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A recent review of research on problem solving in chemistry during the last decade 
shows that many students solve chemistry problems using algorithms and do not 
understand the chemical concepts on which the problems are based (Gabel and 
Bunce, 1994). A few studies (Nurrenbem and Pickering, 1987; Sawrey, 1990; 
Pickering, 1990; Niaz, 1995) investigated the relationship between conceptual 
understanding and students' ability to solve chemistry problems by comparing the 
introductory college students' achievement on both traditional and conceptual 
problems. The subject areas of these studies are stoichiometry and the ideal gas laws 
(Nurrenbern and Pickering, 1987; Sawrey, 1990; Pickering, 1990; Niaz, 1995), 
solutions (Niaz, 1995), and photoelectric effect (Niaz, 1995). The results of these 
studies unanimously conclude that many students have great difficulty in solving the 
conceptual problems than the traditional or algorithmic problems. For instance, the 
two different types of problems, algorithmic and conceptual problems, shown 
below, were used by Niaz (1995) in the study of students' problem-solving 
behaviours: 

Algorithmic Problem 
Calculate the moles of the following quantities of nitrogen: 

23 (a) 79 1nolecules (b) 56 x 10 atoms 

Conceptual Problem 
How many moles of the atoms of B (Boron) are present in a sample having 2 x 10 23 

molecules of B4H 10 ? 

The results of the study show that out of 83 students, 57% solved algorithmic 
problem correctly whereas only 22% solved the conceptual problem correctly. 
Similarly, the Sawrey study (1990), which shows an even wider disparity between 
the two types of correct solutions, algorithmic problem versus conceptual problem, 
with about a 3:1 ratio for the gas-law problem (sample size=285) and a 6:1 ratio 
for the stoichimnetry problem (sample size=323). The conceptual problems Sawrey 
used in his study (1990) involved the use of 1nicroscopic representation of 
phenomena by using dots and circles to represent molecules and ato1ns. 

The students' different behaviour towards solving conceptual problems and 
algorithtnic problems implies that students lack of conceptual understanding of the 
underlying knowledge to .the problems. They search for the formulas they know and 
plug numbers into the one that seems most appropriate (Herron and Greenbowe, 
1986). In order to help improve student problem-solving performance, educators or 
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teachers have to know the factors contributing significantly to successful problem
solving. Woods (1988/1989) suggests three of them: possession of problem-solving 
skills, an integrated factual and conceptual knowledge structure, and tacit 
knowledge unobtainable from textbooks. Lee (1985) compared the significance of 
six cognitive variables in problem-solving performance (PSP), in the study 
undertaken in Australia. These cognitive variables are specific knowledge (SK), 
non-specific but relevant knowledge (NSRK), concept relatedness (CR), idea 
association (IA), problem translating skill (PTS), and prior problem solving 
experience (PPSE). The study was replicated in Singapore a few years later (Lee, 
Goh, Chia, Chin and Phang, 1994). The Australian study involved 214 Grade 12 
chemistry students from six high schools while the Singaporean study involved 279 
also Grade 12 chemistry stud~nts from six junior colleges. The results of these two 
studies confirm that the above-mentioned cognitive variables, except concept 
relatedness, are significant determining variables of problem-solving performance. 
Idea association and problem translating skill are the more important predictors for 
solving the familiar problem. The five cognitive variables: idea association, 
problem translating skill, prior problem solving experience, specific knowledge and 
non-specific knowledge but relevant are all significant predictors of problem-solving 
performance on solving the partially familiar problem whereby idea association is 
the most influential. Problem translating skill is a significant predictor for the 
unfamiliar problem. The research results of these two studies have been consistent 
and able to link problem-solving success to adequate translation of problem 
statements, relevant linkage between the problem statements and knowledge, and 
correctness of prior knowledge retrieved. Besides teaching the prior knowledge 
required for solving problems, for improving problem-solving performance, it is 
believed that the teaching and training of linkage and problem translating skills are 
necessary. More evidences are shown below to support the necessity of developing 
linkage and problem translation skills in addition to the teaching of knowledge in 
chetnistry. 

Linkage Skills 
Research indicates that problem solving includes making connections among the 
concepts involved in the problem solution. Gorodetskey and Hoz (1980) used the 
think-aloud techniques to study the sequence of concepts used by tenth-grade 
students to solve a chemistry problem involving the boiling point of water of the 
Dead Sea. The results showed that the successful solvers made more connections 
between concepts than the unsuccessful problem solvers. The unsuccessful problem 
solvers although used the concepts, they were unable to process them in the required 
mode, and their lack of ability to solve the problems stemmed from a partial or 
unclear perception of the concepts involved or from their lack of strategic 
knowledge for solving problems. This is supported by Sutnfleth (1988) in his study 
of 16-year-old students in Germany who had studied chemistry for 2 years. Based 
on the results of the three tests: an explanation test, an achievement test and a 
'connective; test, he concluded that even though students had a reasonable basic 
knowledge of chen1ical terms, they were unable to establish correlations between 
thetn and apply their knowledge in problem solving. Educators, hence, have always 
been interested to use different tnethods such as Vee diagrams and Concept 
Mapping (Novak, 1984), Word Association (Gunstone, 1980), Idea Association 
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· (Lee, 1995), to enhance students' ability to qualitatively describe the relationship 
between concepts to facilitate the process of problem solving. 

Problem Translation Skills 
In order to solve successfully a chemistry problem, the problem solver must have 
both conceptual scientific knowledge and procedural knowledge. The procedural 
knowledge concerns the process involved in problem solving. Reif (1983) 
emphasizes the importance of teaching problem-solving processes explicitly to 
students to achieve the performance in problem solving that experts demonstrate 
automatically. Reif (1983) describes three specific components of good problem 
solving: analyzing, planning a solution, and testing the result. The Reif's 
'analyzing and planning' is~ .similar to Lee's (1985) 'translation of problem 
statements', and to Chi, Faltovitch and Glasers' (1981) 'problem representation'. 
The information obtained from the problem statement needs to be translated in a 
meaningful way. The accuracy of the translation of the statement including the goals 
for the problems are specifically important in solving problems. The 
misinterpretation of any essential parts of the statement will not likely lead to a 
'correct solution. Hence, some educators (Whimbey and Lochhead, 1986; Pestel, 
1993; Lee, 1993, 1995) suggest that an organized, general approach to problem 
solving, especially the problem translation, be taught to students along with 
scientific content. 

Assessment of Problem-Solving Skills 
A great deal of research in assessing problem solving in science at the middle or 
junior high school level has been reported in the literature. The assessment 
instruments fall generally into four categories: 

(1) Those including defined behaviours or strategies of problems solving (e.g. 
Shann, 1976; Ross and Maynes, 1983). One problem-solving strategy used by 
Norton (1971) in his study includes (i) problem orientation, (ii) problem 
identification, (iii) problem solution, (iv) data analysis, and (v) problem 
verification. 

(2) Those dealing with science process skills in general (e.g. Twiest and Twiest, 
1989). The general science skills involved_ in this type of studies include 
observing, comparing, classifying, quantifying, measunng, inferring, 
experimenting, and predicting. 

(3) Those restricted to the integrated science process skills (e.g. Shaw, 1982; 
Burns, Okey and Wise, 1985; Mattheis and Nakayama, 1988). The integrated 
process skills involved in these studies include interpreting data, controlling 
variables, defining operationally, and fonnulating hypotheses. 

(4) Assessment of logical thinking (e.g. Lawson, 1978; Yeany, Yap and padilla, 
1986). Some operations of logical thinking of these studies include 
conservation, proportional reasoning, controlling variables, probabilistic 
reasoning, correlational reasoning, and combinatorial logic. 
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All of the above instruments are paper-and-pencil, multiple-option tests and were 
either developed in conjunction with evaluation of a specific curriculutn or clearly 
derived from curricular emphases. In addition to the above paper-and-pencil 
instruments which were used to measure and to understand the process of problem 
solving, a protocol based on differences in the ways experts and novices organize 
knowledge and various think-aloud techniques also provide means for examining 
problem solving. These methods tend to involve special cases in which a procedure 
is designed for a particular subject area and not readily generalizable. For instance, 
Camacho and Good (1989) studied students' problem solving in mole concept, and 
Staver and Lumpe (1995) in chemical equilibrium, Lee and Fensham (in press) in 
electrochemistry. 

Purpose of This Study 
The assessment of problem-solving performance in schools has been primarily 
concerned with solutions and correct answers. This traditional method of assessing 
problem solving does not reflect on the individual problem-solving skills such as 
linkage and problem translation skills. The literature, as discussed earlier, has 
addressed the importance of teaching and developing linkage and problem 
translation skills as part of the classroom problem-solving instructions. These two 
skills are itnportant determining cognitive variables to the success of solving 
electrochemistry problems and are likely to enhance the conceptual understanding 
while solving electrochemistry problems. Furthermore, electrochemistry is a 
difficult topic for many chetnistry students (Johnstone, 1980; Owens, Gauld and 
Nettle, 1993) because the concepts in this topic require a lot of conceptual 
understanding. On the other hand, solving electrochemistry problems tend to 
involve m'ore of conceptualization than simply just use plug-and-chug, algorithmic 
method. The assessments of linkage and problem translation skills are therefore 
necessary to encourage conceptualization in problem solving. The weakness in these 
problem-solving skills reflected through the tests can then be further improved by 
delibrate teaching of these skills. 

The purpose of this study is to investigate the feasibility of using two of the 
instruments, Association Test (AT) and Problem Translating Test (PIT), for 
assessing students' linkage and translation skills, by comparing the effect of the two 
kinds of predictors on problem-solving performance in electrochemistry. The two 
kinds of predictors consists of Idea Association (IA), Problem Translating Skill 
(PTS), Specific Knowledge (SK) and Non-Specific but Relevant Knowledge 
(NSRK), and the teachers' perceptions of their students' problem-solving ability and 
skills. 

Methodology 

Instruments for Variables of Problem Solving 
Altogether twelve variables, including two dependent (performance) variables and ten 
predictor variables were measured by eight instruments. The six instuments, namely, 
(a) Concept Relatedness Test (CRT), (b) Association Test (AT), (c) Problem 
Translating Test (PTT), (d) Verbal Knowledge/Intellectual Skill Test (VKIST), (e) 
Prior Problem Solving Experience Probe (PPSEP) and (f) Problem Solving Test for 
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Students (PSTS) from the previous study (Lee, 1985) were used to measure the -six 
predictor variables (NSRK, SK, CR, IA, PTS and PPSE) and one dependent variable 
(PSP). One new dependent variable, Classroom Problem Solving Performance (CPSP) 
and four new predictor variables, Teacher's Perception of Students' Electrochemistry 
Prior Knowledge (TPPK), Teacher's Perception of Students' Linkage Skill (TPLS), 
Teacher's Perception of Students' Problem Recognition Skill (TPPRS) and Teacher's 
Perception of Students' General Problem-Solving Performance (TPPSP) were added in 
this study. These additional variables were measured by two other instruments, namely, 
(g) Electrochemistry Problems (EP), and (h) Teacher's Assessment on Students' 
Problem Solving Ability and Skills (TA), Questionnaires A, B, C and D, for examining 
the validity of the instruments (a)-(e).· The twelve variables and eight instruments are 
listed in Table 1. The first set of the predictor variables focussed on PSTS was named 
as A-type predictors, and the second set of the predictor variables based on teacher's 
perception was named as B-type predictors. The two dependent variables are named 
dependent variables 1 and 2 respectively. 

Table 1: Problem-Solving Variables and Instruments 

Type of Variables Variables Instruments Type of Instruments 

Non-Specific but Relevant Verbal Knowledge I Intellectual Multiple-Choice 
Knowledge (NSRK) Skill Test (Section A) (VKIST) Questions 
Specific Knowledge (SK) Verbal Knowledge I Intellectual Multiple-Choice 

Skill Test (Section B) (VKIST) Questions 
A-Type Concept Relatedness (CR) Concept Relatedness Test Non-traditional 
Predictors (CRT) 

Idea Association (IA) Association Test Non-traditional 
(AT) 

Problem Translating Skill Problem Translating Test Non-traditional 
(PTS) (PIT) 

Prior Problem Solving Prior Problem Solving Experience Non-traditional 
Experience (PPSE) Probe (PPSEP) 
Teacher's Perception of Teacher's Assessment of Students' Questionnaires 
Students' Electrochemistry Problem Solving Ability and Skills 
Prior Knowledge (TPPK) (TA), Questionnaire A 

B-Type Teacher's Perception of Teacher's Assessment of Students' Questionnaires· 
Predictors Students' Linkage Skill Problem Solving Ability and Skills 

(TPLS) (TA), Questionnaire B 
Teacher's Perception of Teacher's Assessment of Students' Questionnaires 
Students' Problem Problem Solving Ability and Skills 
Recogniton Skill (TPPRS) (T A), Questionnaire C 
Teacher's Perception of Teacher's Assessment of Students' Questionnaires 
Students' General Problem- Problem Solving Ability and Skills 
Solving Performance (TA), Questionnaire D 
(TPPSP) 

Dependent Problem Solving Problem Solving Test for Students Traditional Problem 
Variable 1 Performance (PSP) (PSTS) Solving 
Dependent Class Problem Solving Electrochemistry Problem (EP) Traditional Problem 
Variable 2 Performance (CPSP) Solving 

Among the eight instruments, three were traditional types of tests: multiple-choice 
questions and problem-solving test, four were non-traditional, open-ended types of 
tests, and one was a survey. The instruments CRT, AT, VKIST, PTS, PPSEP and 
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PSTS were reported last year in this conference (Lee et al., 1994). The instruments, EP 
and TA are now briefly described. 

Electrochemistry Problems (EP) 
This test consists of five traditional problems, designed as one of the electrochemistry 
tests commonly used in class, and the five problems were different from the PSTS 
problems. It is used to measure the dependent variable of Class Problem Solving 
Performance (CPSP). A pilot test on CPSP was conducted in three junior colleges with 
251 students. 

Teacher's Assessment of Students' Problem Solving Ability and Skills (T A) 
This instrument consists of 4 _questionnaires, A, B, C and D. It was designed for the 
teachers to base on their perceptions to assess their students' three aspects of problem 
solving ability and skills as well as the general problem-solving performance. The three 
aspects of problem solving ability and skills are as follows: 

• Electrochemistry prior knowledge (Questionnaire A), 
• linkage ability (Questionnaire B), 
• problem recognition skill (Questionnaire C). 

The general problem solving performance of the students was assessed by using 
Questionnaire D. Ten-point scales were provided for the teachers to indicate their 
students' strengths. The teachers were told that their assessment may not necessarily be 
related to their fonnal test results on electrochemistry. It was purely based on their · 
perceptions of their students' ability and skills in solving electrochemistry problems. 
The definitions of the three problem solving ability and skills and the general problem 
solving performance were provided in the questionnaires. 

Administration 
The study involved 279 Pre-University two Chemistry students from six junior 
colleges. The seven instruments, CRT, AT, VKIST, PTS, PPSEP, PSTS and EP were 
administered to the students in three tutorial periods (50 minutes each period) after the 
topic of electrochemistry had been taught. The sequence and time schedule for 
adtninistering these seven instuments are sumtnarized in Table 2. The instruments CRT, 
AT, VKIST, PTS, PPSEP were used to measure the A-type predictor variables, CR, 
IA, PTS, NSRK, SK and PPSE. The dependent variables were measured by two 
problem-solving tests, Problem Solving Test for Students (PSTS) and Electrochemistry 
Problems (EP). The purpose of using an additional problem-solving test, EP, in this 
study, was to examine if the predictor instruments, CRT, AT, VKIST,· PTS, PPSEP, 
were applicable in predicting other electrochemistry class test than PSTS. In other 
words, are these instruments still valid as predictors for other electrochemistry 
problems? Using questionnaire method, the eight teachers of these 279 students were 
asked to assess their students' problem-solving performance in general, as well as the 
specific problem-solving ability and skills: linkage, problem recognition skills and 
electrochemistry prior knowledge. The teachers completed the questionnaires 
individually at their own time after the topic electrochemistry was taught. The 
questionnaires A, B, C and D were used to measure the B-type predictor variables, 
TPPK, TPLS, TPPRS, and TPPSP. 
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Table 2 Sequence and time schedule for administering the seven instruments 

Session Instrument Approx. Time 
Allocation ( mins) 

CRT 20 
1 AT 15 

VKIST 15 
PIT 15 

2 PSTS 25 
PPSEP 10 

3 EP 50 

Results 
The students' responses to the seven instruments as shown in Table 2 were all 
scored according to the marking schemes. The Cronbach a reliabilities for the eight 
instruments are: CRT: 0.83, AT: 0.70, VKIST (Section A): 0.44, VKIST (Section 
B): 0.55, PTT: 0.64, PSTS: 0.76, EP: 0.64, and TA: 0.96. 

For comparison between the effects of the two sets of predictor variables: A-typed 
and B-typed (Table 1), on the problem-solving performance, multiple regression 
and correlation analyses were conducted and are reported in this paper. Three 
measures of dependent or problem-solving performance variables were involved in 
the analyses. They are Problem Solving Performance (PSP), Class Problem Solving 
Performance (CPSP), and the sum of PSP and CPSP, renamed as Total Problem 
Solving Performance (TPSP). 

Correlation Analyses 
The correlations between the A-typed (five predictors, excluding CR due to being a 
statistically insignificant variable in this study), and B-typed (four predictors) 
predictor variables, and the three performance variables, were computed and are 
shown in Table 3 and Table 4 respective! y. 

Table 3 Correlations between A-Typed Predictor and Performance Variables 

PSP CPSP TPSP IA NSRK SK PTS PPSE 
PSP 1.00 
CPSP 0.59 1.00 
TPSP 0.89 0.90 1.00 
IA 0.59 0.52 0.62 1.00 
NSRK 0.42 0.50 0.52 0.49 1.00 
SK 0.52 0.53 0.58 0.51 0.48 1.00 
PTS 0.45 0.50 0.53 0.55 0.40 0.43 1.00 
PPSE 0.20 0.23 0.24 0.23 0.09 0.24 0.18 1.00 

7 



Table 4 Correlations between B-Typed Predictor and Performance Variables 

PSP CPSP TPSP TPPK TPLS TPPRS TPPSP 
PSP 1.00 
CPSP 0.59 1.00 
TPSP 0.89 0.90 1.00 
TPPK 0.35 0.38 0.41 1.00 
TPLS 0.42 0.42 0.47 0.82 1.00 
TPPRS 0.47 0.48 0.53 0.81 0.94 1.00 
TPPSP 0.44 0.48 0.52 0.80 0.91 0.93 1.00 

From Tables 3 and 4, it is shown that the correlation between the two problem
solving performance variables_,. PSP and CPSP, is 0.59, which is a bit high. This 
can be explained by the fact that the problems of these two instruments are all 
electrochemistry problems which share the same underlying principles. From Table 
4, it is shown that B-typed predictor variables, Teacher's perception on students' 
electrochernistry prior knowledge (TPPK), Linkage Skill (TPLS), problem 
recognition skill (TPPRS) and General problem-solving performance (TPPSP) were 
highly inter-correlated. 

Multiple Regression Analyses 
The results of the multiple regression analyses on the contribution of A-typed 
predictor variables to the problem-solving performance, PSP, measured by the 
instrument PSTS were reported previously (Lee et al., 1994). The five variables, 
Idea Association (IA), Non-Specific but Relevant Knowledge (NSRK), Specific 
Knowledg~ (SK), Problem Translating Skill (PTS), and Prior Problem Solving 
Experience (PPSE), except Concept Relatedness (CR) variable, were significant in 
influencing the probletn solving perfonnance (PSP). The best-fit model for probletn 
solving performance for the Singaporean study was the additive model of the five 
constituent predictor variables. The variance of the overall problem-solving 
perfonnance (PSP) accounted for by the five predictor variables excluding CR was 
0.43. 

In this paper, the contributions of A-typed and B~typed predictor variables to the 
probletn-solving performance variables, PSP, CPSP and TPSP, by using multiple 
regression analyses, were compared and are presented. For the purpose of this study, 
four A-typed predictor variables, Idea Association (IA), Problem Translating Skill 
(PTS), Non-Specific but Relevant Knowledge (NSRK), Specific Knowledge (SK), 
which are also teachable variables, were involved in the analysis. Concept Relatedness 
(CR) and Prior Problem Solving Experience (PPSE) were excluded because CR was 
found statistically insignificant and PPSE is a non-teachable variable. All the four B
typed predictor variables, the teacher's perception of students' electrochetnistry prior 
knowledge, linkage and problem recognition skills and the general probletn-solving 
performance (TPPK, TPLS, TPPRS, and TPPSP) were involved in the analysis. The 
variances of the problem-solving performance variables accounted for by the two types 
of predictor variables are shown in Table 5. 
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Table 5 Variances of Problem-Solving Performance Accounted for by the Two Types 
ofPredictor Variables 

Problem-Solving A-Typed Predictor B- Typed Predictor 
Performance Variables Variables 
Variables 

IA, PTS, NSRK, TPPK, TPLS, 
and SK TPPRS, and 

TPPSP 
PSP 0.42*** 0.22*** 

CPSP 0.43*** 0.26*** 
TPSP 0.53*** 0.30*** 

*** p < 0.001 -

From Table 5, it is shown that the variances of the problem-solving performance 
variables, though measured by two different problem-solving instruments, PSTS 
and EP, are very closed, 42% and 43%, which were accounted for by the same A
typed predictor variables, IA, PTS, NSRK and SK. This result shows that the four 
instruments are not only useful in predicting the problem-solving performance on 
PSTS instrument, but also on the ordinary electrochemistry class test (EP). These 
four predictor variables even predicted better for the two tests together as one 
because the variance of TPSP was increased up to 53%. On the other hand, the 
problem-solving performances of the 3 measures were only accounted for about a 
quarter of the variances by the B-typed predictor variables. The above results 
evidently show that the four instruments, IA, PTS, NSRK and SKare more valid in 
measuring students' problem-solving skills, i.e. linkage and probletn translation 
skills, and electrochemistry prior knowledge, than the teacher's perception of their 
students' ability to solve electrochemistry problems. 

Conclusion 
The analyses undertaken and reported here suggest that the two cognitive variables 
in problem solving, idea association and problem translation skills, are important 
problem-solving skills for solving electrochemistry problems. The idea association 
emphasizes on the external linkage between an existing cognitive structure and the 
new learning content, or the cues from the problem statement in our case (Novak, 
1977), and the activation of a particular part of cognitive structure for learning, in 
this case, problem solving (Mayer, 1975). Problem translation skills are used for 
processing the information obtained from problem statement to operate on 
comprehending, analyzing, interpreting and defining a given problem (Gagne, 
1977, Chi, Feltovitch and Glaser, 1981; Lee, 1985). 

The results of this study also support the use of the two non-traditional tests, 
Association Test (AT) and Problem Translating Test (PTT) as a tool to assess 
students' linkage and problem translation skills. The approach adopted in the 
designs of these two instruments are in-line with constructivist approach that 
students construct meanings through learning or hands-on activities. In the case of 
Association Test (AT), based on the cues taken frotn the probletn statement, 
students are asked to associate to any ideas, concepts, diagratns, syn1bols or 
equations, that come to their minds. Students make links between the existing 
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cognitive structure and the new concepts to be learned. The more the relevant links 
are made, the more likely that s/he is able to solve the problem. This kind of 
linking exercise is slightly different from the other linking exercises such as concept 
mapping, word association, etc. It provides more rooms for a wider range of 
association than just concentrates on words and their framework. For the Problem 
Translating Test (PTT), students are asked to identify key words from the problem 
statement and then define the meanings of the selected key words. Students are also 
asked to state the strategic steps to solve the problem. The two assessments on 
linkage and problem translation skills are useful because the methods involved do 
enhance the conceptualization of the problem statement through linking exercise and 
the strategic procedure for the solution. For both tests, it is advisable to design the 
marking schemes for the corr~ction of the tests. 

In addition, a wider range of problems in terms of level of familiarity, ranged from 
familiar to unfamiliar, can be designed and included in the assessment tests so that 
these problem-solving skills can be more accurately assessed. This is suggested 
because the earlier studies (Lee, 1985; Lee et al., 1994) found that idea association 
and problem translation skill's have different degree of influence in the different type 
of problems. 
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