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Pupils have consistently fared poorly in solving non-routine Mathematical problems and the main 
obstacle is in understanding problems fully and planning for an effective problem-solving approach. 
The present study explored the impact of a metacognitive scheme on pupils’ ability to solve 
non-routine Mathematical problems. Using a pretest-posttest design involving 63 pupils from two 
intact mixed-ability Primary Four classes, pupils’ findings revealed that the intervention was 
effective, to a small extent, in improving pupils’ awareness of problems, personal control of their 
problem-solving behaviour and emotions as well as regulation of their own thinking. Pupils also 
became more confident and engaged in problem solving, and they ultimately achieved greater 
problem-solving success. Limitations and instructional implications were discussed.  
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INTRODUCTION 

Despite being exposed to and taught various heuristics using dissimilar problem types since 
Primary One, pupils at all levels consistently fare poorly in solving non-routine problems 
which are usually not specific to any Mathematical topic, have no fixed procedure of solving, 
and require the use of one or more heuristics to solve. An analysis of pupils’ solutions 
revealed that pupils often fail to demonstrate a complete understanding of problems and they 
tend to apply heuristics inappropriately and impulsively, reflecting a lack of planning. Several 
research studies concurred with these preliminary findings (e.g. Yeo, 2009; Elia, van der 
Heuvel-Panhuizen & Kolovou, 2009). It was also postulated that pupils lacked a scheme to 
understand a novel problem and to plan a solution, rendering them to have poor confidence 
and a lack of perseverance in their problem-solving performance. Singapore, as in many other 
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countries, has been promoting the use of Pòlya’s (1971) four stages of problem solving to 
guide pupils through problem solving (Ministry of Education, 2000, p.131). 

Pòlya (1971) described mathematical problem solving as comprising of four stages, namely, 
Understanding, Planning, Carrying Out the Plan, and Looking Back. This model requires 
pupils to first read and understand the problem and identify the information given and the 
information to be found. After doing so, pupils should devise a plan by determining the 
methods, strategies or heuristics that are applicable and to decide on the most appropriate or 
effective approach. Subsequently, pupils should proceed to carry out their plan to solve the 
problem using the planned approach and to switch strategies if the planned one did not lead 
them to the correct answer. Finally, pupils are required to look back at their solution to 
determine the reasonableness of the answer and that they have indeed solved the problem by 
finding what they are required to find. This final stage also requires pupils to be reflective in 
determining which part of their solution worked and which did not so as to train them to 
predict what strategy could be used to solve other similar problems in future. 

Hence, anchoring an intervention in kick-starting the first two stages of Pòlya’s (1971) 
approach towards problem solving – Understanding and Planning, the present study set out to 
address these concerns by providing pupils with a scheme and getting pupils to become more 
aware and in control of their problem-solving process, i.e. being more metacognitive. This, 
hopefully, will translate into higher level of confidence in their problem-solving ability as 
pupils gain an appreciation of problem solving as a process rather than just an end. 

Metacognition is one of the five components underpinning the framework of the Singapore 
Mathematics Curriculum. It refers to an awareness of and the ability to control and regulate 
one’s thinking (Ministry of Education, 2006, p.15). For instance, pupils are encouraged to be 
more metacognitive when they are asked to think aloud on how to solve a particular problem 
when presented with a problem that requires planning (Ministry of Education, 2006, p.15). In 
other words, instead of solving a problem impulsively, we aim to encourage pupils to be more 
aware of their thought processes by discussing what they would do to solve a problem. To 
facilitate and encourage pupils’ to think aloud through the ‘Understanding’ and ‘Planning’ 
stages in a structured manner, we adapted a metacognitive questioning scheme proposed by 
Lee (2008) for low-achieving secondary school pupils – the Problem Wheel (Figure 1). 

 

Figure 1. Problem Wheel 
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The adapted version is called STARtUP (STARt Understand and Planning) (Figure 2). The 
‘Topic’ and ‘Formula(e)’ components in the original Problem Wheel were replaced with 
‘Heuristic(s)’ and ‘Start’ in STARtUP as non-routine problems are generally not 
topic-specific and there are few, if any, formulae to be learnt at Primary Four. ‘Start’ was 
added as a motivating slogan. 

 

Figure 2: ‘STARtUP’ scheme 

 

Like the original Problem Wheel, STARtUP guides pupils metacognitively through the 
problem-solving process with question prompts that would aid pupils in making sense of the 
problem. Pupils do not have to go through the components sequentially and they may even 
revisit earlier components since understanding is a dynamic process (Lee, 2008).  

With Pòlya’s 4-step Approach to Problem Solving as a foundation as well as STARtUP as a 
questioning scheme, the research questions of this study were as follows:  

• Does focusing on the understanding and planning stages of Pòlya’s 4-step Approach to 
Problem Solving using the STARtUP scheme help Primary Four pupils have a) greater 
awareness of, b) better personal control, and c) better regulation of their thinking of 
non-routine problems compared to those who do otherwise? 

• Does the intervention increase the pupils’ confidence, engagement, and ultimately 
problem solving success as compared to pupils in the comparison class? 
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METHOD 

Participants 

The study involved 63 pupils from two equivalent intact Primary Four mixed-ability classes. 
One class (N=31) served as the experimental class to which the intervention was delivered 
while the other class (N=32) served as the comparison class. 

Measures 

Awareness, Regulation and Problem-solving Success. Pre-test and post-test consisting of five 
non-routine problem tasks were used to measure Awareness, Regulation and Problem-solving 
Success. The levels of understanding and planning based on pupils’ solutions for each 
problem task were assessed using a set of rubrics adapted from Charles, Lester, & O’Daffer 
(1987) as proxies to Awareness and Regulation respectively. The solution of each problem 
task was then assessed separately using a marking scheme commonly used in schools in 
Singapore whereby marks were awarded for the method used as well as the final answer 
obtained. The total score obtained by each individual for all the five tasks was a measure of 
Problem-solving Success.  

Confidence and Personal Control. An adapted version of the Problem-Solving Inventory 
(PSI; Heppner & Peterson, 1982) was used to measure factors pertaining to general problem 
solving such as problem-solving confidence, approach-avoidance style and personal control 
of emotions and behaviours during problem solving. Pupils were asked to indicate the extent 
to which each item was true on a four-point Likert scale from 1 (almost never true) to 4 
(almost always true). Higher scores indicated a more positive perception of their 
problem-solving ability (i.e. greater confidence, greater willingness to approach a problem 
and greater control). The subscales (N=63) achieved satisfactory internal consistencies 
(problem-solving confidence, α= .74 and personal control, α= .75) with the exception of the 
approach-avoidance style (α= .24). The approach-avoidance style subscale was excluded 
from analyses due to its low internal consistency. 

Engagement. Pupils’ engagement in learning was measured using threes subscales – 
Affective, Behavioural and Cognitive Engagements – of the PETALS™ Engagement 
Indicators (PEI) Questionnaire (Ministry of Education, 2005). Each scale has 5 statements 
and pupils were required to rate the extent to which each statement described Mathematics 
Problem-solving lessons on an 11-point Likert scale. Findings were interpreted based on the 
computed means for each scale. Overall Engagement as a summative measure was also 
analysed. 

Procedure 

A quasi-experimental, pretest-posttest nonequivalent groups design was employed for the 
study. Prior to the intervention, the PEI questionnaire, pre-test and PSI were administered to 
both the experimental and comparison classes. A six-week intervention was delivered to the 
experimental class, during which an hour-long session was conducted each week. In the 
introductory session, Pòlya’s 4-step Approach to Problem Solving and STARtUP were taught 
explicitly. Subsequent sessions included a weekly revision of STARtUP and a novel problem 
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task that pupils had to work on using STARtUP. “Think-Pair-Share” strategy was employed 
to get pupils to work in pairs to explain their writing and drawings to each other, thereby 
making their thinking visible to others and to themselves. After the six-week intervention, a 
post-test, PSI and PEI questionnaire were administered. The comparison class was given the 
same problem tasks each week but they were not taught Pòlya’s 4-step Approach to Problem 
Solving. More importantly, they were not exposed to STARtUP. 

RESULTS 

Gain score comparisons revealed that the intervention boasts medium to large effect sizes on 
most measures (see Table 1). Specifically, it helped pupils in the experimental class to better 
understand non-routine problems (SMD = 0.64), better in controlling their emotions and 
behaviour during problem-solving (SMD = 0.26), and better plan their solutions (SMD = 
0.46) as compared to pupils in the comparison class who were not explicitly introduced to 
Pòlya’s 4-step Approach to Problem Solving and STARtUP. To a small extent, post-test 
comparison also revealed that pupils in the experimental class gained greater confidence in 
their problem-solving ability (SMD = 0.20) after the intervention as compared to their peers 
in the comparison class.  Most importantly, pupils in the experimental class also obtained 
higher gains in problem solving success (SMD = 0.53) as compared to pupils in the 
comparison class. 

Moreover, the intervention led to a gain in overall engagement level of pupils in the 
experimental class while the alternative practice in the comparison class led to a decrease in 
overall engagement level (See Table 2). The SMD of 0.30 indicates that the intervention had 
a reasonably moderate impact on raising the overall engagement level of pupils in the 
experimental class as compared to those in the comparison class. This increase in overall 
engagement level for pupils in the experimental class can be attributed – to a small extent – to 
a gain in Behavioural Engagement as well as a smaller decrement in Cognitive Engagement 
as compared to pupils in the comparison class (SMD = 0.35 and 0.28 respectively). The 
intervention had a negligible impact on Affective Engagement for both classes (SMD = 
-0.02). 
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Table 1. Comparison of Mean Gain Scores of Measures (excluding Engagement) 

Measure 

Mean Gain Score (SD) 
Mean 

Difference SMD 

Effect Size 

(Cohen, 
19881) 

Project Class 
(N=31) 

Comparison 
Class (N=32) 

Level of 
Understanding 

0.71 (1.64) 0.00 (1.11) 0.71 0.64 Large 

Personal Control 0.19 (3.66) -0.56 (2.90) 0.75 0.26 Medium 

Level of Planning 0.94 (1.71) 0.38 (1.21) 0.56 0.46 Large 

Problem-solving 
Confidence 

0.74 (4.58) 0.09 (3.25) 0.65 0.20 Small to 
medium 

Problem Solving 
Success 

1.35 (4.08) -0.19 (2.92) 1.54 0.53 Large 

 

The increase in engagement could be attributed to a gain in Behavioural Engagement which 
suggests that these pupils were engaged in a productive habit due to the intervention. The 
smaller decrement in Cognitive Engagement for pupils in the experimental class might 
suggest that the intervention was timely such that it provided them with some guidance in 
problem-solving during the time they needed it most. Nonetheless, the lack of impact on 
Affective Engagement suggests that pupils were still not outwardly appreciative of the 
intervention.  

 

 

 

 

 

 

 

 

 

 

 

1 According to Cohen (1988, pp.284-288), SMD =.10 is a small effect size, SMD =.25 is a medium effect size, and 
SMD=.40 or larger is a large effect size. 
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Table 2. Comparison of Means for Affective, Behavioural, Cognitive and Overall 
Engagement 

Measure 

 Mean (SD) 
Mean 

Difference SMD 

Effect Size 

(Cohen, 
1988) 

 Project Class  

(N= 27) 

Comparison 
Class (N=31) 

Overall 
Engagement 

Pre-test 71.94 
(16.54) 

78.85 (15.93) -6.91 -0.41 Large 

Post-test 72.08 
(16.33) 

72.45 (20.43) -0.37 -0.02 Negligible 

Gain score 0.14 (16.12) -6.30 (24.69) 6.44 0.30 Medium 

Affective 
Engagement 

Pre-test 78.93 
(16.54) 

81.54 (17.30) -2.61 -0.16 Small 

Post-test 78.39 
(18.18) 

78.03 (22.01) 0.36 -0.02 Negligible 

Behavioural 
Engagement 

Pre-test 69.01 
(16.33) 

76.66 (18.83) -7.65 -0.43 Medium 

Post-test 70.21 
(18.29) 

70.32 (19.58) -0.11 -0.01 Negligible 

Gain score 1.20 (18.48) -6.34 (24.06) 7.54 0.35 Medium 

Cognitive 
Engagement 

Pre-test 67.88 
(21.39) 

74.92 (18.15) -7.04 -0.35 Medium 

Post-test 67.63 
(17.65) 

69.01 (21.46) -1.38 -0.07 Negligible 

Gain score -0.25 (16.43) -5.91 (23.44) 5.66 0.28 Small 

 

DISCUSSION AND CONCLUSION 

The primary aim of the current study was to find out if focusing on the understanding and 
planning stages of Pòlya’s 4-step Approach to Problem Solving helps Primary Four pupils 
attain greater awareness and understanding of non-routine problems, better personal control 
as well as better regulation of their thinking during problem solving. Additionally, this study 
looked at how the intervention helped to increase pupils’ confidence in problem solving, 
engagement, and ultimately problem-solving success. 

Though the duration and intensity of the intervention might not be adequate for pupils to 
internalise the components of STARtUP as habits of mind, the findings appear to point 
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towards a positive contribution of STARtUP as a useful scheme to develop pupils’ 
metacognition during mathematical problem solving. Hence, pupils were able to understand 
problems better and plan more effectively. At the same time, it also seemed to have a positive 
impact on pupils’ confidence, engagement and success in mathematical problem solving. 

As children have limited capacity in their working memory as compared to adults (Cowan, 
2001), they are not able to hold as many pieces of information in their working memory, 
much less integrate the relevant information to plan a solution to the problem mentally. Hence, 
the STARtUP scheme served to circumvent this concern by getting pupils to write down and 
find relationships between the known (‘Given’) and unknown (‘Find’) as they read, and to 
represent the problem in a diagram that they can best understand what is going on in the 
problem. Pupils who were interviewed after the intervention echoed this when asked if they 
found writing down ‘Given’, ‘Find’ and drawing a ‘Pic’ helpful in understanding a problem: 

 
“Writing down is more useful than highlighting and underlining. In solving very long 
problem sums, we tend to forget what the question says as we solve the problem.”  
 
“Very helpful. If the question is very long, we tend to forget what the question says. 
Having important points written down allows me to refer to them.” 
 

However, it has been observed that pupils generally had more difficulties with the application 
of ‘Pic’ and ‘Start’ than ‘Given’, ‘Find’ and ‘Heuristic(s)’. In particular, pupils had a narrow 
understanding of what diagrams they should draw. Some also found it a hassle to write down 
the information given in the problem and what was to be found. Nonetheless, in order to 
encourage more pupils to make use of this scheme when they encounter a blockage in 
problem solving, more time must be devoted to the explicit teaching of each STARtUP 
component. Ideally, pupils should be convinced by the value of each component by practising 
each component separately. Hence, better task designs that would exemplify the importance 
of each component would be necessary for future implementation. 

In addition, we can also look back at the original components in Lee’s (2008) Problem Wheel, 
that STARtUP was adapted from, and make revisions to the scheme to increase the ease with 
which pupils can use the scheme. For instance, ‘Topic’ in the original Problem Wheel could 
be more pedagogically sound than the ‘Start’ component in STARtUP as it helps to activate 
the relevant Mathematical concepts, procedures or anything that could help in solving the 
problem. 

It is crucial to note that the scheme, like any heuristic, does not always guarantee success in 
helping pupils solve all kinds of Mathematical problems. Notwithstanding this caveat, 
STARtUP shows some promise in raising pupils’ metacognitive disposition, as well as in 
helping pupils become more engaged and confident in problem solving. Ultimately, these 
should help pupils achieve greater problem-solving success. 
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