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The Efficacy of an Image-to-Writing Approach to Learning Abstract Scientific Concepts: 
Temperature and Heat 
 
Abstract 

Temperature and heat are difficult concepts for children to grasp due to their abstractness. An 

image-to-writing approach, guided by the visualisation practices of scientists, was designed to 

engage elementary students with constructing images to represent their ideas about phenomena, 

and translating these images into text using scientific terminologies. Taking a quasi-

experimental approach, the experimental group students received inquiry-based instruction 

based on the image-to-writing approach, while the control group students received a mix of 

direct instruction and inquiry activities without explicit focus on multimodal representations. 

An instrument consisting of four free response questions was developed and administered to 

129 Primary Four students (aged 9 - 10) before (pre-test) and after (post-test) instruction to 

determine their conceptual understanding and representational competences. ANCOVA 

analyses showed that students in the experimental group perform significantly better than those 

in the control group in their conceptual understanding and representational competences. 

Further analysis revealed that a larger percentage of students in the experimental group 

demonstrated higher levels of conceptual understanding after instruction, compared to the 

control group for more complex phenomena, even though both groups showed similar levels 

of representational competences. The findings suggest that an image-to-writing approach can 

help students develop deeper conceptual understanding as well as improve representational 

competences in using the formalized language of science. The use of images could have helped 

students in their thinking and learning of complex phenomena, which allowed them to better 

convey their understanding of the concepts.   

 

Keywords: elementary science, heat and temperature, visualisation 
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Introduction 

Understanding basic scientific concepts at the elementary level is crucial as they form the 

foundation for science learning at higher levels. Examples of these basic concepts include 

“temperature” and “heat”, upon which concepts and principles of thermodynamics are built at 

the middle and high school levels. A scientific concept is commonly described to be something 

firmly defined or widely accepted by the science community (Duit & Treagust, 1995).  In 

defining a scientific concept, it is often associated with other concept words, forming a network 

of meanings (Lemke, 1990). For example, the concept of “heat”, defined as the energy that is 

transferred from a region of higher temperature to a region of lower temperature, is associated 

with other concept words through grammatical resources. It is also conceptualised as a quantity 

and represented by numbers and mathematical symbols in mathematical formulae and graphs. 

The semantic and semiotic aspects of a scientific concept led Tang & Tan (2017) to define a 

scientific concept to be “a network of semantic meanings, assembled across multiple modes of 

representations” (p. 22). Learning a scientific concept must thus necessarily involve developing 

the conceptual and representational aspects of the concept.  

Studies have shown that children have difficulty with forming semantic links that are 

consistent with those recognisable by the science community. For the concept of 

“temperature”, Paik et al. (2007) found that students have problems linking it with a 

measurement of a physical attribute. Some thought of temperature as a material property or an 

instrument for measuring heat. They also have problems identifying what the numerical 

quantity signify, and tend to sum them the same way as heat. In a similar vein, students have 

similar conceptual and semiotic (language) challenges with the concept of “heat”. Thomaz et 

al. (1995) found that children have problems identifying the nature of heat, believing that heat 

is a kind of substance residing in objects, which can move through them and pass from one to 

another rather than a theoretical idea of energy transfer between two objects/regions of 

different temperatures to account for changes in temperature. The close association between 
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temperature and heat also meant that students have difficulty distinguishing them and may use 

them inconsistently or interchangeably in explaining thermal-related phenomenon. These 

studies indicate that learning of these basic thermal concepts should address both semantic and 

semiotic challenges.   

However, current approaches may not adequately address the above mentioned 

challenges of thermal concepts. The “classical” approach to concept learning is based on 

conceptual change (Posner e al., 1982; Hewson, 1981) such as the POE (predict-observe-

explain) design (e.g., Bakirci & Ensari, 2018). In a conceptual change approach, students’ ideas 

(often elicited through predicting an outcome of a phenomenon such as the ranked order of 

hotness of various cups of water) are challenged by a conflicting observation (predicted ranked 

order of hotness differs from their thermometer reading) so as to prepare them to receive the 

“right” conception (definition of temperature). However, conceptual change methods do not 

seem to work as anticipated (Vosniadou, 2012).  We attribute the cause to teachers racing 

through the content as soon as they think students are sufficiently intrigued by the cognitive 

dissonance created (Gilbert & Justi, 2016) without adequately addressing how the various 

modalities (e.g., physical experiments, videos) encountered by students relate to the semantic 

links among related concepts. The focus on the semiotic aspect of concept learning is also 

sidelined in conceptual change approaches. 

An alternative to the conceptual change approach is the visualisation approach (Gilbert, 

2008). Perceived as the central mode of scientific thinking, visualisation involves the making 

and manipulating images that convey novel phenomena, ideas and meanings (Gooding, 2004). 

A common visualisation-based design for the teaching and learning of “temperature” and 

“heat” involves models and modelling. For example, Chang and Linn (2013) make use of  

computer models to help students visualise molecular interactions taking place when an object 

cools. Such interpretive use of models tend to be underpinned by conceptual change 

framework, and considers the visualisation to be presenting the same concept but through 
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different representational forms (Tang, Delgado, & Moje, 2014). Unlike Chang and Linn’s 

design, Hitt and Townsend (2015) engage students in producing their own particulate models 

for temperature and heat and revising them. Referred to as modelling-based teaching (MBT), 

Gilbert and Justi (2016) describes MBT as a constructivist approach that presents opportunities 

for discussion about the aptness and use of particular representational modes in meaning-

making as students create a model de novo of a phenomenon for a particular purpose, test the 

model and evaluate its validity/usefulness. Modelled after the visualizing practices of scientists 

in theory-building and consistent with the current advocacy of authentic science learning (Roth, 

2008), examples of MBT  (e.g. Tytler et al.’s (2013) representation-construction approach 

(RCA), Botzer & Reiner’s (2005) use of imagery and Ainsworth et al.’s (2011) use of drawing 

to learn science) further emphasise how visual representations can act as a pathway for 

students’ progression from empirical to abstract conceptualization (see especially Reiner, 

2009). We surmise that a MBT approach has the potential of developing both the semantic and 

semiotic aspects of concept learning.  

While the value of MBT in developing students’ conceptual understanding is largely 

endorsed (Clement, 2008), we think its current designs for supporting the learning of “heat” 

and “temperature” have two key limitations. First, Authors have found that teachers tend to 

sideline the semiotic aspects of concept learning during the implementation, even though it 

opens up opportunities to engage students in representational talk (Gilbert & Justi, 2016).  In 

this respect, Wiser and Amin (2001) showed the need to engage students in “meta-conceptual 

talk” such as confronting students with the different uses of the word “heat” in everyday and 

scientific sense. Second, current MBT for “temperature” and “heat” are often targeted at the 

middle/high school students and tend to focus learning at the particulate level. While it might 

be argued that microscopic conceptualisation of temperature and heat can better reflect the 

current accepted view of thermal ideas, we think it is not appropriate for younger students. A 

cross-level study of the learning progression of students’ ideas of thermal energy by Herrmann-
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Abell & DeBoer (2017) shows that abstract energy concepts at the atomic/molecular levels are 

hardest for students at all levels to grasp compared to macroscopic concepts or energy-based 

explanations. Thus, a modelling-based approach that involves students in constructing and 

working with images to learn thermal concepts at the macroscopic level should  better help 

them to develop the semantic and semiotic aspects of concept learning.   To this end, we 

developed an image-to-writing (I2W) approach. While most MBTs are carried out with older 

students (e.g., Supto & Waldrip, 2014; Waldrip & Prain, 2012), we  hypothesise that an I2W 

approach can similarly be useful for elementary students’ (Grade 4) conceptual development.  

 

The Image-to-Writing Approach to Concept Learning 

The I2W approach is a sequence of tasks that engages students with constructing and working 

with visual representations to think about a particular concept before formal scientific language 

is introduced.  It comprises three main stages: (1) exploring a phenomenon, (2) creating and 

transformation of images, (3) translation of images to writing, as shown in Figure 1.   

 

Figure 1. Design of the I2W approach 
 

The learning process is anchored by a key question about a physical phenomenon that provides 

purpose for the visualisation activity. This might involve students making observations of 

phenomena and hands-on experiments. Students are then engaged in creating a series of images 
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to represent their observations and meanings made about the phenomenon, and to use these 

images to help them think and reason about the relationships between related concepts. Formal 

scientific language, which is often inscribed in written form including technical terminologies 

and mathematical symbols, is introduced at a later stage, or when appropriate, to name entities 

and to describe relationships between entities. The focus on semiotic work, particularly images, 

in our approach is informed primarily by the visualisation practices of scientists (Gooding 

2004, Nersessian, 1992).  

 

Visualisation as a Process of Scientific Thinking during Inquiry 

Inquiry into scientists’ theory-building work invariably shows that (1) images have an 

extensive presence in the meaning-making process, (2) it involves a series of representational 

passes involving images in transforming empirical data into theoretical entities (abstraction), 

and (3) the type and mode of images generated are selected and evaluated based on their 

affordance to achieve a particular purpose of meaning-making.  

 

(1) Use of images in scientists’ meaning-making process 

Studies examining journals of scientists found an abundance of images in them, for example, 

the extensive use of drawings in Michael Faraday’s notes (Gooding, 2004; Nersessian, 1992). 

In conceptualising “magnetic field”, Faraday drew iconic images of speckles of iron filings 

around a magnet, lines representing the pattern produced by the iron filings, and vector arrows 

which he eventually named as magnetic field lines (Nersessian, 1992). Gooding (2004) found 

two- and three-dimensional figures of magnetic fields and the electric motor itself which 

Faraday used to reason out how the interaction of magnetic fields could produce motion. 

Similar observations were obtained when Gooding (2004) examined the reconstructive work 

involved in reanimating of extinct organisms from fossils in sedimentary rock, reconstructing 

vascular structures and determining crystal structures. The multiple cases led Gooding (2004) 
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to conclude that visualisation is a key component of scientific thinking. As such, the I2W 

approach focuses on students’ generation and interpretation of images to represent physical 

and abstract ideas which are used to mediate scientific thinking that is needed for conceptual 

development.  Similar approaches such as Tytler, Hubber, Prain, & Waldrip’s (2003) 

representation construction approach (RCA), Ainsworth, Prain, and Tytler (2011) use of 

drawing to learn science, and Botzer’s and Reiner’s (2005) use of imagery for physics learning 

show that generating images can potentially facilitate reasoning and understanding.  

 

(2) Series of representational passes to transform empirical data to theoretical entities 

Another key characteristic of scientists’ visualisation work that Gooding (2004) and Nersessian 

(1992) uncovered was how a series of images transformed empirical data to theoretical ideas. 

For example, in the Faraday’s drawings of lines and arrows, there was a shift from iconic 

depiction of the concrete entities (iron filings around a magnet) to the drawing of  “lines” 

resembling the pattern produced by iron filings to highlight the surface feature of the 

observation. Subsequently, these informal symbols were transformed into vector arrows so that 

the syntactic rules of vector system in mathematics can be applied to think quantitatively about 

the strength and direction of a magnetic field(s). This example illustrates how meanings are 

shifted from macro to abstract as images go through a series of representational passes. First, 

each representation selected is useful for the kind of productive work it can do to mediate the 

thinking and reasoning need to transform empirical meanings to theoretical ideas. The iconic 

depiction of physical set-up helps to simplify the phenomenon to its key features. The informal 

symbolic lines imbued with properties of line allow intuitive and imaginative thinking to take 

place.  The formal symbolic arrows to represent vector properties of the magnetic field 

eventually furthered the advancement of knowledge such as making predictions on the outcome 

of two or more interacting magnetic fields and the development of Faraday’s and Lenz’s laws. 

In other words, these representations bear properties of these concepts which allow them to be 
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manipulated in ways that support the thinking and reasoning work needed to advance ideas 

from empirical to theoretical.  Second, we see that informal representations need not be frown 

upon in the learning process. In Faraday’s work, he used “lines” (informal image) to imbue 

semiotic materiality (e.g., properties of bending and cutting) to represent an intuitive sense of 

what a magnetic field is (abstract concept). The materiality of informal images allowed him to 

imagine processes going on before institutionalised representations (i.e., vectors) were used to 

establish meanings.  

Similar features of representational passes were also observed of Grade 9 students 

exploring the phenomenon of magnetic attraction/repulsion in Botzer and Reiner’s (2007) 

study.  They drew iconic images that reflected their sensory conception, which gave way to 

informal and symbolic  representations as their conception shifted to become more imaginary-

based. Theoretical ideas were developed as these early symbols were transformed into 

representations of formalised rules. According to Botzer and Reiner (2007), while there seems 

to be a wide gap between students’ concrete ideas and scientists’ theoretical conceptions, the 

integration of a variety of visual representations, progressing from concrete to imaginary-based 

to formalised rule-based representations can help to bridge the gap between them. In particular, 

the imaginary-based representations, which Kozma and Russell (2003) refer to as early 

symbols, can provide a pathway for the development of concrete ideas to abstract concepts. 

Such an integrative use of various visual modes acknowledges that learning science is 

multimodal (Kress et al., 2001).  

Likewise, in the I2W approach, we engage students in generating and interpreting 

images of different kinds - iconic and symbolic, informal and formal as they think and reason 

about the phenomenon being inquired. The choice of visual mode is dependent on the 

affordance of the mode in construing the types of intended meanings. As demonstrated in 

Waldrip and Prain’s (2014) study, the representational passes open up the opportunity for the 

teacher to discuss the purpose, aptness and use of the images for meaning-making, and how 
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these are connected to the formal representations of science.  We thus hypothesise that this dual 

focus on semantic and semiotic work should bring about a corresponding advancement of 

conceptual understanding and competence in the use of scientific language. Kozma and Russell 

(2005) refer to the latter as representational competences. They define representational 

competences with five levels – iconic depiction, early symbols, syntactic use of formal 

representations, semantic use of formal representations and reflective use of formal 

representations. The first two levels correspond to Botzer and Reiner’s sensory-based and 

imaginary-based representations respectively. Level 3 reflects those who are able to select and 

use representations in a syntactically-consistent manner to the formalised language system of 

science, while level 4 refers to those who are able to select and use the formalised language 

system in a syntactically and semantically consistent manner to produce meanings. Level 5 

reflects one’s meta-understanding of the representations that include the understanding of their 

purposes and limitations (see also diSessa, 2004).    

In summary, the I2W approach is guided by three features drawn from the visualisation 

practices in the examples above. First, students are engaged in a series of tasks to create and 

work with images (e.g., drawing, photographs, videos, tables, graphs), to support them in the 

abstraction and thinking of ideas from empirical to theoretical. The choice of images is 

dependent on the aptness (affordance) of the representation in construing the meanings to be 

made. Formal language of science (e.g., naming a concept) is introduced eventually as a way 

of inscribing the ideas constructed. Second, like Wiser’s  and Amin’s (2001) meta-conceptual 

talk, the purpose and choice of images are discussed so that their affordances for meaning-

making can be explored and understood. Third, these visualisation activities are always 

conducted in the context of an inquiry activity to give purpose and direction for the 

visualisation activities. We hypothesise that such an approach should bring about better 

conceptual understanding as well as representational competences. Applying this approach to 

the teaching of “temperature” and “heat” for elementary school students, we take a quasi-
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experimental approach to investigate the extent that the I2W approach can develop conceptual 

understanding and representational competences.  

 

Research Methods 

This study is part of a larger design research that is aimed at refining not only the pedagogical 

design of the approach, but also the theoretical framework that underpins the design. The 

efficacy of the approach in improving children’s conceptual understanding and representational 

competences is one of the evidences that will support its design.  

 

Design of the I2W teaching package in the teaching of “Temperature” and “Heat” 

The I2W approach was applied to design and develop an instructional package for the teaching 

of the concepts associated with “temperature” and “heat. In the Singapore’s Primary Science 

Curriculum, the concepts associated with temperature and heat are typically taught at primary 

four (equivalent of Grade 4). In this topic, the learning outcomes include listing the common 

sources of heat, defining and distinguishing temperature (as a measurement of the degree of 

hotness of an object) and heat (as a form of energy), using a thermometer and datalogger for 

measuring temperature, understanding the condition and result of heat flow, and identifying 

good and poor conductors of heat (MOE, 2013).  

Four activities were designed to achieve these learning outcomes through a sequence of 

representational passes (refer to https://tinyurl.com/y5lpkm93 for details of each activity). 

Activity 1 is aimed at developing an understanding of the concept of “temperature” by 

exploring and discussing the affordance of various modes of representations as a signifier for 

the degree of hotness. Activity 2 focuses on establishing the nature of heat as the (thermal) 

energy that is transferred from one object to another resulting in a change in temperature, and 

introducing the scientific terms “source of heat” and “heat gained/lost”. Activity 3 introduces 

the use of data logger with temperature sensors from which graphical data collected was 

https://tinyurl.com/y5lpkm93
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analysed to identify the condition of heat flow.  Activity 4 brings in the dimension of time 

when the rate of heat flow is compared between different materials to establish the notion of 

good and poor conductors of heat.  

 
(a) Representational sequence for teaching the concept of “Temperature” 

 

 
(b) Representational sequence for teaching the concept of “Heat” 
 
Figure 2. Sequence of representations constructed for Activities 1 and 2  

Exploring phenomenon. At this stage, students will explore a given phenomenon with an 

overarching question that guides their exploration. The question will provide the purpose to 

the inquiry and reasons for the knowledge created and its nature, and the language used to 

inscribe the knowledge. In our learning package, the learning of temperature was anchored by 

a task to find an appropriate representation system to describe the different levels of hotness of 

water in six cups of water, while for “heat”, students were tasked to create an explanation for 

changes in the temperature of an object.  
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Creating and transforming of images. In this stage, students will be engaged in producing 

and working with visual representations (e.g., drawing, photos, graphs, tabulation).  The 

sequence of representational challenges will be guided by how the different modes of 

representations can support the shift from concrete to abstract levels of thought. For the concept 

of “temperature” in our learning package (Activity 1), students explored and considered 

different representational systems to describe temperatures of water in the six cups of water 

provided to them – use of touch, colour and number (refer to Figure 2a) – and their advantages 

and limitations. This is to help them relate the concept to their familiar sense of touch as well 

as to understand the purpose and limitation of the different representational systems used to 

signify temperature (i.e., what can numbers afford in advancing meaning that words and 

colours cannot). For the concept of “heat” (Activity 2), they were first introduced to the concept 

of energy (i.e., that a body of higher temperature has more energy [quantity] than when it has 

a lower temperature) to make the point that energy is an abstract entity “possessed” by objects, 

hence differentiating it from the sensory attribute of temperature. They then created 

representations (e.g., crosses) to visualise energy as a physical quantity and created energy 

diagrams to think and reason what might be happening in terms of their energies when two 

bodies of different temperatures were in contact using crosses and arrows, hence realising the 

idea of “transfer” and “direction” (refer to Figure 2b) so that the energy (crosses) transferred 

can be labelled as “heat”. At this point, we wish to reiterate our awareness that the caloric idea 

of  “heat” introduced in this activity may be less complete than the microscopic view of 

thermodynamics (Millar, 2014). However, as an introductory unit on thermal processes, we 

believe that a macroscopic caloric view would help to bridge between young children’s 

everyday knowledge and a more precise understanding of these ideas introduced at the later 

stage in their academic journey (Millar, 2005). Therefore, like Millar, we use the energy 

diagrams as a quasi-material substance that can be stored in different objects and focus on their 

quantitative attribute.  In this respect, we introduced the idea of an energy diagram that makes 
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use of crosses as an informal symbol to indicate the amount of energy possessed by a body 

(i.e., more crosses represent more energy possessed by a body) inferred from comparing a 

body’s temperature at different time interval. Its function is similar to those imaginary-based 

symbols drawn by Faraday (Gooding, 2004) and the children in Botzer and Reiner’s (2007) 

study in the early stages of their inquiry. These energy diagrams serve as a semiotic-material  

that allows its manipulability (Gilbert & Justi, 2016), which will otherwise be impossible for a 

formless, abstract idea. Students could then use these energy diagrams to visualise the process 

(Activity 2) and conditions (Activity 3) for the transfer of energy between and within objects, 

and to make comparison of the rate of heat flow between different materials (Activity 4).  

Transduction of images to writing. As scientific concepts learnt at the elementary levels are 

mostly defined in textual representations, so in this stage, students will translate the images 

produced into words. This can involve giving scientific names to things, processes and events, 

signified in images, and describing and explaining them in writing. The linguistic demands of 

writing are also taken into account in designing for the transduction from image to writing. In 

our learning package, “temperature” is introduced during the exploration of the number scale 

so as to identify numbers as representations for measurement of how hot something is (refer to 

Activity 1 Task 3). In a similar vein, the term “heat” is introduced by way of indexing in the 

energy diagram what counts as heat in the whole process of energy transfer. At the same time, 

writing frames are introduced to support the writing of cause-and-effect statements with the 

appropriate linguistic resources (e.g., the use of “because” as a connector between clauses of 

cause and effect) (refer to Activity 2 Task 5).  

Description of field site and participants 

The lesson packages were implemented in two local primary schools, School A and School B. 

These schools were nestled among residential areas of middle to high social economic status. 

School A is an all-boys’ school with a long school history, while School B is a relatively new 

co-educational (mixed gender) school of only four years. Both schools provided one intact 
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class as the experiment group and another intact class as the control group. Based on the 

prescribed curriculum time for science by the individual schools, all primary 4 classes in 

School A had 2.5 hours of science lessons per week, while those in School B had 2 hours per 

week. All classes took about 10 weeks to complete the topic of Temperature and Heat, as 

stipulated by their teaching schedules.   

The experimental group went through the I2W approach in the teaching and learning 

of the concepts associated with “temperature” and “heat”. The activities were carried out by 

two male teachers (Teacher A and Teacher B), one from each school, with one of their classes 

respectively. Teacher A was the head of department in School A, with a total of 15 years of 

experience teaching science at the primary levels. Teacher B was a senior teacher in School B, 

with 14 years of experience teaching primary science. Both teachers identified the concepts of 

temperature and heat to be difficult for their students, and were interested to learn new ways of 

teaching these abstract ideas to their students. Teacher A described his class (n = 36) to be of 

middle ability, while Teacher B identified his students (n = 23) to be of high ability level. These 

descriptions of students are highly contextualised as they represent an approximated banding 

of their students within a school. Such descriptions are typical in the local schools for ease of 

tracking the students’ progress.  

The control group went through prescribed activities determined by the school. These 

activities included direct teaching and POE activities supported by commercial textbooks and 

workbooks as well as teacher-developed worksheets and notes. An example of POE activity 

for “heat” involved immersing eggs in hot water of differing volume and asking students to 

predict the outcome prior to the demonstration, and then producing a textually correct 

explanation after the “puzzling” observations. Like most conceptual change activity, the focus 

was primarily in getting the right answer. While some activities might involve students creating 

or working on multiple representations (e.g., filling up tables with collected data, drawing 

graphs as re-representations of tabular data, and written text to represent conclusions drawn 
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from tables or graphs), the sequencing of the multiple representations seem to suggest that each 

is representing the same concept.  For example, in one activity to learn about heat being the 

energy that causes temperature to change, temperature taken of water heated over time was 

tabulated into a table, then translated into a temperature-time graph before students were asked 

to infer that heat gain was the reason for the change in temperature of water. As a macroscopic 

observation of a change in the physical attribute, it is unclear how students could infer that heat 

gain/loss as the cause for changes in temperature form the graph. This is remarkably different 

from the integrative use and translation of various imagery modes in I2W to realise the various 

semantic links that define a concept.   

As a design research, the intervention was carried out with the participating teachers’ 

classes during the prescribed curriculum time. We also had to take into account the deployment 

of the teachers for teaching Grade 4 in the selecting the participating teachers. Both of the 

teachers in the experimental groups taught only one Grade 4 class. Therefore, the control group 

students from School A was taught by a female teacher who had six and half years of teaching 

experience, three years in a primary school, while the group from School B was taught by 

another female teacher with seven years of experience teaching science at the primary level.   

 

Data collection  

A total of 129 students from two schools (four classes) participated in the study, divided into 

experimental and control groups. Table 1 shows the number of participants from each school 

and the group they were in. 

Table 1: Number of participants 
School Control Group Experimental Group 
A 36 36 
B 34 23 

 
Four free response questions (which can be viewed at https://tinyurl.com/y459ot5t) 

were designed to determine students’ ability to identify key scientific attributes and illustrate 
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appropriate relations between these key attributes in the phenomenon (conceptual 

understanding (CU) coding scheme), and their ability to select apt linguistic resources to 

construct conceptually meaningful and syntactically appropriate clauses in their explanations 

(representational competences (RC) coding scheme). By considering difficulty level of 

questions in terms of their complexity (i.e., number of variables) and familiarity (i.e., similar 

contexts encountered and discussed in class), Question 1 was considered as the simplest, 

followed by Questions 3 and 2 with Question 4 being the most difficult. Questions 1 and 3 each 

had two variables (i.e., heat and temperature) that students had to contend in constructing the 

explanations, and their contexts were similar to those students had encountered in their hands-

on activities or workbooks. Questions 2 and 4, on the other hand, had to address three 

dimensions (i.e., heat, temperature and time) and make comparison between them. Question 4 

also involved heat transfer across two sets of media – girl-blanket and blanket-air. As such, 

Question 4 is deemed as the most challenging.  This instrument was administered to students 

before (pre-test) and after (post-test) the lessons on heat and temperature which spanned over 

a period of four to six weeks.   

 

Data analysis  

Coding for conceptual understanding (CU). The coding scheme consisted of five general 

categories in classifying students’ competency in conceptual understanding: (1) non-scientific 

explanation or no understanding of concept (NS/NU), (2) alternative conception (AC), (3) 

partial understanding with alternative conception (PUAC), (4) partial understanding (PU), and 

(5) sound understanding (SU).  

Students’ responses were classified based on their use of appropriate scientific theory/model 

to identify and illustrate relations/connections between key attributes. The concepts required 

for each question are shown in Table 2 below. A specific example of the coding scheme for 

each CU score for Question 2 is given in Appendix C.  
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In each question, students were given a CU score between zero to five based on their 

responses. Scores one to five reflect varying levels of students’ conceptual understanding and 

score zero was given to students when they did not provide any response. For example, the 

student’s response to Question 2, “it is because the marble flooring gains heat from Han's feet 

as it is a good conductor of heat meanwhile, wood is a poor conductor of heat so it does not 

gain as much/any heat than the marble floor”, was given CU score of 4 (code: PU) for showing 

scientific concepts 2a to 2d (refer to Table 2) but not scientific concept 2e, whereas a response 

such as “marble is a good conduct of heat and cold while wood is a poor conduct of heat” will 

be given a CU score of 3 (PUAC) for showing scientific concept 2a and 2d but also showing 

an alternative conception about cold as a scientific entity.  

Table 2 Description of scientific concept in each question  
Description of scientific concept tested Question 

I. Name “heat” as the scientific entity in the process of transfer  
II. Describe the process as “transfer” or other appropriate synonyms 
III. Illustrate direction of heat transfer due to temperature difference 

(source, medium & destination) 

1-4 
1-4 
1-4 

IV. Compare conductivity of material 
V. Illustrate rate of heat transfer 

2 
2, 4 

VI. Identify melting of wax 
VII. Identify conductivity of medium 

3 
3, 4 

 
 
Coding for representational competency (RC). For the analysis of students’ RC, we drew 

upon Kozma and Russell’s (2005) categorization of levels of representational competence – 

iconic depiction, early use of symbols, syntactic use of formal representations, semantic use of 

formal representations and meta-representational competence. The first four levels encapsulate 

the various forms of representations that one may produce in relation to a referent phenomenon. 

Iconic depiction (Level 1) are those that resembles the features of the physical phenomenon. 

Early symbolic (Level 2) are those representations based on physical features of the physical 

phenomenon, but created to overcome the limitation of the medium (e.g., drawing arrow to 

show direction of motion on paper). Formal representations are those that are institutionalized 
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as conventions to be used by the scientific community. As formal representations are 

essentially conventional, and bear the least or no resemblance to the referent they signify, they 

are often constrained by a set of syntactic rules that defined its use, and are inscribed with 

defined semantic meanings that have been agreed upon by the community. Levels 3 and 4 in 

Kozma and Russell’s framework thus define these two features of formal representations. In 

this study, we have identified the formal representational system to be that of written scientific 

language in English, which is the lingua franca in Singapore. In analysing scientific discourses, 

Schleppegrell (2014) found that scientific explanation consists of unique linguistic features to 

construe logical relations (e.g., cause-and-effects, conditions), relationships between entities 

(e.g., comparison between good and poor conductors of heat), behavior of entities (e.g., heat 

flows), and  to name abstract entities (e.g., rate of heat flow). Levels 3 are thus those responses 

that demonstrates the syntactic use of some or all of the linguistic features necessary to produce 

the explanations sought in each question. Level 4 are those responses that made use of all 

relevant linguistic features needed to produce a semantically consistent and complete 

explanation sought by each question. Level 5 of the framework refers to the one’s ability to 

reflect on the affordance and purpose of the formal representations, which our test items cannot 

capture. As such, we have removed Level 5 from the coding scheme.  

In each question, every student response was given a RC score between zero to four based on 

their responses. When students produce representations that depict icons of the phenomenon 

only, they were given a RC score of one. When responses include early symbols to overcome 

the limitations of the medium (e.g., arrow to show direction of heat transfer), they were given 

a RC score of two. Students were given RC score of three when responses included words to 

produce clauses that were syntactically sound. They were awarded a RC score of four when 

they used words to produce clauses that are syntactically sound and semantically consistent 

with scientific meanings. (Refer to Appendix D for the specific coding scheme and examples 
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of students’ responses for each RC score of Question 2.) The sum of students’ RC scores across 

the four questions was obtained to determine their total RC score in each test (pre- and post-). 

 

Comparison of Pre- and Post-Tests Result between Control and Experimental Group 

Students. In each question, comparison was made between the control and experimental group 

students’ CU and RC scores by obtaining the relative percentages of students achieving the 

various levels of competency. As students in the control and experimental groups could have 

significantly varying performance (total score of each student) in their understanding about 

heat transfer and conductivity of material before their teachers’ instruction, ANCOVA was 

used to determine if the performances between both groups were significantly different after 

teachers’ instruction with the pre-test scores as the covariate. If the groups were significantly 

different statistically (p < 0.05), Cohen’s d was used to determine the effect size. 

In addition, to compare the progression in the CU and RC of each group for each 

question, before and after intervention, we constructed slopegraphs for each question for the 

experimental and control groups. A slopegraph is a visual organisation of data for viewing in 

several directions (Tufte, 2014). It allows changes to be compared over time for a list of 

descriptors located on an ordinal or interval scale. Authors (2016) used slopegraphs to compare 

students’ understanding of various concepts relevant to understanding the formation of the 

solar system (e.g., gravity, velocity and inertia – each concept has its own slopegraph), pre- 

and post-instruction. For our purpose, we computed and tabulated the relative percentages of 

students in the control and experimental groups who moved from one level of CU/RU to 

another, pre- to post-test. Students’ levels of competency in the pre-test and post-test are shown 

on the left and right vertical axes respectively. Line thickness is proportional to the relative 

percentages of students within each group whose competency changed from the pre- to post-

tests as indicated by the start point (left vertical axis) and end point (right vertical axis) of each 

line.  
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Results 

Effect of I2W approach on students’ conceptual understanding 

Tables 5 and 6 compare the post-test conceptual understanding results of the experimental 

group and control group of students using the pre-test results as the covariate. Table 7 shows 

the adjusted mean for the control and experimental group. The result shows that students in the 

experimental group scored significantly higher in the post-test with F (1, 117) = 6.890, p = 

0.010 < 0.05, which suggests that the intervention has improved students’ conceptual 

understanding, with a medium effect size (Cohen’s d = 0.42). 

The analysis using slopegraphs to track and represent progression in levels of CU, 

before and after intervention, suggests that the intervention did not make much difference to 

students’ CU progression on the simpler questions (Questions 1 and 3), but enabled the students 

in experimental group to perform better than those in control group on the more complex 

questions (Questions 2 and 4). This is illustrated in Figure 3, using Questions 1 and 2 as 

examples. In Figure 3(a), which shows the CU slopegraphs for the control and experimental 

groups on Question 1 (simpler question), we see three thicker lines. The two positively sloped 

lines starting from CU pre levels 1 and 2 (on left of each slopegraph) and ending at CU post 

level 5 (on right of each slopegraph) indicate most students in the control and experimental 

group improved from level 1 (no understanding) [control: 28.1%, experimental: 32.1%] and 

level 2 (alternative conception) [control: 9.4%, experimental: 12.5%] in the pre-test to level 5 

(sound understanding) in the post-test. The thick horizontal line starting and ending at level 5 

indicates these students maintained their CU level. Thus, Figure 3(a) suggests little observable 

difference between the control and experimental group before and after intervention. 

On the other hand, the slopegraphs for Question 2 (more complex question) in Figure 

3(b) show a higher percentage of experimental group students moving from levels 0 (10.7%), 

1 (16.1%) and 2 (16.1%) to level 4 (refer to the three thicker, positively sloped lines in the 
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experimental group slopegraph) compared to that of control group students that moved between 

these levels (from level 0 to 4: 0.0%, level 1 to 4: 4.7%, level 2 to 4: 9.4%). 

Table 5 Mean and standard deviation of students’ pre- and post-tests conceptual 
understanding 
School Control Group Experimental Group 

Pre-test Post-test Pre-test Post-test 
A 7.78±3.37 10.49±3.09 8.47±3.44 14.14±2.57 
B 8.41±3.37 10.62±3.04 6.78±2.37 8.73±3.71 
A and B 8.09±3.36 10.55±3.04 7.81±3.16 12.11±4.06 

 
Table 6 ANCOVA of evaluating intervention effect on Students’ Post-Test Conceptual 
Understanding 
Source of variance Adjusted sum of square df Mean Square F 
Pre-Test Score 96.872 1 96.872 8.140* 
Group 81.997 1 81.997 6.890* 
Error 1392.345 117 11.900  

*p < 0.05 
 
Table 7 Comparison of unadjusted and adjusted mean CU score of students post-test results 
Group Unadjusted Mean Std. Deviation Adjusted Mean Std. Error 
Control (n=64) 10.55 3.04 10.501a .432 
Experimental (n=56) 12.11 4.06 12.160a .461 
a. Covariates appearing in the model are evaluated at the following values: CU Pre-test score = 8.05. 
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Figure 3. Slopegraphs showing students’ CU progression in (a) Question 1 and (b) Question 2 
 

Effect of I2W approach on students’ representational competences 

Tables 8 and 9 compare the post-test representational competency results of the experimental 

group and control group of students using the pre-test results as the covariate. Table 10 shows 

the adjusted mean for the control and experimental group. The result shows that students in the 

experimental group scored higher in the post-test, and there is no statistically significant 

difference between the post-test scores of the two groups at the p < 0.05 level (F (1, 117) = 

7.243, p = 0.01), with a medium effect size of Cohen’s d = 0.47 

Further analysis of the shifts in RC using the slopegraphs suggests no discernible 

difference in the patterns of progression between levels of RC in all questions between the 

control and experimental groups. As illustrated in Figure 4(a), using Question 1 (simpler 

question) as an example, two thicker positively sloped lines are shown starting from RC pre 

levels 2 and 3 and ending at RC post level 4 for both the control and experimental groups’ 

slopegraphs. A similar percentage of students in both groups improved from level 2 (symbolic) 

(control: 9.4%, experimental: 14.3%) and level 3 (syntactic) (control: 39.1%, experimental: 
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41.1%) in the pre-test to level 4 (semantic) in the post-test. When we compare between 

questions, more students attained RC 4 for the easier questions (Questions 1 and 3) compared 

to the more difficult ones (Questions 2 and 4). A large proportion of students from both groups 

attained RC 3. The responses at RC 3 for Questions 2 and 4 show that the use of linguistic 

resource for construing temporal meanings related to the relative rate for heat flow (e.g., heat 

flows faster from body to marble tile than to wooden tile) tend to be absent for both 

experimental and control groups. Among the responses in RC 3, there is slightly more than 

doubled the percentage of students in the control group demonstrating alternative conception 

(i.e., CU levels 2 and 3) in their responses compared to the experimental group for these 

questions. For example, 20 % of the control group students with RC 3 demonstrated alternative 

conception versus 9 % in the experimental group.   

Table 8 Mean and standard deviation of students’ pre- and post-tests representational 
competence 
School Control Group Experimental Group 

Pre-test Post-test Pre-test Post-test 
A 10.06±2.03 10.14±2.59 9.51±2.32 12.06±1.15 
B 10.44±1.78 10.86±2.41 10.17±1.13 10.52±1.81 
A and B 10.24±1.91 10.47±2.41 9.78±1.94 11.44±1.63 

 
Table 9 ANCOVA of evaluating intervention effect on Students’ Post-Test Representational 
Competency 
Source of variance Adjusted sum of square df Mean Square F 
Pre-Test Score 15.290 1 15.290 3.651* 
Group 30.336 1 30.336 7.243** 
Error 490.005 117   

*p < 0.05, **p < 0.10 
 
Table 10 Comparison of unadjusted and adjusted mean RC score of students post-test results 
Group Unadjusted Mean Std. Deviation Adjusted Mean Std. Error 
Control (n=64) 10.47 2.41 10.426a .257 
Experimental (n=56) 11.44 1.63 11.442a .275 
a. Covariates appearing in the model are evaluated at the following values: RC Pre-test score = 10.04. 
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Figure 4. Slopegraphs showing students’ RC progression in (a) Question 1 and (b) Question 2 
 

Discussion 

Our research about the efficacy of the I2W approach in developing students’ conceptual 

understanding and representational competences yielded three key findings. We explain these 

findings as follows.  

 

Efficacy of I2W approach in developing students’ conceptual understanding 
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Our ANCOVA findings show that there is an overall statistically significant difference between 

the post-test results of experimental group and the control group for conceptual understanding. 

This suggests that a visualisation/MBT approach is better able to develop students’ conceptual 

understanding compared to conceptual change/direct teaching approaches. In particular, the 

series of representational passes, each affording the construction of particular semantic links at 

each stage, has helped the experimental group students in developing a more robust network 

of semantic meanings that defines a concept. For example, in Activity 2, the creation of energy 

diagrams for objects of different temperatures made it possible for students to use it as a 

semiotic-material to “work-out” how changes in temperature can be produced in terms of 

energy. The number of crosses (amount of energy) in the energy diagram at the start and end 

of the experiment allow changes in energy for each object to be illustrated. The inference that 

the changes was brought about by the movement of semiotic symbol of energy helped to give 

spatial meanings to the phrase “transfer”.  The spatial arrangement of the objects made clear 

what the linguistic resources of “from hot object to cold object” refer to, and movement of the 

crosses (energy) identifies “heat” as the energy that is transferred. Similar results are reported 

in other MBT approaches (e.g., Campbell, Zhang, & Neilson, 2011; Hansen, Barnett, 

Makinster, & Keating, 2004; Saari & Viiri, 2003). The act of modelling requires the modeller 

to select certain attributes of the target to be represented by similar attributes in the model 

(Lehrer & Schauble, 2003). In so doing, it becomes clear how formalised representations used 

to label abstract entities are related to the physical entities of the phenomenon investigated and 

their purposes of construction. In comparison, it is doubtful that one can infer energy-related 

concepts from a temperature-time graph and/or the observation of the process of heating (as 

used as an event). As most studies on the efficacy of such model-based approaches were done 

with students of higher grade levels, our study shows that a similar approach can also develop 

children’s (elementary school students’) conceptual understanding as well.  

 



27 
 

Efficacy of I2W approach in explaining more complex and unfamiliar phenomena 

The findings from the slopegraphs suggest that the I2W approach can possibly provide 

resources to support students with thinking and reasoning about complex phenomena where 

the connection between theoretical ideas and the physical observations may not be immediately 

obvious to the students. This is evident by the higher percentage of students in the experimental 

group progressing from the lower levels of conceptual understanding (Levels 0, 1, 2) to the 

higher levels (Levels 4 and 5) in Question 2, whereas there is no discernible difference for 

Question 1. We attribute this result to the role of informal and imaginative images as a way to 

bridge between students’ macro ideas about the phenomenon and scientists’ theoretical ideas 

(Botzer & Reiner, 2007) and provide a pathway for students to better manage the reasoning 

involving multiple variables in those phenomena presented in the more complex questions (i.e., 

Items 2 and 4). This finding is consistent with existing studies that demonstrate the potential 

of representation construction pedagogies in developing reasoning skills (e.g., Sutopo & 

Waldrip, 2014; Tytler, Prain, Hubber, & Haslam, 2013). In particular, we have introduced 

energy diagram as an informal and purely imaginative image to help them think and reason 

about the movement of energy between objects. According to van Meter and Gardner (2005) 

and Cox (1999), in engaging students in drawing, they learn to reason in various ways as they 

align their drawing with observation, measurement, and/or emerging ideas. Students also learn 

to manipulate representations flexibly, which is central to developing expertise in science 

(Greeno & Hall, 1997). (Botzer & Reiner, 2007).  

It might be argued that a representation-oriented approach is more time-consuming and 

hence leaving little curriculum time for practice questions. The efficacy of the image-to-writing 

approach in developing reasoning skills needed to handle difficult questions should persuade 

teachers of the benefits of this trade-off. As well, if the primary focus of science learning is to 

help students make sense of the increasingly complex world (MOE, 2013), it is now timely to 

shift science learning from recitation to reasoning.  
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Efficacy of I2W approach in developing students’ representational competences 

In terms of the representational competences, there are two key observations that are worth 

discussing. First, our findings show no statistically significant difference between the 

experimental group and the control group in the RC post-test scores. This might seem to 

suggest that the image-to-writing approach had not developed students’ competence in 

selecting and using suitable representations in meaning-making, whether formal or imaginary, 

than those the conceptual change teaching approaches that bear little focus on visualisation.  

On the contrary, we think that the I2W approach has helped students to be better able to use 

and assemble multiple representations to bring across an idea when they had not mastered the 

use of scientific terminology.  The example in Figure 5 is a case in point.  

In this case, the child had demonstrated partial understanding through his drawing even 

though the written explanation (underlined in Figure 5) might seem to suggest misconception 

(i.e., “it traps heat … heat will not escape”). Comparing the list of concepts needed to show 

sound understanding (refer to Table 2), concept I was represented by the label “heat”,  concept 

III was represented by the direction of arrows drawn, and concept V was partially represented 

by the different number of arrows drawn to represent the magnitude of heat transferred (time 

was not represented). The informal drawings are similar to what scientists produce – they draw 

to clarify ideas for colleagues, students and the public (Kozma, Chin, Russell, & Marx, 2000). 

Such image used by the child in Figure 5 is considered as an early use of symbols. While they 

might not be the formal mode of representations used in describing temperature and heat at the 

elementary levels, the example shows a possibility for their use to mitigate the lack of clarity 

in the use of written words, which might be wrongly construed as misconceptions. Such use of 

multiple modes of representations to assemble a network of semantic meanings can thus help 

to overcome the difficulty in determining whether a wrong written answer is due to 

misrepresentation or misconception (Seah, 2013). This is perhaps especially relevant to the 



29 
 

budding learners who are still developing their formal scientific language capabilities. In other 

words, an I2W approach can develop multimodal capabilities for students to make their 

thinking explicit and specific through the use of multiple modes of representations, which leads 

to opportunities for meanings to be clarified. This might explain why, despite having similar 

proportion of students in both groups having attained RC level 3, the percentage of students in 

the experimental group exhibiting alternative conceptions is halved that in the control group.   

 
Figure 5. Example of student’s explanation for Question 4 

Second, in terms of the attainment of formal representations for meaning-making, the 

slopegraphs show that most students in both groups achieved RC 4 for the easier questions 

(i.e., Questions 1 and 3), whereas for the more difficult ones (i.e., Questions 2 and 4), most 

attained RC 3 instead. Many of these responses coded with Level 3 for Questions 2 and 4 

showed an absence of the temporal resource needed to compare the various physical and 

abstract entities involved (e.g., marble/wooden flooring, heat, temperature), rendering the 

explanations reflecting partial understanding at best. According to Schleppegrell (2014), 

scientific explanation often takes on a logical (e.g., temporal relationship between entities) 

rather than a temporal (e.g., sequential relationships of events) organisation that children are 

more familiar with. This unfamiliar organisation of linguistic resources could perhaps explain 

the difficulty faced by students in selecting and assembling appropriate linguistic resources 

(e.g., faster, quicker, rate of) to compare the relative temporal comparison between heat flow 

through different materials in Questions 2 and 4.  This implies that teachers should support 
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students not only in the introduction and selection of linguistic resources for science meaning-

making but also the assemblage of these resources in bringing across logical relations.  

 

Conclusion 

This study set out to ascertain the efficacy of the I2W approach in developing children’s 

conceptual understanding and representational competences in the topic of “temperature” and 

“heat” using a quasi-experimental approach. Underpinned by the visualisation practices of 

scientists whereby modes of images are integrated to unpack the meanings of thermal concepts 

at the macroscopic level, our  findings show that the I2W approach has the potential to develop 

conceptual understanding of these two concepts and provide students with the resources to 

think and reason about complex phenomena. It also highlights the importance of developing 

children’s competences in formal representations for improved conceptual understanding.  

However, knowing the syntactic rules of formal representational system is not a sufficient 

condition for developing conceptual understanding. Teachers should support students in 

applying the formal language system of science to make meaning of the physical phenomena 

around them.  

The findings also produce emerging signs that some modes of informal representations 

(iconic and informal/early symbols) might be useful in helping children construe certain 

scientific meanings. Further study into the affordances and limitations of iconic and informal 

representations commonly used by students in construing conceptual understanding can 

perhaps better inform us of the challenges children face in expressing their thinking, and how 

we can potentially support them.  As well, future study should also explore if the I2W approach 

is similarly useful for learning other basic concepts at the elementary levels.   
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