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STRATEGIES FOR PROBLEM SOLVING

ABSTRACT

The competence of over 300 Science Foundation students in five important problem-solving strategies
was studied at the North-West University over a period of three years. The study method adopted
was the analysis of students’” answers to carefully designed questions that tested whether they
competently used the following strategies for problem solving: clarifying problems by presenting
them clearly, identifying explicitly the principles and laws associated with the solutions, focusing
sharply on the goal, using equations for deductions and calculations and proceeding step-by-step
with the solution. The results showed that their competence in the use of intellectual strategies was
very poor. This lack of competence could be expected to lead to lack of self-confidence and could also
seriously handicap their learning throughout their courses. We suggest that greater emphasis should
be placed, in all science courses, on the training of students in intellectual skills and strategies. Such
training should be integrated with the teaching of subject content throughout the courses.

INTRODUCTION

Intellectual skills and strategies'**#¢7 are the ‘tools’ for all our mental activities; competence in them
is essential for effective learning and problem solving. A systematic study was done, over a period of
three years (2006-2008), to test the competence of Science Foundation students at our university in some
of the most important intellectual skills and strategies that are needed for successful problem solving
in science. Details of this study were given in a paper previously published in this journal,® which
discussed students” competence in questions that tested intellectual skills. This paper will discuss their
performance in questions used to test competence in intellectual strategies. Five intellectual strategies
were tested:

clarifying problems initially by presenting them clearly

identifying the principles and laws associated with the solutions

focusing sharply on the goal and formulating a strategy for reaching that goal
using equations, whenever possible, for deductions and calculations
proceeding step-by-step in order to formulate a solution.

The usefulness of these strategies for successful problem solving will be discussed, along with the
analysis of students” answers, in the Results and Discussion section of this paper. Some of these strategies
are also useful for solving problems encountered in daily life.

SUBJECTS OF THE STUDY

The students tested were Science Foundation students at the North-West University. Science Foundation
students do not have the minimum qualifications needed to enter science courses at universities and the
main objective of the Science Foundation programme is to rectify this limitation. The majority of the
students were from under-resourced rural schools in the North-West Province and from ‘township’
schools in other provinces. Most of them had a matriculation pass, at the standard grade, in mathematics
and one or two science subjects and had an M-score of 4. The total number of students tested was 313:
110 students in 2006, 99 students in 2007 and 104 students in 2008.

METHODS

The study method used was the analysis of students” answers to carefully designed questions. The
study involved diagnostic testing of students to identify the areas in which they were having difficulties
in processing the appropriate information. The criteria used to design the test questions and the method
of question administration were detailed in the previous paper.?

A representative sample of the questions used in this study is given in Table 1. These questions have
been classified in the table into five types, based on the type of strategy tested.

RESULTS AND DISCUSSION

Table 1 comprises (from left to right) a sampling of the questions used in the study, the number of
students tested for each question and the percentage of students who answered each question correctly.
The number of students varied from question to question because some questions were used in the test
for one year only and others for two years; the specific test year is indicated in parenthesis after each
number. The results showed that students’ competence in most of the intellectual strategies tested was
very poor.

Clarifying problems initially so as to aid solution

Questions 1-5 tested whether students used the important strategy of first clarifying problems (e.g. by
drawing a diagram that correlates all the relevant data given) before attempting their solutions.
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TABLE 1
A representative sample of the questions used for testing students’ competence in different problem-solving strategies, where the last two columns show
the numbers of students tested and percentages of students who answered each question correctly

Strategy: Clarifying problems Number of students tested % correct

1. When a solid substance is heated, it melts at -40 °C to form a liquid and when heated further the liquid boils at +80 °C to form
a gas. Will this substance be a solid, liquid or gas when its temperature is (a) 50 °C, (b) -50 °C, (c) 90 °C? 99 (in 2007) 61

2. Two stationary trains A and B are on two train tracks that are parallel to each other. The two engines of the trains point in the
same direction. The front end of the engine of train B is 60 metres behind the front end of the engine of train A and the rear end
of train B is 30 metres behind the rear end of train A.

(a) Represent all the information stated above as a diagram. 110 (in 2006) 17
78 (in 2007) 17
(b) If train Ais 100 metres long, how long is train B? 110 (in 2006) 15
78 (in 2007) 19

3. Four bottles A, B, C and D each contain 8 litres of water. Half of the water in A is poured into B, then half of the water in B is
poured into C and finally a half of the water in C is poured into D. State the volumes of water that would finally be present in A,
B, C and D. 104 (in 2008) 63

4. The mass of atom A is larger than the mass of atom B but is smaller than the mass of atom C. The mass of atom D is smaller
than the mass of atom A but is larger than the mass of atom B. Arrange the four atoms A, B, C and D in the order of increasing
mass (that is, the first atom should have the smallest mass). 110 (in 2006) 46

5. The melting point of a substance A is higher than the melting point of B but is lower than the melting point of C. The melting
point of D is lower than the melting point of A but is higher than the melting point of B.

(a) The first piece of information given ‘the melting point of a substance A is higher than the melting point of B’ is represented on
the line drawn below. Represent, also on this line, the other three pieces of information given in the problem statement.

D
v v .

B A higher melting point

(b) Using the information given on the line above, arrange the four substances A, B, C, and D in the order of increasing melting
point (that is, the first substance should have the lowest melting point). 110 (in 2006) 65

Strategy: Identifying the principles involved

6. 0.50 grams of a gas A is present in a mixture of gases at 25 °C and 1 atm pressure. What would be the mass (in grams) of A
in the gas mixture if:

(a) the pressure is doubled from 1 atm to 2 atm? 99 (in 2007) 13
(b) the temperature is increased from 25 °C to 50 °C? 99 (in 2007) 16

7. The volume of a liquid, as you know from experience, always increases when its temperature is increased. At a temperature
T the volume of a sample of liquid water is 10.0 cm?. If its temperature is doubled, the volume of the sample would be:

(a) 20.0 cm?, (b) 5.0 cm?, (c) 10.0 cm?, (d) greater than 10.0 cm? but less than 20.0 cm?®. 110 (in 2006) 12
99 (in 2007)
8. 2000 cm® of a liquid A at 25 °C is mixed with 2000 cm?® of another liquid B at 25 °C.

(a) The volume of the liquid mixture then obtained, (i) will be accurately 4000 cm?, (i) will be less than 4000 cm?, (iii) will be
greater than 4000 cm?, (iv) cannot be calculated accurately using the data given. 99 (in 2007) 13

(b) Will the temperature of the liquid mixture obtained be 25 °C + 25 °C = 50 °C? 99 (in 2007) 64

Strategy: Focusing sharply on the goal

9. The mole fraction (x,) of a gas A in a gas mixture at pressure P and temperature 7'is 0.20. What will be its mole fraction if,
(note: x, is defined by the equation x,=n /n, where n and n, are respectively the moles of A and the total moles

total total
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present)
(a) the pressure is doubled from P to 2P? 110 (in 2006) 4
(b) the temperature is doubled from 7'to 277 110 (in 2006) 4

10. 3.00 grams of phosphorous pentachloride (vapour) is maintained in a closed 1.00 dm?® vessel at 300 °C. It then dissociates

according to the equation PCI, (g) — PCl, (g) + Cl, (g) to give 0.50 grams of Cl,. Calculate the density of the gaseous mixture

present in the vessel (Density is defined as: density = mass/volume; P = 31.0, Cl = 35.5). 110 (in 2006) 43
11. 1.0 mol of ethanol (a liquid) is dissolved in 1.00 dm? of water. The concentration (c) of ethanol in the solution then obtained

will be (note: concentration is defined by the equation ¢ = n/V, where n = amount (moles) and 7 = volume of

solution):

(a) 1.0 mol/dm?, (b) less than 1.0 mol/dm?, (c) greater than 1.0 mol/dm?, (d) 0.50 mol/dm?. 110 (in 2006) 13

Strategy: Using equations for deductions and calculations

12. The density of a gas present in a closed vessel at a temperature T'is 2.0 x 10 g/cm?®. If the temperature is doubled to 27,
with volume being kept constant, the density of the gas would be (density = mass/volume):

(a) 2.0 x 10° glem?, (b) 1.0 x 10 glem?, (c) 4.0 x 102 glem?, (d) 8.0 x 10 glem?. 99 (in 2007) 31

13. A closed spherical 1.00 dm?® vessel contains 0.50 grams of N,O, gas at 10 °C. The gas is then heated to 50 °C. Some of the
N,O, molecules then decompose (break down) into NO, molecules, according to the equation

N,0, — 2NO, and the mass of NO, formed is 0.20 grams. Use the law of conservation of mass, which states that the total mass
before a chemical reaction is equal to the total mass after the reaction, to calculate at 50 °C:

(a) The total mass of N,O, and NO, present in the vessel. 110 (in 2006) 4
99 (in 2007) 14

(b) The mass of N,O, present in the vessel. 110 (in 2006) 4
99 (in 2007) 17

14. A person purchased an item and then sold it at a profit of R5. If the selling price of the item was R30 what was its cost price? 95 (in 2007) 57

15. The sum of two integers (whole numbers) is 35 and the difference between the two integers is 23. Find the two integers. 110 (in 2006) 16

Strategy: Proceeding step-by-step

16. Use the equation 7 = k/N (where ¢ = time, N = number of men and k = constant) to calculate the time () needed by three men 95 (in 2007) 18

to paint the walls of a house if two men need 9 hours to do this painting.

17. A car travels at 80 kilometres per hour for 2 hours and then at 100 kilometres per hour for 3 hours. Calculate the 110 (in 2006) 8

average speed of the car (note: the average speed is defined as the total distance travelled divided by the time taken).
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Question 1 is easy to answer if the data given are first correlated
together in a diagram. The required answer may then be read
easily from the diagram below:

<+—— 50lid—» «—liquid —>» ¢— gas—»

» increasing T
-40°C

80 °C
The diagram, itself, provides the answers: no reasoning is
required. From the diagram it is easy to see that the substance
will be a solid at -50 °C, a liquid at 50 °C and a gas at 90 °C. About
40% of the students tested, however, were unable to answer this
question correctly. Most of these students did not attempt to
correlate the data given (e.g. by drawing a diagram). They either
did not recognise the importance of doing this to aid the solution
or were unable to correlate the given information.

Question 2 was very poorly answered. Part (a) of this question
merely tests the ability to represent, in a correlated manner, the
information given as a diagram (see figure below).

Train B

: i Train A

<+«—=30m—»

More than 80% of the students tested, however, were unable to
do this. This problem does not have conceptual difficulties. It
only tests the ability to identify clearly the information given
and process it step-by-step. More than 20% of the students did
not even attempt to answer the question: this suggests avoidance
of mental effort and perhaps a lack of self-confidence.

Question 3, like Question 2, is a simple non-science question, but
about 35% of the students tested could not solve it. Again, the
solution is easy if one proceeds step-by-step and tabulates the
steps in the solution. The answer is: A, 4 litres; B, 6 litres; C, 7
litres; D, 15 litres. Tabulation is often a useful strategy for solving
some types of problems in science, for example, problems
involving balanced equations for reactions.

Questions 4 and 5 are similar. The noteworthy difference
between them is that in Question 5, unlike in Question 4, one
is asked first to represent the given information as a diagram.
Comparison of performance in Questions 4 and 5 should reveal
whether students’ difficulties are due to, (1) their failure to
recognise the necessity for first correlating the given information
as a diagram or (2) their inability to accomplish this. The results
(Table 1) showed that 65% of the students tested were able to
represent the information given in the problem statement on a
line and then answer Question 5 correctly. In contrast, only 46%
solved Question 4. This suggests that the difficulties of some
students in solving Question 4 may, again, result from their
failure to recognise the usefulness of initially correlating the
given information as a diagram before attempting its solution.

Identifying the principles and laws associated
with the solutions

Questions 6-8 tested whether the students recognised that
deductions and conclusions must always be based on principles
and laws. Question 6 deals with mass. Since this is a basic
physical quantity, it is independent of any other physical
quantity, such as length, time or temperature. Thus, in order
to answer this question correctly, students needed to recognise
that mass will not depend on pressure or temperature. About
85% of the students tested, however, thought that mass changes
when temperature is changed; most of them thought that mass
will be doubled when temperature is doubled and halved when
pressure is doubled.

Question 7 was also very poorly answered. About 90% of the
students thought that the volume of a liquid will be doubled

when temperature is doubled, despite the fact that this
contradicts familiar experience (e.g. we know that the volume
of water increases only slightly when it is heated). Students’
answers to Questions 6, 7 and 9 (and also their answers to other
questions not given here) suggest that many of them implicitly
assume, without any justification, that when the value of some
physical quantity is doubled the value of another quantity will
also be doubled.

About 85% of students answered Question 8(a) incorrectly; most
students thought that when 2000 cm? of liquid ‘A" is mixed with
2000 cm?® of liquid ‘B’, the final volume will be 4000 cm?®. This
is incorrect because volume, unlike mass, is not an additive
property. Masses can be added together, as a consequence of the
law of conservation of mass, which states that mass cannot be
created or destroyed. But this law cannot be applied to volume
and thus, the final volume cannot be calculated from the data
given in this question.

Students” answers to Questions 6-8 reveal that the majority do
not recognise that deductions and conclusions must always
be based on principles and laws. Lack of recognition of this
important requirement often leads to errors and failures in
problem solving.

Focusing sharply on the goal

Questions 9-11 were designed to test whether students begin to
solve a problem by identifying and focusing on the goal* (e.g. by
identifying and focusing on the physical quantity that has to be
calculated). This is a very important strategy because it would
simplify problem solving and help avoid errors.

In Question 9, the goal is the calculation of the mole fraction
(x,), for which the defining equation (x,= n/n, ) was given in
the problem statement. This equation shows that x, depends
only on n, (moles of substance A) and »_,, (total moles of all
substances present). Therefore, x, cannot be affected by any
other quantity unless it changes n, or n, . Owing to the fact
that n, and n,  are basic physical quantities that are not affected
by any other quantity, x, will not change if temperature or
pressure is changed. Although the solution to this question is
easy, student performance was very poor, with only about 5%
of them recognising that the mole fraction does not depend
on temperature or pressure. Most students thought that mole
fraction will be doubled when temperature or pressure is
doubled. The error of these students is probably a result of their
failure to focus on the defining equation for x, to deduce the
answer.

Question 10, like Question 9, is easy to solve if one starts the
solution by focusing on the defining equation for the required
quantity (density), which is density = mass/volume. Since mass
(3.00 g) and volume (1.00 dm?®) are given in the data, density =
3.00 g/1.00 dm?. If one begins the solution of the problem with
the defining equation and uses it to do the required calculation,
then all the data and information given that are irrelevant will
not cause any confusion. Despite its simplicity, about 55% of
the students tested were unable to solve this problem correctly.
Analysis of students” answer scripts revealed that most of the
unsuccessful students tried to use the given equation for the
dissociation of PCI, (an irrelevant equation) to do the calculation.
Some of them tried to use this equation to calculate the mass
of PCl, formed, while others tried to calculate the mass of
undissociated PCL. This problem (albeit a more difficult version)
has been tested on more than 500 chemistry students in Sri
Lanka, the United States of America and the United Kingdom,
with more than 75% of these respondents having difficulty.’

Question 11, which also primarily tests whether one starts the
solution by focusing on the defining equation for the required
quantity, is more difficult to solve than Questions 9 and 10. This
is because the solution also requires the distinction between two
related quantities: volume of solvent and volume of solution.
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Because the total volume of ethanol and water will evidently
be greater than the volume of water (which is 1.00 dm®), the
concentration ¢, in the equation ¢ = n/V, will be less than 1.0
mol/dm?® (because n = 1.00 mol and ¥ is greater than 1.00 dm?®).
The results indicated that 85% of the students did not solve this
problem correctly; most students thought that = 1.00 dm® and
therefore that ¢ = 1.00 mol/dm?®.

It was hypothesised above that the primary reason for students’
poor performance in Questions 9, 10 and 11 can be associated
with their failure to start the solutions by identifying the goal
and focusing sharply on it. Previous research**'’ also supports
this hypothesis and, therefore, it is our opinion that this is one
of the most significant reasons for students’ failures in problem
solving.

Use of equations for calculations and deductions

Questions 12-15 tested whether the students used equations,'*!!
and not verbal reasoning, for calculations and deductions.
Often students use verbal reasoning (i.e. reasoning using
statements) for some types of deductions and calculations, even
though equations could be used. Verbal reasoning, however, is
cumbersome, more difficult and more error-prone and it may be
advisable to avoid it whenever possible.

Question 12 is straightforward to solve if one uses the defining
equation for density (density = mass/volume) for deducing the
answer. This equation shows that density depends only on mass
and volume. It will not depend on any other quantity unless
that quantity affects mass or volume. In the problem considered,
mass and volume are constant and therefore density will not
change, when temperature is changed, from its initial value
of 2.0 x 10® g/cm®. Although the solution is easy, about 70% of
the students tested had difficulty in answering the question.
Their difficulty was probably because they did not analyse the
defining equation for density to deduce the answer.

Question 13 is not difficult to solve if the law of conservation
of mass, which was given as a statement in the question, is
first transformed into an equation that is then used for the
calculations. The statement given for the law of conservation of
mass may be transformed into the general equation m,_, (before
reaction) = m,,, (after reaction). For the reaction considered in
Question 13, the total mass before chemical reaction is 0.50 g.
After the reaction at 50 °C, the substances present are N,O, and
NO, and therefore m,,, (after reaction) = my,, (at 50 °C) + myo, (at
50 °C). Application of the general equation written above to the
problem considered will therefore give
0.50 g=my,0, (at 50 °C) + myo, (at 50 °C) [Eqn 1]
The use of this equation to do the required calculations is simple
and shows that my o (at50°C)=0.30 gandm,,, (at50°C)=0.50g.
Students’ performance in this question (Table 1) was very poor:
about 90% (average performance in the two parts over 2 years)
of the students tested were unable to answer it. The main reason
for their difficulties was probably their use of verbal reasoning.

Questions 14 and 15 were also poorly answered. Here too, as
in Question 13, students’ difficulties were probably a result of
their attempts to solve the problems through verbal reasoning.
The solutions would be easier, in our view, if the relevant
information in the problem statements are transformed first into
equations and the equations are then used for the calculations.
The equation relating the selling price (S), cost price (C) and
profit (P) (see Question 14) is

S=C+P [Eqn2]

and the two equations relating the two quantities x and y (see
Question 15) are

x+y=35 [Eqn 3]

x—y=23 [Eqn 4]

Proceeding step-by-step

Questions 16 and 17 tested whether the students proceeded
with the solution of a problem in a step-by-step manner,
concentrating on just one step at a time, without being distracted
by the other steps. This is an important strategy for successful
problem solving because it allows the complete problem to be
broken down into simpler problems that are easier to solve.

Question 16 involves the use of a simple equation (¢ = k/N) to
calculate the time ¢ needed by three men (i.e. N = 3) to paint the
walls of a house, if two men need 9 hours. Though this problem
is simple and familiar, over 80% of students were unable to
solve it. This suggests incompetence in step-by-step reasoning.
The given equation has to be applied twice, using step-by-step
reasoning, to solve this problem. The equation ¢ = k/N shows that
to calculate the time 7 needed by three men (i.e. N = 3) to paint
the walls of a house, the value of k must be known. Because this
is not given, it must first be calculated and this can be done by
applying the equation 7 = k/N to the given data (+ = 9 hours when
N =2 men). Then, using this value of k, the time needed by three
men to paint the walls of the house can be calculated as 6 hours.

Question 17 also tested whether a step-by-step method was used
to calculate the average speed. Over 90% of the students were
unable to do this calculation, with most of them calculating the
average speed incorrectly, by adding together the two speeds of
the car (80 km/h and 100 km/h) and then dividing that either by
two or by the total time taken for travel.

Further investigation of students” answers for Questions 16 and
17 revealed that the main reason for their poor performances in
these two questions was their attempts to do the calculation in
one step.

CONCLUSION

In this study, in which the main objective was to test, using
carefully designed questions, the competence of Science
Foundation students at the North-West University in five
important intellectual strategies, we showed that most of the
students tested were not competent in this regard.

There are two aspects to the difficulties associated with the use
of strategies. These are, (1) the lack of recognition of the usefulness
of the strategy and (2) inability to use the strategy (which will need
competence in some intellectual skills). The students tested had
difficulties with both these aspects. The results of this study
essentially agree with those obtained by Drummond?, although
Drummond’s study focused on first year university students
and used questions that were more difficult than the questions
in this study.

Lack of competence in intellectual skills and strategies could
be expected to lead to a lack of self-confidence and avoidance
of mental effort, which would seriously handicap the ability
of students to learn throughout their courses. This lack of
competence may be the reason for many students memorising
standard ‘recipes’ and procedures and trying to use them for
problem solving. When confronted with unfamiliar problems,
such as those given in this test paper, most students do not seem
to know where to start and how to proceed with obtaining the
solutions. They then manipulate the given data and the equations
with which they are familiar, without much understanding.

Emphasis in most educational courses in South Africa (which
may also be true for many other countries) is predominantly
on subject content knowledge. The curriculum, for example,
is generally stated only in terms of knowledge that has to be
learned and insufficient emphasis is placed on the explicit
training of students in intellectual skills and strategies. This
approach is undesirable because the development of students’
intellectual abilities should be a primary objective of all science
courses.” We strongly suggest that greater emphasis should
be placed on the systematic training of students in intellectual
skills and strategies. Such training should be integrated with the
teaching of subject content throughout the courses.
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