Section 2 provides background knowledge with respect to

procedural and conceptual knowledge and sets the scene for the WP1 work related to interpretations and

representations of fractions in mathematics education. The emphasis here is on definition, to provide a

common ground for partners when preparing for the work around adaptive intelligence (WP2), intuitive

interaction interfaces (WP3), planning evaluation activities (WP5) and to a lesser extent deployment and

integration of the learning platform (WP4).
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The rest of the deliverable puts emphasis on the review of the state-of-the-art and implications for the

project. As a complete review was not possible and unnecessary in the scope of the project, the

consortium focused mostly on either very relevant or recent work (last 5 years) and identified useful axes

of analysis that helped the project move forward (particularly since chronologically this deliverable

reports on the first task in WP1). In particular throughout the WP1 work we focused primarily on

intelligent and exploratory learning environments for students in our wider target group and aimed to

complement D3.2 (that looks at the interactive features of ELEs) and D2.1 (that discusses the more

technical aspects of both ITSs and ELEs). In more detail the concentrated review efforts of the state-ofthe-art across the partners focuses on:

(a) the intelligent and adaptive features of ITSs particularly with respect to procedural knowledge (this is

partially reported here and in D2.1)

(b) the kinds of interaction and affordances of the exploratory environments (reported here and in D3.2)

(c) the types of representations employed and required for elementary mathematics (this is partially

reported here in the background section but it is ongoing work through T1.2 and will reported in D1.2)

The overarching question for this deliverable was: How do young children construct mathematical

knowledge in these environments?

The review therefore has provided the consortium (both through the availability of the deliverables and

cross-partners presentations during project meetings) a good grasp of the state-of-the-art and helped not

only cross-feed across WPs but also to identify fruitful research avenues (keeping also an eye to possible

exploitation avenues mostly for the benefit of the industrial partners as well as the future impact of the

project).

Section 3 reviews relevant intelligent tutoring systems, with a focus mostly on the support provided

within the two ITSs that we will utilise in the project (Whizz and Fractions Tutor). Section 4 reviews

ELEs and the need and possibility for intelligent support. Section 5 provides a summary and implications

for the iTalk2Learn project.
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2. Background &amp; Terminology

At an early stage of the project we identified and agreed on key terminology that will be used by partners.

In order to answer the overarching question, ‘How do young children construct robust mathematical

knowledge when interacting with intelligent systems or exploratory learning environments?’

mathematical knowledge is defined as procedural and conceptual knowledge. The partners' agreed

interpretations of procedural and conceptual knowledge are discussed in Section 2.1. Section 2.2 focuses

on domain-specific terminology related to the interpretation and representation of fractions, that is

necessary both for WP2 and WP3.



2.1 Procedural and conceptual knowledge

In order to design and develop an effective learning platform for the iTalk2Learn project we needed to

first define, within the parameters of this project (both from cognitive science and mathematics education

perspectives), the broad types of procedural and conceptual knowledge that students construct. We begin

by defining procedural and conceptual knowledge and then discuss the interaction between the two types

of knowledge. Identifying how intelligent tutoring systems (ITS) and exploratory learning environments

(ELEs) support procedural and conceptual knowledge is necessary in the project to ensure students are

presented with the most appropriate task at any given time during their interaction with the learning

platform.

Research on cognitive psychology and in mathematics education shows that robust knowledge about a

certain domain (as here about fractions) consists of two types of knowledge, namely procedural and

conceptual knowledge (Anderson, 1987; Rittle-Johnson, Siegler, &amp; Alibali, 2001; Skemp, 1976).

2.1.1 Defining procedural knowledge

Procedural knowledge is defined as knowledge about and application of procedures (Rittle-Johnson &amp;

Alibali, 1999). Procedures are an action sequence of e.g. mathematical problem-solving steps (RittleJohnson &amp; Alibali, 1999). The main aspect of procedural knowledge is in knowing how to apply a rule in

order to solve a problem. According to Anderson’s ACT-R model (Anderson, 1982, 1983, 1987;

Anderson &amp; Lebiere, 1998) procedural knowledge becomes implicit with increasing practice. Skemp

(1976) identified three advantages of procedural knowledge: it can be easier to understand, the answers

can be found more quickly and reliably, and students feel a sense of success when their answers are right.



2.1.2 Defining conceptual knowledge

On the other hand, conceptual knowledge is defined as implicit or explicit understanding about

underlying principles and structures of a domain (Rittle-Johnson &amp; Alibali, 1999). The focus of this type

of knowledge lies on understanding why, for example, different mathematical principles refer to each

other and on making sense of these connections. Skemp (1976) outlined four advantages of conceptual

knowledge: it is more adaptable to new tasks, it is easier to remember, it is motivational to learn, and it is

organic so new material can be learned relationally.
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2.1.3 The interaction between procedural and conceptual knowledge

Both types of knowledge develop over the same period of time (Canobi, Reeve, &amp; Pattison, 2003; Fuson,

1988; LeFevre et al., 2006) and evolve in a relationship of mutual dependence (Rittle-Johnson &amp;

Koedinger, 2009). Conceptual and procedural knowledge develop iteratively “with increases in one type

of knowledge leading to gains in the other type of knowledge, which trigger new increases in the first”

(Rittle-Johnson, et al., 2001). Against this background there is some debate about the finer-grained

interaction, the focus of interest concerns the question, whether conceptual or procedural knowledge has a

greater impact on the mutual development (Rittle-Johnson &amp; Koedinger, 2009). Some studies from the

field of cognitive psychology (e.g. Byrnes &amp; Wasik, 1991) show that conceptual knowledge might have a

greater impact on the development of procedural knowledge. In mathematics education (and depending

on the subject matter) some argue that procedural understanding precedes conceptual understanding (Gray

&amp; Tall, 1994; Sfard, 1991). Of course, the findings are domain-specific and in a review of the literature

on this issue, (Rittle-Johnson &amp; Siegler, 1998) emphasize that there is no sufficient evidence to support a

fixed order over another with respect to the acquisition of procedures or concepts.



2.1.4 Developing procedural and conceptual knowledge

In this context, the question about how conceptual knowledge in particular, and procedural knowledge

develop, comes into play: In line with the Knowledge-Learning-Instruction Framework (Koedinger,

Corbett, &amp; Perfetti, 2012) focusing on the relationship between different knowledge components, learning

processes and instructional approaches, procedural and conceptual knowledge evolve differently: While

procedural knowledge is acquired through repeated (structured) practice and deepening of problemsolving procedures (Anderson, Boyle, Corbett, &amp; Lewis, 1990), conceptual knowledge develops by

providing students with exploratory learning activities and encouraging reflection and self-explanation

(Ainsworth &amp; Loizou, 2003; Chi, Bassok, Lewis, Reimann, &amp; Glaser, 1989; Lewis, 1988; VanLehn,

1999). In doing so, students are enabled to abstract concrete information, construct schemata (Koedinger,

et al., 2012) and hence develop conceptual knowledge. In order to support the structured practice

activities most effectively, students need to be guided through the problem-solving process step-by-step

and receive feedback. In the case of the exploratory learning activities students need to be provided with a

space for discovering the underlying (mathematical) principles. As we discuss in Section 4 this discovery

also requires significant pedagogic support. As we aim at the design of an effective learning environment

with our iTalk2Learn platform, we need to take into account the specificity of these two different

approaches of knowledge development and how they are reflected in ITSs and ELEs. This is explored in

detail in Sections 3 and 4 below. We discuss our considerations and implications for iTalk2Lean in

Section 5.
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