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Abstract 

Science education literature clearly shows that various mental representations and their 
interplay are vitally important for a proper understanding of scientific experiments, 
phenomena and concepts (Gilbert & Treagust, 2009). Additionally, research results indicate 
that students remember and understand little by doing own experiments (Harlen, 1999) as 
well as watching the lecturer doing experiments (Crouch, Fagen, Callan, & Mazur, 2004). 
There is an increasing body of evidence, however, which shows that learning about and from 
experiments can be enhanced by proper cognitive activation such as the predict-observe-
explain sequence (Kearney Treagust, Yeo, & Zadnik, 2001; Crouch et al., 2004).  

In general, external representations are used as problem solving tools in physics. In 
particular, secondary level I students have problems to work correctly with these external 
representations, e.g. to translate one type of representation in another type. Therefore, the 
purpose of the present study was to develop and investigate cognitively activating tasks by 
focussing on the essential role of representations in understanding of experiments.  

A study (secondary level I, two classes, n = 59, domain: ray optics, duration 135 min.) 
with quasi-experimental, one-factorial design (with vs. without explicit representational 
exercises: completing, correcting, adapting & mapping of representations) was carried out. 
Dependent variables were conceptual understanding and representational competence. The 
treatment with representational analysis tasks (RATs, such as completing, correcting, 
adapting & mapping of representations, and typically based on two or more forms of 
representations) is described, as well as the operationalization of the target variables.  

Results of an ANCOVA show no treatment effects on conceptual understanding, but a 
considerable effect on representational competence (p < .001; ω² = .22, large effect size1

 

), 
which is discussed in view of existing theory background. In sum, a relatively short 
intervention can lead to a significant and practically important improvement of 
representational competence. Limitations and perspectives of the present study are discussed, 
including an outlook on future research. 

 
1. Introduction 

For a proper understanding of scientific experiments, phenomena and concepts, various 
mental representations and their interplay are vitally important (Gilbert & Treagust, 2009). 
However, it is not enough to know only one type of these representations at a time such as to 
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1 According to the conventional categorization, cf. Cohen (1988) 



 2 

handle an equation or draw and interpret a graph. It is a salient feature of scientific 
understanding that it can only occur when students have the ability to build meaningful 
connections between different representations (Mayer, 2005).  

In particular, the understanding of a physics experiment and its interpretation is dependent 
on a meaningful understanding of several relevant representations and their connections with 
each other. However, research shows that students often remember and understand little by 
doing their own experiments (Harlen, 1999) or watching the lecturer’s experiments (Crouch et 
al., 2004). Nevertheless, there is an increasing body of evidence which demonstrates that 
learning about and from experiments can be enhanced by proper cognitive activation as the 
predict-observe-explain sequence (Kearney et al., 2001; Crouch et al., 2004).  

Extending this line of research, the present study aims to develop and investigate 
cognitively activating tasks by focussing on the essential role of representations in 
understanding of experiments. 

 
 

2. Research background 
Representational competence can be defined as the ability to generate and use different 

specific depictional representations or descriptions of a subject or a problem in a sophisticated 
way (Dolin, (2007). Various functions and benefits of representations in science (and 
mathematics) education are well known, in close parallel to their role in the disciplines 
themselves. 

Devetak, Urbančič, Grm, Krnel, & Glažar, (2004) pointed out that science (i.e. chemistry) 
knowledge of students is fragmented, unless the pertinent representations are connected with 
each other. Therefore, students’ drawings and annotated diagrams representing phenomena at 
the sub-micro level can provide insight into students’ understanding at the macro level  
(Davidowitz & Chittleborough, 2009). More specifically, if students are able to build 
meaningful connections between representations, they can acquire a deeper understanding 
than it is possible by learning by words or pictures alone (Mayer, 2005). On the other hand, 
the necessity of the use of multiple representations imposes a high cognitive load experienced 
by students (Sweller, 2005). Cognitive schemata are very important building blocks for the 
development of expertise, because they may lower the cognitive load and set free mental 
resources (attention, short term memory). Thus, it is very plausible (but not well investigated) 
that cognitive schemata caused by cognitively activating tasks related to representations could 
help the student’s understanding of science experiments with their underlying interplay of 
multiple representations and the particularly high cognitive load resulting from it. 

The results reported so far, mainly related to chemistry education and educational 
psychology, seem transferable and adaptable to physics education. For example, Lee (2009) 
analyzed the usage of representations in 26 lessons in three physics classes on optics with 
secondary level I students. Almost 150 stances of representation usage were found, most often 
implicit and lasting on average less than three minutes. The most frequent source of 
representations was the teacher, followed by the textbook or curriculum materials. Less than 
ten percent of the representations were generated by students. This short, receptive and 
therefore implicit work with representations leads to obvious restrictions and difficulties for 
the learning process. For this reason, students lack cognitive activation and therefore they do 
not have the possibility to develop relevant cognitive schemata. Moreover, even in the physics 
courses at university level, students’ representational competence is low (Saniter, 2003). 

Scheid & Müller (2010) investigated in the domain of electrodynamics how preservice 
teacher students deal with representations in experiment related tasks. Qualitative analyses 
revealed that students were more skilled in solving tasks by descriptive representations even 
on a formal level (e.g. mathematical equations) than in solving tasks by depictive 
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representations (e.g. graphs). Moreover, the following difficulties were found even for 
descriptive representations generated by students: on a basic level, some students, for 
example, confused symbols for physical quantities with symbols for units (same symbol, but 
different meaning), showing a lack of conceptual understanding. The students tried also to 
establish connections between surface features (characters) without being aware what the 
representation (symbol) symbolizes. On a higher level, most students had difficulties fitting 
their knowledge into an integrated representation (i.e. a graph of entire time course of voltage 
vs. time in a self induction experiment), even though most of them showed a proper 
understanding of the most important elements of the phenomenon “induction” (such as 

dt
dILU ind =  and correct an application on an induction spark of a switch). Generally, even 

physics preservice teachers’ degree of representational competence in general and coherence 
in particular was low and had to be improved. 

 
 

3. Rationale, Research Questions and Hypotheses of the Study 
Concluding from the preceding section, there is an urgent need for further research and 
research based development of tasks on representations in science education. In particular, we 
better need to know, why students’ representational competence is so unexpectedly low and 
how it may impede learning from experiments. Accordingly, the rationale of the present study 
is to improve this situation by explicitly integrating representations in the teaching-learning-
process. Specifically, it aims at designing and investigating cognitively activating tasks 
fostering students’ representational competence (e.g. the ability to translate different types of 
representations in each other and correct incoherent pairs of representations) and improving in 
this way the understanding of physics experiments. For the purpose of our investigation, we 
choose ray optics as representationally rich topic. On this basis, the study had the following 
research aims and questions: 
1. Is it possible to test for representational competence with items which are curricularly 

valid for the chosen topic (ray optics)? To which degree are they reliable? 
Hypothesis 1: The working hypothesis of the study is that a valid and sufficiently reliable 
test of representational competence is possible. 

2. What is the impact of the newly developed cognitively activating representational tasks on 
students’ conceptual understanding and representational competence in ray optics? 
Hypothesis 2: Based on the existing literature, we expect that an explicit focus on 
representation related, cognitively activating tasks lead to improved learning.  

 
 
4. Materials and Methods 

The topic was ray optics (image formation by a convex lens, a standard topic in German 
secondary level I). The sample comprised 59 students in two classes taught by the same 
teacher (23 boys, 36 girls, 8th grade of German gymnasium (similar to UK grammar school), 
age group 13 – 14 years; 4 students did not participate in one of two tests and were excluded 
from analysis). The total duration of the intervention was 3 lesson hours (in sum 135 min). 
Additionally, the pre- and post test demanded one class hour in each case. 

The study had a quasi-experimental, one-factorial design. The instruction in the treatment 
group (TG) was based on tasks explicitly asking for analysis of various representational 
features (representational analysis tasks, RATs) , such as completing, correcting, adapting & 
mapping of representations, and typically based on two or more forms of representations (see 
e.g. Figure 1); the instruction in the control group was based on traditional tasks, e.g. dealing 
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with construction of ray diagrams only, and typically dealing with only one type of 
representation at a time. 

 Dependent variables were operationalized as follows: Conceptual understanding was 
measured by a concept test, which was designed as multiple choice test and consisted of 30 
items. All the items had known misconceptions in ray optics as distractors, based on existing 
research (Goldberg, & McDermott, 1987; Wiesner, 1992; Reiner, Slotta, Chi, & Resnick, 
2000). The reliability, as measured by αC, was .73. 
Representational competence was tested with a 16 items test on completeness, consistency 
and coherence of domain specific representations. Development and validation (by expert 
rating) were carried out in cooperation between physics teachers and the local PER group. 
Reliability (and other characteristics) of this test will be reported below; more details about 
both tests will be reported elsewhere (Hettmannsperger, Scheid, Müller, Schnotz, Kuhn, Telli, 
& Vogt, 2011a). 
Cognitive activation by RATs occurs if students think more often or more deeply about 
physics related representations, express them verbally and draw conclusions from them as 
would be the case without adequate instructional means. Figure 1 is an illustrative example of 
such task designed for the purposes of this study. This task is cognitively activating 
(according to hypothesis 2) because of three reasons: first, students were asked to analyze 
whether the realistic and the schematic picture belong to exactly the same experimental 
situation (which is not the case). Furthermore, they should identify and name the differences 
between the arrangements of optical items of both pictures. Second, the students had to 
correct the schematic drawing (in order to be equivalent to the realistic one). Third, students 
were asked to express verbally why and how they made the correction. In this way, students 
worked with three different types of representations (realistic picture, schematic drawing and 
words). In general, the “translation” between these three types of representations is a big 
challenge, to be explicitly and actively practiced by students using such a kind tasks. In 
particular, coherence between the three different forms of representations is established, if 
they correspond in conjoint information (the pictures presented in Figure 1 are not coherent).  

 
 

5. Results 
Preliminary analyses showed that three items of the representational physics test had to be 

changed before using them in further studies. Item difficulties of the residual test are .32 - .56 
(M = .41, SD = .13). Corrected scale correlation is .42-.56 (M = .50; SD = .08) and αC is .75.  

To answer the second research question, it is necessary to investigate main (and possible 
interaction) effects of the treatment on conceptual understanding and on representational  
competence. For this purpose an ANCOVA for each dependent variable was carried out. 

For the concept post test score as dependent variable of the first ANCOVA, results 
showed an effect of the pre test score (p = .006; ω² = .12, medium effect size), but no effect of 
the RAT intervention compared to the control group. 

  
Figure 1: A realistic picture and a schematic drawing of a cognitive activating task for formation of image by a 
convex lens. Task type: mapping and correcting the schematic drawing; hint given: size of lenses and 
perspective of drawing do not matter. 

Object G 
Convex lens 

Image B 
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For the representational competence post test score as dependent variable of the second 
ANCOVA, again an influence of the pre test score was found (p = .001; ω² = .19, large effect 
size). Moreover, in this case a considerable effect in favour of the treatment group could be 
established (p < .001; ω² = .23, large effect size).  

 
 

6. Discussion and Outlook 
The results indicate that the test is acceptable for further use, supporting hypothesis 1 as 

working assumption of the study. 
 One the one hand, the treatment group considerably (ω² = .23) outperformed the control 

group in representational competence, which partially confirms Hypothesis 2. This increases 
confidence that students’ representational competence, as an important part of physics 
understanding in general, indeed can be supported by the kind of specific cognitive activation 
adopted in this study.  

On the other hand, the RAT treatment had no effect on conceptual understanding, so this 
part of hypothesis 2 is not confirmed. A possible explanation is that the concept test assessed 
students’ conceptual difficulties beyond the scope of the intervention, in a broader area of ray 
optics and beyond representational difficulties. So the results leave us with the message, that 
representational analysis tasks indeed can support representational competence, but that in 
order to overcome misconceptions, they have to be combined with other instructional 
measures (Hettmannsperger, Schnotz, Müller, Scheid, Kuhn, Telli & Vogt, 2011b).  

 
In summary, a relatively short intervention in the area of ray optics (135 min. altogether) 

on the basis of representational analysis tasks can lead to a significant and practically 
important improvement of representational competence. Both the intervention and assessment 
are compatible with curricular and classroom conditions (at least in the author’s country), in 
order to ensure practical applicability of the approach. 

Further research is under way in order to increase sample size, statistical power, and in 
this way also the possibilities of a more detailed investigation of possible ATI effects, such as 
students’ motivation and intelligence (verbal, numerical, reasoning) and academic level of 
pertinent school subjects (German language, physics and mathematics). 
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