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Abstract

First time entering students at South African technikons (even those enrolling for
science courses) are typically characterised by having poor numeracy and problem
solving skills coupled with poor attitudes towards learning physics. Their secondary
education experience of physics has left them with little fondness or appreciation for
the subject, which they perceive as a purely formula-driven, mathematical discipline
with little or no connection to either their everyday experiences or their future careers.
Poor first year pass rates at technikons are but one consequence of such attitudes and
under-preparedness.  Inappropriate epistemologies hamper life-long learning by
precluding students from developing conceptual mastery and from assimilating

valuable generic skills such as problem solving,

To address this situation, and the declining pass rates among Physics 1 students at the
Cape Technikon, a new, research-based teaching strategy was introduced for the first
year physics course in which multi-representational problem solving approaches were
explicitly developed in order to provide an underlying foundation for the physics. It
was found that more students were able to make appropriate use of the mathematical
formulae needed to numerically solve a physics question after progressing through a
series of non-mathematical representations of the particular problem situation. It was
found that, as students’ confidence improved, so too did their attitudes towards the
subject. Post course testing showed a shift towards a more positive view of learning

physics which also manifested itself in a higher pass rate in the Physics 1 course.
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Perhaps, to best prepare students for advanced work in science, engineering,
and medicine, instructors of introductory physics courses should focus more

on epistemological development and less on content coverage.

Andrew Elby (2001).
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1. Introduction

1.1 Preamble

Students enrolled for any of several three-year National Diplomas in the Faculty of
Applied Sciences at the Cape Technikon, Cape Town, South Africa are required take
a semester course in physics. Besides providing a necessary foundation for other
science subjects in the curriculum, Physics 1 is regarded as an appropriate arena in
which to develop a variety of skills (both scientific and social), such as problem

solving, numerical manipulation and cooperative group work.

Typically, however, technikon students are academically less robust than their
university counterparts (some enrol after failing to gain entrance to a university).
Poor learning skills, disadvantaged secondary schooling and unrealistic career
expectations on the part of students are just some of the factors which militate against

the success of the Physics 1 programme.

Traditional secondary school physics pedagogy concentrates on training students in
the selection and manipulation of mathematical formulae using straightforward
numerical data. Mastery of a few algorithmic procedures is usually sufficient to
obtain a good Senior Certificate grade in physics. Most students who enter the Cape
Technikon, however, have poor mathematics skills, and their experience of the

formula-centred approach to school science leaves them with little confidence in their



own abilities. Consequently many have extremely negative attitudes towards physics.
Furthermore, accustomed to the passive learning role they are encouraged to adopt in
most secondary school classrooms, first year students often hold inappropriate

epistemological beliefs about tertiary level physics.

The massification and transformation of tertiary education in South Africa during the
1990’s further served to increase the percentage of first-year students who were ill-
prepared for tertiary study, and the Physics 1 pass rate in the Faculty of Applied
Sciences at the Cape Technikon dwindled to an average of 38% between 1998 and
2001.

For several reasons, including practical, financial, political and ethical considerations,
an appropriate response in such circumstances is not simply “to ‘blame the victim’ or
claim that ‘some students just can’t do physics’” (Redish et al. 1998, p. 223). Such a
reaction would be “particularly destructive when ‘some’ turns out to be ‘most’. Many
students have had previous training in science and math classes that discourages
understanding, questioning, and creative thinking” (p. 223). This is certainly true of
Cape Technikon students where most of them have secondary school educational

backgrounds which are at least as impoverished as those described by Redish ez al..

Instead, the bulk of current physics education research suggests that it is the duty of
instructors to modify their teaching strategies, both in response to the altered profiles
and needs of their student populations and out of acknowledgement that “the task of
the physics teacher today is to figure out how to help a much larger fraction of the
population understand how the world works, how to think logically, and how to
evaluate science” (Redish 2003, p. 7). Sheila Tobias refers to this as reaching the
“second tier” of students — the “otherwise intelligent, curious, and ambitious young
people” whose unhappy experiences of traditional science teaching cause them to

believe that “there is no place for them in science” (Tobias 1990, p. 11).

While the “significant correlation between normalized learning gains and students’
pre-instruction mathematics skills” demonstrated by Meltzer (2002) appears to bode
ill for the mathematically impoverished Cape Technikon students, Meltzer in fact uses



the finding to motivate for instruction more appropriate to the new generation of
student: “However, the poorer expected outcome of using the same instruction with
students of lower mathematics skill leaves open the possibility that different
instructional methods and curricula might ultimately achieve the same levels of

learning gain success with the new population as with the old” (p. 1266).

A concerted effort has been made during the past decade to apply findings from
cognitive and physics education research to the design of models of physics
instruction which take cognisance of both the demands of modern society and the
characteristics of the modern student. Consequently there now exists “a large body of
knowledge and a growing repertoire of curricula that are demonstrably more effective
than our traditional approaches” (Redish 2003, p. iii).

Given that the art of problem solving is fundamental to the enterprise of both teaching
and learning physics, it follows that many of these new models focus on strategies to
convert “novice” problem solvers into “experts” through explicit instruction and
training in the processes used by experts. Novices and experts differ both in the way
their knowledge is organised and in the way in which they solve problems (Larkin et
al. 1980), but since problem solving is widely accepted as “a powerful tool in
assisting with changing and expanding the conceptual framework of the learner”
(Buffler & Allie 1993), it is possible that explicit instruction in problem solving
processes will also effect improvements in students’ knowledge structures and their

ideas about the nature of learning.

Specifically (as regards this study), a number of physics education research groups in
the United States have been experimenting with the development of multi-
representational problem solving skills among freshman students enrolled for
calculus-based physics courses at universities, and measuring the efficacy of such
skill development in improving students’ attitudes to physics and their ultimate

performance in the subject.

These approaches involve training students to defer the mathematical stages of

problem solving by initially engaging qualitatively with the underlying concepts.



This is achieved by having them draw sketches, formal physics diagrams, graphs of
motion and other visually-rich representations of problems before they introduce

equations.

The results from these interventions have been very encouraging (Van Heuvelen
1991b, 1992b). Students given explicit training in multi-representational problem
solving techniques consistently outperform students receiving “conventional
instruction” in control groups. Most of these studies, however, were conducted on
freshmen students enrolled for calculus-based physics courses at American

institutions where certain minimum levels of mathematics competency are expected.

1.2 The present work

The present work is concerned with answering the following research questions:
In the context of a large, diverse, mathematically weak class in an algebra-based
physics course, can explicit development of multi-representational approaches to
problem solving promote positive attitudes towards learning on the part of

students, thereby improving their performance on the course?

The study was conducted over two years on all students enrolled for the one-semester,
algebra-based Physics 1 course in the Faculty of Applied Sciences at the Cape
Technikon. Although the sample included students repeating the subject, the majority
of the subjects were first year students, most of whom would have written their Senior

Certificate examinations the previous year.



2. Research context

This chapter describes the Physics 1 course as one of several first year subjects in the
Faculty of Applied Sciences at the Cape Technikon, and outlines the general teaching
methodologies used in the course in the decade prior to 2002. A broad description of
the socio-economic profile of Technikon students is followed by details of the specific
pedagogical problems which prompted this investigation.

2.1 Physics 1 at the Cape Technikon

Physics 1 is a first semester subject which is compulsory for all first year students
enrolled for three-year National Diplomas in Analytical Chemistry, Biomedical
Technology, Food Technology, and Oceanography in the Faculty of Applied Sciences
at the Cape Technikon, Cape Town, South Africa. For historical reasons, Chemical
Engineering students from the Faculty of Engineering form part of the same group, so
the fact that they are actually registered with a different faculty will be overlooked for
the purposes of this study.

In addition to Physics 1, students must take between four and five other prescribed
subjects during the same semester. Depending on the diploma, these may include
Mathematics 1 (or a variation thereof, such as Calculations and Statistics),

Chemistry 1, various other diploma-specific subjects (e.g. Introduction to Food



Technology; Anatomy and Physiology 1), and a range of support subjects such as

Computer Skills and Communications Skills,

The lectures and practicals for these subjects are timetabled between 08:30 and 16:00
Mondays to Fridays out of consideration for the practicalities of student transport to
and from the Cape Technikon campus, as the majority of students are resident off
campus, with many using public transport to travel considerable distances (20 km to
50 km). First year student timetables are consequently full and intensive, allowing
little time during the day for own study, or informal tutorial or group sessions.
Typically, first year students in this faculty are scheduled for formal contact for 40 out
of the possible 50 three-quarter-hour periods in a week. Biomedical Technology
students have only five free periods a week.

Physics 1 is a 15-week-long algebra-based course which currently encompasses
Newtonian mechanics, elementary thermodynamics, electricity and geometrical
optics. In accordance with recommendations to “unstuff the curriculum” in the
interests of a deeper understanding of a more manageable amount of material (Fox &
Radloff 1996), the subject content has been gradually reduced during the past decade.
Several topics (e.g. rotational motion, elasticity, hydrodynamics, the nature of light)
and, in some cases, whole sections (e.g. electromagnetism and nuclear physics) have
been discarded from the syllabus, while other sections have been simplified by
restricting their scope of application. (For example: vector computation is limited to
the addition of only linear or right-angled quantities; graphs of motion are almost
entirely omitted; and projectile motion and momentum problems deal with only

rectilinear situations.)

The result is a curriculum which, in terms of content, is broadly the same as the
secondary school physics syllabi of Grades 10, 11 and 12. However, in order to
comply with the Department of Education’s prescription regarding the level and pace
of tertiary instruction in cases where a technikon instructional offering contains the
same learning material as a pre-tertiary instructional offering, the material is covered
over a shorter time and at a higher level than secondary school science. As stipulated,

this requires “a greater degree of independent study and the acquisition of



comprehension and wnsight at a higher fevel on the part of the student than at the pre-

tertiary level” {Department of Education 1997},

To pass Physics 1, students must obtain an overall mark of not less than 50%, made
up of & year mark and a linal three-hour examination mark which contribute 40% and
608 respectively to the folal. To write the final examination a student must have
attained & minimum year mark of 40%. The year mark 13 made up from several

stipulated sources, including formal and informal tests, tutonals and laboratery work.

Table 1 shows how the several components of the Physics 1 course contibute to a
student's overall mark. Bonus marks awarded for exemplary work in varnous
aclivities such as reading quizzes (o encourapge pre-instruction reading of texts) and
small projects are not reflected here, but can contribute as much as an extra 10% to a

student's year mark.

Table 1. Compuncniy of the Physics T course mark,

Activity - Marks Sub-minima
| Practical write-ups (best 10 of 12) 4%
- 40486
g | Practical examination (1) 4%
E 403%%
8 | Weekly Problem Sets (best 10 0f' 12) 8% =
-
(“lass tesis (3 of approx. equal weighi) 24%, -
Final 3-hour examination on all theory (1) 60%% 40%
TOTAL 110% 500%

“Comlact time” each week consists of eight 33-minute periods (most of them
combined into double periods and an occasional triple period) and a one-and-a-half-
hour practical in the physics laboratories. As the aims and objectives of the laboratory
component of Physics 1 are largely distinet from those of the theoretical classes, this
component was not much affected by the new teaching intervention and will

consequently not be discussed in this study.



All non-practical teachimg (1.e. in so-called lecture perinds) was carried oul by the
researcher himself, the sole Physics | lecturer in the facuity during the course of the
inveshigation. (A parl-time course lutor, or menlor, was employed in 2003 Lo assist

with the implementation of a formal tutorial scheme )

2.2 Physics 1 teaching style prior to 2002

Physics 1 at the Capc 'T'echnikon is a stand-alone, non-major subject — a “service
course” aimed at providing fandamental scientific training {o studenls and engingers
who have no inlention ot becoming physicists. To same cxtenl lhen, under the
present lecturer the (eaching emphasis in the course has always bcen on Lhe
development of scicntific mcthod and ways of llinking rather than on the
lrapsmussion of new, or advanced academic contenl.  Prior 1o 2002, however,
struction in problem solving techniques continued to focus on the malhematics-
centred approaches traditionally taught in secondary schools. (The lecturer/rescarcher
himself taught sccondary school general science (Grades ¥ and ¥) and phyvsical

science (Grades 10 to 12) for fiftcen years before joining the Cape Technikon,)

During theory classes the lecturer focussed on developing conceptual understanding
using a combination of a limiled amount of traditional “chalk and talk™ exposition and
stnall  group discussions around carefully selected multiple choicc questions
specifically aimed at challenping students’ existing conceptions through processes

such as cognitive conflicl and bridging,

The same form of multiple choice questioning was used Lo assess coneceplual
understanding in lests and the final exarmination, making up between 35% and 40% of
the total mark. The bulk of tests and cxaminations, however, comprised “traditional”
numerical physics problems, al the end ot which students were invanably expected to

produce a numerical solution.

Prior to 2002 the lecturer spent very little time explicitly developing problem solving

lechniques n class. Furthermore, such instruction as there was consisted largely of



training studenis in the chuice and manipulation of mathematical formulae (all of
which are supplied in tests and examinations in the form of a booklet, together with
tables of physical constants and other useful data). Very little attention was paid 1o a
deeper. conceptual understanding of the physics behind the formulae themselves.
Students were simply taught to “tranglate” ordinary language information (e.g. “The
ball is dropped...”} into mathematical dala (v, — 0 m/s), and then to choose the
appropriate formula by studying the list of collected vartable symbols and matching
the list to one of the mven formulae, before substituting the data and calculating the

amawer,

The Study Guide issucd to Physics | students includes the following chjectives,
criginally formulated in 1993;

After completing Physics { studenis should be able ro!
o Hecall (as resowrces) certain laws, principles, concepts and formuiae
dealt with in this course.

s Apply these vesources in the solution of numerical problems.

The first objective was to a large extent waived owing o the practice of providing
studenis wilh data booklets containing the required formulae. Furthermore, it was
usually nccessary to assist students with the sccond objective by breaking down the
numerical problems in tests and examinations into sub-sections and “leading”™ students
incrementally through the varicus stapes of the preblem until they could arrive at the
linal answer — the same procedure as is follewed in Senior Cerlilicate Physics

examinations.



2.3 Student profile

First year students in the Faculty of Applied Sciences ot the Cape Technikon gencrally
have poorer Scnior Certiticate results and arc less prepared for theoretical tertiary
study than their counterparts at South African umversities (some enrel afier failing to
gain cntrance af a local university). They look to the Technikon to provide practical
vocational training rather than a more abstract scademic education.  Although the
Cape Technikon 15 currcntly prepaning to reposition itself (after merging with another
local technikon) as a “university of technology”, the overwhelming majority of
students still repard the Technikon’s in-scrvice traiming, or work expericnce
component, as more useful and important than its post-graduste research

opporiunities.

While a few programmes (such as Chemical Engingering) arc well subscribed,
allowing programme convenors to hand-pick students on scademic merit (bascd on
Scnior Certificate results), most other programmes, in order to ensurc continuing
viahility, are obliged to accept virtually all applicants.  Although minimum entry
requirements stipulale that enrolling students should have passed Scnior Certilicate
Mathematics and Physical Science — at least on the standard prade — some programme
convenors accasionally admmt stadents who last studied science and/or mathematics in

{Grade 9.

In addition to matters of expedicncy, the global trend of “miassification” of tertiary
institutions, amplificd in South Africa during the last decade by affiomative
cducational practice {(driven both by intrinsic refonm and revised State subsidies), has
also played a role in increasing the fraction of first year students who arc inadequatcly

prepared for traditional tertiary study.

Although the language of instruction is predominantly English {with Physics 1 course
notes, tests and examinations issued in both Cnglish and Afrikaans), many students
have Cnglish only as a sceond or third language atter other South African and African
lunguages such as Atrikagns, Xhosa, Tswang, Sotho. French, Portuguese and German

{see Table 2 and Figure 1). Howcver, poor English language and communication
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gkills arc also becoming increasingly prevalent among first-languape English speakers

at the Technikon,

Figure 1 and Table 2 illustrate the broad demographics of the samples. About two
thirds of the students in cach intake werc fomale., About 50% were black (comprising
50% African, 29% Colourcd and 1% Indian). Only about half the students were
English speakmg and another gquarter were Afrikaans speaking. In each year group
about a guarter of the enrolled students had failed Physics | at the Cape Technikon at

least once before,

Tuble 2. Demographics of students envolfed for Physics 1 in 2002 and 2003,

2002 (2003
. b | Female e o
Gender ————
Male o =
African =0 =
Population Coloured 65;_“ _“S_Ti_
group Indian 5 .
White 43 =
Afnkaans 49 —
English =
Language | Xhosa ey
| Other African languages 3 e
' 'Dthﬂ' nun—Aﬁ-i;; languages ' s
Physics | | Isttime 144 | 222
enrodment Repeat - -
%ﬁ
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; At Lol
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49945
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35% L
o, 2002 anguages
17% Seriiny 2003
W
{Mher 25% _ k,‘lh;;“ Alnkaans
Afpeans ”_' her 22%
10F%% Ancan
6%
{ther non- i el
Afmean Eng sl Other non-
1% 47% Adfrcan English
z% 56%
2t Physics 1 enrolment 2003
Repeat Repeat
25%. [
It T It time

Figure 1. Demographics of students enrolled for Physics | in 2002 and 2003,
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Figure 2. Senior Certificate Physical Science spmbof disiributions for students enrolled for
Physics 1in 2002 and 2003,

A comparison of the symbols achicved by 2002 and 2003 students in their Senior
Certificate Physical Science examinations, as shown in Figure 2, rcveals that the
overall increase of student numbers in 2603 was due largely to extra numbers of
students with Senior Certificate C. D and E symbols, particularly on the Standurd
Girade. The number of students enrolling for Physics 1 with Higher Grade A, B and C
symbols for Semior Certificate Physical Science dropped significantly in 2003.
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While a very small percentage of black students are from other (usually African)
countries and a few others attended good schools in South Africa, most of them (and a
number of coloured students) come from educationally disadvantaged backgrounds,
characterised by a lack of qualified science teachers and poor facilities. These
students are thus generally poorly trained in scientific thinking processes (such as

problem solving) and hold naive epistemological beliefs about the subject.

Furthermore, most of the Cape Technikon students are “first generation™ tertiary
learners, that is, they are the first members of their families (even extended families)
to study beyond secondary school (sometimes even primary school) level. The
particular stresses and problems encountered by such students as they adapt to a
completely new cultural environment and its academic demands are well documented
(Cliff et al., 2003; Terenzini et al., 1996; Zipin & Brennan, 2001). At best, students
can expect only inexperienced, uninformed moral support from their families, and are
forced to learn even the most basic of tertiary skills purely through first-hand
(sometimes bitter) experience. At worst, several parents are sceptical, or even openly
antagonistic, about their children’s educational aspirations, believing that they should
rather enter the workforce immediately in order to be able to contribute financially to

the family welfare, instead of being a further drain on limited financial resources.

As a result of current events in South Africa such as the AIDS pandemic and
relatively high levels of violence, an increasing number of students are being forced
into assuming unnatural family responsibilities at a time when they should be allowed
to concentrate solely on their own studies. Several students are family breadwinners
and find themselves in Joco parentis for families of orphaned younger siblings, whose

care must often take precedence over students’ academic studies.

Whether their families are unable, or unwilling, to provide support, many Cape
Technikon students have to make their own arrangements for the payment of fees
(sometimes both academic and residential). This typically involves spending a
considerable amount of time applying for bursaries, as well as looking for, and then
undertaking part-time work. Under these circumstances students, who typically lack
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time-management skills, find it difficult to accord adequate time to their studies, or

they operate on too little sleep to be fully attentive and receptive during class.

Other students are dispatched off to technikon with the combined financial support
and blessings of an entire community — an arrangement which places an extra,

unnatural and stressful burden of responsibility on the recipient.

In both cases, whether students receive outside funding or are paying their own way,
academic failure carries more than the usual psychological implications of negative
self-image and diminished confidence. It is very difficult to convince such students to
relinquish the methods of secondary school — especially if such methods produced a
reasonable grade, irrespective of whether any real understanding or development
occurred. New methods of learning require experimentation and practice, and are
seldom immediately successful. The serious financial implications involved

discourage many students from taking the necessary risks.

Most students, whether they come from disadvantaged schools or not, have been
conditioned during secondary school education to see physics as purely an exercise in
the manipulation of mathematical formulae. Aside from according a few marks to the
straightforward recall of laws and definitions, school tests and examinations
(including the final Senior Certificate examination) reward students who can recall
appropriate formulae, substitute given data and produce numerical answers. Students
whose mathematics is functionally weak perform poorly with this approach and
struggle to see the forest of physics for the trees of mathematics. Such secondary
school experience leaves many students with little confidence in their own abilities

and a fear or hatred of physics.

Other students, having achieved some measure of success with the mathematical
approach, are reluctant to abandon the methods and attitudes which earned them good
marks in their final Senior Certificate examinations. They continue to expect to be
rewarded for merely applying formulae and calculating numerical answers to
problems, and are often unwilling (or unable) to develop the deeper conceptual
understanding of physics required at tertiary level.
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The fact that Physics 1 (the only physics requirement for the National Diploma
courses) is a stand-alone, single semester offering further contributes to the poor
motivation of Cape Technikon students towards what is regarded by many as their
most difficult and problematic first year subject.

The foregoing description concentrates on those characteristics of technikon students
which set them apart from other first year tertiary groups, such as university students
on calculus-based physics programmes, but it is important to take cognisance of the
fact that, as this population comprises mostly 17- to 21-year-old first time entering
students, it also manifests, as expected, other well-documented attributes universally
typical of first year, novice physics students, namely:

e tenaciously held preconceptions (which are often inappropriate, and hence

constitute a hindrance to further development and insight);

e a lack of well-organised, “chunks” of conceptual knowledge;

e difficulties interpreting written and aural input (e.g. from texts and lectures);

e various deficiencies in generic study-skills such as note-taking, time

management and test preparation.

All of the above characteristics had to be taken into account when choosing an

appropriate teaching strategy.
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2.4 Further problems

During the years immediately prior to 2002 several specific problems relating to students’

experience of, and success in, Physics 1 became more prevalent and noticeable.

2.4.1. Increasing class size

Physics 1 class sizes increased at the end of the 1990°s owing both to the Cape
Technikon’s deliberate policy of massification and to the increasing number of students

repeating the subject as a result of having failed it (up to four times) previously.

As declining first year pass rates began impacting on second and third year student
numbers, programme convenors reacted by increasing the first year intake in an
attempt to maintain course viability. They admitted as many first year students as

they could, often with little regard for their academic ability or tertiary readiness.

The larger class sizes held all the usual implications for student performance, as
individual students were forced to compete for diminishing amounts of individual
attention, or simply became lost in the system. Weak students who in the past might
have succeeded with extensive one-on-one assistance were now being neglected as

stretched resources were focussed on even weaker candidates.

2.4.2. Declining academic competency

Despite reductions in subject content, and several educational interventions and
innovations (e.g. the introduction of student tutors, cooperative learning strategies, the
issue of data booklets in examinations, bonus mark incentives for reading the texts
ahead of lectures), the pass rate in Physics 1 deteriorated from an average of 60%
between 1993 and 1997, to 38% between 1998 and 2001.
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Tests and examinations revealed that while attempting to solve physics problems

students were more and more frequently...

1. choosing inappropriate formulae (e.g. consider the student solution to a
question based on Archimedes’ principle shown in Figure 3);

2.  mixing up physical quantities in formulae (e.g. attempting to equate AQ =
heat energy with O = amount of electrostatic charge, or, as in Figure 3,
¢ = speed of light with ¢ = specific heat capacity);

3. making elementary mathematical errors — including improper use of the
equals sign (see Figure 3 and Figure 4);

4.  presenting incomplete answers (e.g. forgetting to include the directions of
vector quantities);

5.  presenting unreasonable answers (revealing an inability or unwillingness to
perform logical checks with reference to the original problem statement,
e.g. “The height of the atmosphere was calculated to be 9.9 mm.”).

232 If a lump of metal weighs 2.50 N in air and 2.22 N when completely

immersed in water, identify the metal.

2.32. ¥F= 1""13

E =0asky. ¥?00

£ —
v'.7l;. m,uﬁ/ ] /ﬂ?ﬁb&o

&3o=mM x10
C.on —;:.QQS kﬁ

[ =m. ™"

= ¢ 10’

Figure 3. Mistakes made by a student while attempting to solve an Archimedes problem in a

test. Einstein’s formula appears in the students’ data booklets, but is not referred to in the
course and is completely inappropriate in this context. Furthermore, the student has
confused ¢ = speed of light with ¢ = specific heat capacity. Units are used only sporadically
and inconsistently, and improper use is made of the equals sign.
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23 A steel plug has a diameter of 10.000 cm at 30°C. To what temperature

must it be cooled in order to fit into a hole with a diameter of 9.997 cm?

10,000
95%7
0,003
0,03 = 1,4 %10 % 10
o,003 = 0O,000013
: .30““"' s’
= 5°

W
(o

Figure 4. Another example of poor computation by a student. Following a childishly long
method of subtraction, the student omits the appropriate formula and proceeds directly with a
“calculation” which is rendered nonsensical through misuse of the equals sign.

Where complex questions were not broken down into sub-sections, in order to “lead”
students incrementally through the various stages of the problem (as is done at
secondary school level), it was found that increasingly few students were able to
analyse the problem and work their way through to the final answer on their own. In
other words, students were able to cope only with one-step problems, and showed

little aptitude for dealing with problems requiring multi-step algorithms.

Furthermore, it was found that more students were experiencing problems with
language, and were disregarding instructions and misinterpreting questions. Key
words sometimes triggered naive and incorrect responses, for example where students
set out to calculate a distance in response to a question which read “How long would
it take...”.

2.4.3. Lack of specific training in problem solving techniques

Traditionally, at secondary school level (and often at tertiary level as well), physics

students watch passively as the teacher (expert) — instinctively and without comment
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— applies a host of problem solving skills which are not immediately apparent to the
student (novice). Students are then expected to develop insight and experience by
simply mimicking this behaviour, repeatedly practising the demonstrated algorithms

until understanding “occurs by itself”.

Lecturers of first year students are wont to assume that their students have already
learnt the pre-requisite problem solving skills at secondary school level, despite
mounting evidence to the contrary. Indeed, prior to the new outcomes-based
curriculum prescribed by the Department of Education in the late 1990’s, the South
African high school science curriculum “was not explicitly designed to develop
critical thinking and problem solving” (Hobden 2002).

2.4.4. Deteriorating attitudes towards physics and learning

Massification impacts on students’ attitudes to physics. Creating and sustaining a
“culture of learning” is difficult in a milieu containing very few traditional scholars.
While conditions in the townships and informal settlements from which many
students come militate against academic study (both physically and socially), even
homogeneous concentrations of students in campus residences have proved resistant

to attempts to establish the necessary academic ethos (Mpuru 2003).

Soon after extra physics tutorials (run by specially trained peer tutors) were
implemented towards the end of the 1990’s, attendance at tutorials began declining
until, in 2003, less than 10% of the Physics 1 class was making use of the service.
Cape Technikon tutors are specifically trained (by the Student Tutoring Services
department) not to re-teach the material and to avoid simply giving students the
answers to problems set by the lecturer and the tutors themselves. Their explicit
function is simply to facilitate discovery on the part of students and to guide them in
the construction of their own schemata. Feedback from those few students who did
take the trouble to attend indicated that the service was inherently useful, while many
of those who did not attend complained that the exercise was pointless because

answers were not given and the tutors “refused to teach” them.
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In formal, written, anonymous student feedback at the end of each semester, a
growing number of students were indicating dissatisfaction with the subject and the
lecturer. A similar complaint to that levelled against tutors was prevalent here too:
“The lecturer refuses to teach us”, underlining the naivety of some students’
epistemological expectations. As a result of underestimating the amount of personal
practice required, and failing to understand the importance of constructing their own
knowledge, students confused teaching (exposition) with leamming (mastery). They
were suspicious, even resentful, about the disparity between “how easy the lecturer
makes it seem in class” and the confusion and uncertainty they experienced when
required to solve problems (even the same ones) on their own. They were also
genuinely puzzled as to why the algorithmic methods which had worked at secondary

school level were no longer sufficient or effective.

Some students resigned themselves to the conviction that the subject was too difficult
for them — or at least that the lecturer was deliberately and maliciously “making” it
too difficult for them. They gave up trying, and relied on eventually being “put
through”, after several registrations (sometimes without attending any classes), on the
strength of having passed other (content) subjects, or, sometimes, through the

intercession of a sympathetic programme convenor.

Such negative shifts in attitude towards the subject were closely related to the
increasing number of repeating students in Physics 1 classes (6% prior to 1998; 17%
between 1998 and 2001; 24% in 2002 and 2003). Besides impacting on class attitudes
to physics and the ethos of the classroom, the increasing number of repeating students
was contributing to the declining pass rate, as many students who fail Physics 1 the
first time do not improve or alter their study methods before they attempt the subject
again. Once again it was a moot point as to whether students were being given
adequate, explicit training in the necessary methods and problem solving strategies, or
whether “the problem of acquiring the requisite skills [was simply being] left to
[their] ingenuity, good fortune, and native ability” (Kurfiss 1988, p. 4).
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2.4.5. The pictorial paradox

There is now substantial evidence that important learning processes dealing with
verbal and linguistic interpretation (both written and aural) are processed by the left
hemisphere of the brain (Lord 1984; Zhang 2002). Modern first year students,
however, as a result of being “influenced, taught, manipulated by all kinds of visual
information, including television, computers, signs, and symbols, advertisements,
body language, and motion picture films” (Hortin 1994, p.5), tend to favour right

cerebral hemisphere processes — at the expense of left brain development.

In practice this means that, as a result of years of conditioning by predominantly
visual stimuli, current first year students are ill-equipped for studying from written
texts, or for interpreting traditional verbal teaching formats which are still directed to
the verbal-analytical functions of the left brain. They are better “programmed” to

process holistic, pictorial information.

Paradoxically, however, despite this predisposition towards visual information,
students appear reluctant or unable to produce their own pictorial representations in
order to gain better insight into the nature of physics problems and their underlying
concepts. Informal, unstructured attempts prior to 2002 to get students to “sketch the
situation” inherent in a problem prior to assembling the numerical data met with a
great deal of resistance. Very few students seemed prepared to even attempt the
strategy.

Van Heuvelen observed similar reluctance (1991a) and offered three reasons for it:
lack of understanding of the basic physics quantities and concepts; lack of prior
explicit instruction in pictorial practice; and unresolved conflict arising from

persistent misconceptions (and faith in previously successful strategies).
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3. Benchmarking students’ initial
knowledge states

The present study was conducted on first year students enrolled for Physics 1 in the Faculty
of Applied Sciences at the Cape Technikon during 2002 (192 students) and 2003 (288
students), although several characterisation studies were also performed on earlier intakes.

3.1 Benchmarking instruments

At the start of the physics semester course, several tests were used to measure
students’ individual levels of numeracy, scientific reasoning and epistemological
beliefs, and to identify their preferred problem solving strategies. With the exception
of the test for scientific reasoning, the tests were administered to the whole group, but
where students were absent for either a pre- or post-instruction test their scores were

disregarded in order that only matched data should be reported.
(8) Numeracy — students’ ability to understand and process numerical information
was tested using a home-grown basic numeracy quiz in 2002 and a more formal

and validated numeracy questionnaire in 2003;

(b) Scientific reasoning — students’ concrete- and formal-operational reasoning

abilities were scored using a validated pencil and paper quiz;
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(c) Pre-existing problem solving strategies — in addition to students’ responses to
class examples and tutorials, a specially designed open-book test containing
four kinematics problems of increasing complexity was used to identify and

catalogue students’ initial problem solving strategies.

(d) Epistemologies — students’ attitudes to physics and their expectations of
teaching and learning in the subject were assessed using a written physics

expectations survey.

Other instruments were used during the course of the semester’s instruction to
monitor changes, particularly changes in students’ epistemological beliefs and their

problem solving strategies (see Section 5.1).

3.1.1. Benchmarking students’ initial numeracy skills

The importance of students’ pre-instruction mathematics skills as a predictor of their
learning gains in physics has been revealed in a recent study by David Meltzer of
Iowa State University (2002). While their initial levels of conceptual knowledge
appear to play little part in students’ ability to master the subject, by contrast, their
scores on pre-instruction mathematics assessment are shown to be significantly

correlated with their normalised learning gains (Meltzer 2002).

(a) Baseline Mathematics quiz

The Baseline Mathematics quiz (Appendix A) was developed to measure students’
initial competencies in several distinct areas of mathematics, including general
numerical skills, algebraic manipulation, spatial perception, logic, estimation,
calculator proficiency and graphical literacy. The quiz comprises 30 multiple choice
questions drawn largely from Grade 4 and 5 South African Mathematics Olympiad
papers, and was administered to all Physics 1 students at the beginning of each first
semester between 1999 and 2002. Administering the same quiz over four years

allowed for the validation of questions and the observation of annual trends.

24



(b) Numeracy Competency Questionnaire

In 2003 the Numeracy Competency Questionnaire (NCQ2003) (Frith er al. 2003a),
designed by the Numeracy Centre at the University of Cape Town as part of its
Effective Numeracy course (Archer et al. 2002), was administered to incoming
Physics 1 students. This instrument has been thoroughly validated, having been
applied already to several other tertiary student groupings, including both Humanities
and Science students at the University of Cape Town, and elsewhere, making it

possible to benchmark the Cape Technikon students against these groups.

The NCQ seeks “to establish the numeracy level of participants in some of the skills
which have been identified as the basic tools of quantitative literacy” (Numeracy
Centre 2003).

The Numeracy Centre’s defines quantitative literacy as follows:

“Quantitative (Mathematical) Literacy is the ability to manage situations or
solve problems in a real context, and involves responding to quantitative
(mathematical and statistical) information that may be presented verbally,
graphically, in tabular or symbolic form. It requires the activation of a range of
enabling knowledge, behaviours and processes and it can be observed when it is
expressed in the form of a text (which we define in the largest sense as

communication, in written, oral or visual mode).” (Numeracy Centre 2003).

This definition emphasises that the questionnaire is not merely a re-test of school
mathematics, but a more fundamental probe into students’ ability to function
effectively in society by making adequate sense of the mathematical data which

surround them in the everyday world.
The Numeracy Competency Questionnaire consists of three distinct multiple choice

sections, all of which are designed to be answered without the use of calculators. It is

a proprietary instrument which is kept secure by the University of Cape Town
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Numeracy Centre in order to maintain its validity from year to year, and for this
reason it is not possible to include a copy of the NCQ2003 document in the present
work. However, Table 3 describes in broad terms the content and testing aim of each

section of the questionnaire.

Table 3. Content and testing aims of the Numeracy Competency Questionnaire (NCQ2003).

Questions testing basic numeracy, mostly involving fractions, decimals
Section A
and percentages.

Questions around a central theme and involving the use of diagrams,
Section B tables and graphs. The questions test literacy and interpretative skills
ection
more than in the first section, and provide an opportunity for

participants to demonstrate their ability to handle quantitative literacy.

An example of the application of “everyday” numeracy. This section
Section C | also tests the understanding, use and construction of formulae in
“everyday” situations.

3.1.2. Investigating students’ initial scientific reasoning abilities

Formal reasoning skills play a significant role in traditional tertiary level science
programs since “students who are still reasoning at the concrete level are able to learn

very little, if any, of what is taught in an abstract, verbal way” (Lawson 1978, p. 21).

The Classroom Test of Scientific Reasoning (CTSR, Appendix B), adapted from the
pencil-and-paper version of Lawson’s test of formal reasoning (Lawson 1978), was
administered to samples of Physics 1 students in 2002 (N = 49) and 2003 (N = 97) in
order to assess Cape Technikon students’ concrete- and formal-operational reasoning
abilities. The samples each consisted of a single, coherent class and were deemed to
be representative enough of the whole group to render more extensive testing

superfluous.

26



The original test, involving live demonstrations with real equipment, was developed
as “a reliable and valid classroom test of developmental levels — specifically, formal-
level reasoning” (Lawson 1978, p. 11) without the need for trained psychology
interviewers. The later, pencil-and-paper version has also been validated (Lawson
1987), and was chosen because it is logistically more feasible for assessing large

classes.

In the test, students are posed questions or asked to make predictions regarding
concrete examples of physics and mathematical principles (e.g. whether the mass of
an object changes if its shape changes), and are further required to justify or explain
their answers. Items are marked correct only if the correct answer and an adequate

explanation are given.

On the basis of their scores, students are categorised on an adapted Piagetian scale of
intellectual development as “concrete operational” (empirical/inductive) thinkers,
“transitional”, or “formal operational” (hypothetical/deductive) thinkers (Lawson
1992). The categorisation results of the Cape Technikon students were then compared
with the results of a group of first year physics students in the United States reported
by Lawson (1992).

3.1.3. Investigating students’ initial problem solving strategies

Prior to instruction in 2002, students were given a specially designed diagnostic test
(Figure 5) in order to determine the extent to which they used pictorial
representations, formal physics diagrams, and/or mathematical formulae during
problem solving. The test consists of four kinematics questions of increasing
complexity. All the questions involve rectilinear scenarios, but, aside from the first
one, are bi-directional, and become increasingly difficult to solve by sole reliance on

the implementation of equations of motion.
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Kinematics Test

1. How long will it take a car to reach a speed of 30 m/s if it accelerates from rest at
5 m/s*?

2. At what speed does the yellow “jumper” leave the table if it is in the air for 1 s?
[This question was accompanied by a demonstration.]

3. A man on the edge of a building 50 m above street level shoots a bullet straight up
into the air at 45 m/s. How long after he fires the gun does the bullet land in the
street?

4. Andile and Zoe need to swap books, but her residence is locked for the night. So
he stands below her first floor window (5 m up) and throws his book up to her at
the same time that she drops her book. If Andile threw his book up at the same speed
with which Zoe’s book eventually hit the ground, at what height did the books pass
each other?

Figure 5. Diagnostic test used to determine students’ initial problem solving strategies.

The test also served as a natural springboard for the infroduction of more effective

problem solving strategies, viz. those based on multi-representational approaches.

3.2 Benchmarking results
The results of each of the aforementioned benchmarking tests are presented below.

3.2.1. Initial levels of numeracy

(a) Baseline Mathematics quiz

Figure 6 shows the distribution of Cape Technikon Physics 1 students’ scores in the
Baseline Mathematics quiz between 1999 and 2002.
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Figure 6. Percentage distribution of the scores of Cape Technikon Phvsics £ students” in the
Haseline Mathematics quiz betweer {999 and 2002,

The four year survey reveals that stedents’ basic numerical abilities remained at a
roughly constant level during the peniod, with the overall test average ranging
between 50% and 55%, and the mode usually lving in the 40-49% range. Fower than

5% of students in any vear werc able to achicve B0% or better in the test.

(b} Numeracy Competency Questionnaire

The results of University of Cape Town’s Numeracy Competency Questionnaire
{NCQj for 2003 are shown in Table 4 and Figure 7. The Cape Technikon students
performed worse than any other group {ested up to that stage {which included both
Humanities and Science students al the University of Cape Town). While UCT
means ranged between 57% and 71% (with the lowest third guartile at 69%), the
overall average for the Cape Technikon group was 46%, with three quarters of the

students scoring below 57%,
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Table 4. Cape Technikon Physics T students rosults by secion frefer o Table 3), and
overall, in the UCT Numeracy Competency Ouestionnaire (NCQ2HI3) (Frth et af, 20035},
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Fipure 7. Percentage distribution of Cape Technilon Physics 1 siudents ' overall scores on
the University of Cape Town's NCO2M3 (Freith et g, 20035,

An important featurc of these results is the small percentage of students achicving
6% or more for the quiz. Based on previous testing of other tertiary studeni
groupings. the Numeracy Centre advises that “an overall score of 60% appears to
indicate a satisfactory basic level of numeracy for students intending to follow a
Humanitics program at a Universily, whereas a score of 70% would be morc

appropriate tor students intending to study in a Science faculty™ (Frith ef af. 2003h).
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According to the designers of the NCQ), fewer than 3% of the 2003 Cape Technikon
students had numeracy skills appropriate for a course of study in the Faculty of

Applicd Scicnces,

The results tor Sections B and © are of particular significance for physics students.
Section B tested students’ ability to apply quantitative literacy skills in integrated and
relevani contexis, while Section € tested (imfer affa) studenis’ ability to work with
formulac. Much of first year phvsics consists of applying mathematical skills o
different physical contexts, and {(besides being a necessary life skill) the maripulation
of formulae is central to the solution of many physics problems. Students who
perform poorly in these scelions can be cxpecicd to experience serious difficultics

with the mathematical aspects of the physics course.
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Figure 8, Porcentage distribution of Physics { siadenis' scores in Section B of the Universify
af Cape Town s Numeracy Competency Questionnaire (NCO2003) (Frith et al, 20035),
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The pereentage distribution of scores in Section B of the NC4O (Figure 8) shows thai

most of the Cape Technikon students scored fewer than hall’ of the marks for

questions involving the interpretation of tables and graphs.

Figure 9 shows that

students fared very poorly in Section C, with most of the group attaining less than

40% for the section {which contained gquestions based on the use of mathematics in

“everyday conlexis™),
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Figare 9. Percemage distribution of Cape Technibon Physics { studenis’ scores in

Section C of the University of Cape Tuwn s Numeracy Competency Questionnaire (NCO2003)

fEeiih ef af. 20035}
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Certain  questions uncovercd the students’ specific shorteomings n basic

mathematical processes which play a vital role in physics problem solving:

o Jecimal fractions — fewer than half the students were able o correelly rank

ruimhers which contained decamal Tractions,

s approximation - fewer than 30% of (he students were able to porform a

caleulation which mvolved approximation;

* pereentage — the majority of questions involving percentages were corrcetly
answered by fower than 50% of the students (in several questions by fower

than 20%4);

e ratio and proportion — only 29% of students were able to work out 1 number

from a given ratio of two numbers and their total;

* formulas — of the six questions invelving the use and manipulation of
tormudae only one (involving straight application/substitution} was correctly
answered by more than balf {51%4) of the students. Only 47% of sludents were
able to change the subject of a formula, and only 17% showed ability in

constructing a formula from infonmation siven in the textl,

3.2.2. Initial levels of seientific reasoning

Figure 10 shows the results of the Classroom Test of Scienlitic Reasoning
(Appendix B) applied (o the sample of 97 Cape Technikon students in 2003,
compared with the results from a group of 922 non-physics major freshman-level

biology students as reported by Lawson {1992).

Students who score between U and 4 out of 12 for the test are deemed Lo be at the
empiricalfinductive level of (hinking according to Lawson’s summary of Plagetian
development; those who seore between 5 and § are transitional; and those who score 9

and above can be regarded as having reached the hypothetical/deductive level.
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.

% of students
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gmpiricat § inductive transitional hypathetical S deductive

Levels of thinking

Figure I Distribution of Classroom Test of Scientiffc Reasoning scores according to
Fiagetian thinfing development category, Cape Techmibon Phvsics 1 2i003 students scores
are contrasted with those of o group of United States non-physics major freshman-tevel
biology students tested by Lawson (Lawson 1992).

With more than half the sample still reasoning at the empirical/inductive level (and
therefore, according to Tawson “able fo leam very little, if any, of what is taught in an
abstract, verbal way™ (1978, p. 21), these resulls suggest that the majority of Cape

Technikon Physics 1 students are under prepared for a traditional tertiary physics course,

3.2.3. Students’ initial problem solving strategies

Almost all students treated each problem on the introductory/diagnostic kinematics
test (Figure 5, Section 3.1.3) as a fundamentally mathematical exercise (See Figure
11, Figure 12 and Figure 13), translating the given verbal information into numerical
data and then choosing an equation of motion into which to substitute the given values
{wilh scani regard to sign conventions). As seen in the cxamples of work shown,
several students did not even first list the data, bul began straight away with
equalions, with the result that they frequently made substitution crrors (e.g. enteting

the initial velocity value in the place of the final velocity).
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2. At what speed does the yellow *Jutopee™ leave the table iF it is in the air for 1 57
[This guestion was gocompanied by o demonsiration.]

g e we - At
¥ o= B CB s )

I < 18 g™

(v the ‘ﬂmﬁf&- dire chon 10 Fle fable )

Figure 11, Exampie of & student 's response 1o Question 2 of the diagnostic kinematics test
No sketch is evident and the student beging straight away with a formula. Initial and final
velocity svmbols ave confused with each other und Incorrect values are entered. The negative
sign entered for the acceleration due to gravify {rounded to It m/s’) causes o HEgaive auswer
which the student (in the absence of a dicgram) is unable (o inforpret intellisibly.

3, A man on the edge of a bwlding 50 m above street level shoots a bullet straight up
into the air at 45 m/s. How long aller he [ires the gun does the bullet land in the

streat?
Nz
\{;:ua_.‘ 955 Mrgb
o = 45%10%b
-_%E.) o 2 (v CSG) °5
NS Beml"-& %5 ke

Figure 12, FExample of a studemt s vesponse to QOuestion 3 of the diagnostic kinematics fest,
In the absence of any form of sketch or physics diagram, the siudent repeatedly eres in
HSSIETIRE STERS fo veotor guartifics which le in opnasite directions.



A

A man on the edge of a huilding 50 m above strect level shools a bullel straight up
inter the air at 45 m's. llow long atter he fites the gun does the bullet land in the
street?

Figure 13. A second example of a studeni's vesponse to Question 3 of the diugnostic
kinematics test, Besides wsing (ncorrect signs and values, the student is uncertain about what
has to be defermined, and hus confused the gquestion’s “how fong? " (in the sense of time) with
“Row lone? " in the sense of distaree,

Figure 14 shows an analysis of the results of the test. For each of the four questions

the separate calegories indicate the percentage ol students who:

drew any form of rough diagram (Sketch);

used proper physics diagrams including such formalisms as x- and y-axes, sign

conventions for dircction, ete. (Physics diagrams);

began their calculations with a formally stated mathematical equation

{Formula):

obtained the correct answer {(Correct answer),
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Figure 14, An analysis of the diagnosiic kinematics test (2002) showing the percentuges of

students who variously drew sketches, used formal physics schemata, and used mathematical
formulae. The percentage of stidents who abiained the correct answer Is afso indicated

The use of formulae was prevalent throughout the test and declimed in Question 4 only
beeause a larpe number of students finled to reach, or attempt this question. In
contrast, sketches appearcd m large numbers only once students began to experience
difficulties with interpreting the questions. Most of these sketches lacked physics
formalism, howcver, and as a result students were unable to map from their pictures o
appropriate mathematical representations.  Conseguently very few students were able
to get the correct answers for Questions 2, 3 and 4. Except in the easy first guestion,
there is a correspondence bebween the percentage of students drawing formal physics

diagrams and the percentage obtaining the corrécl answer.
As a result of their inappropriate mathematical approaches, most sludents performed

pootly overall in the test {Figure 15). Only 27 of the 182 students whe wrote passed

the test with a score of 50% or more.
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Figure 15, Perceptage distribution of 2002 Physies I students’ scoves in the diagnostic

kinemuatics test.

3.3 Summary of benchmarking

To summarise, most students enrolled for Thysics 1 at the Cape Technikon have only
Standard Grade Physical Science backgrounds and only a fow achicved better than a
( symbol in the Senior Certificate (Grade 12) examination in this subject. Even fewer
achieved A and B symbols on the Higher Grade. Broadly speaking then. the bulk of

the Physics 1 classes at the Cape Technikon have poor physics backerounds,

Furthermure, the results of the numeracy benchmarking studies show that the large
majority of these students have very poor mathematical skills. ln particular, they
experience considerable difficultics with the manipulation of formuolae and the
apphcation of these i everyday physical contexts. such as those which penerally

constitute the basis for physics problemis,  Newvertheless, the predominance of



tirmulae in the diagnostic kinematics test indicates that these students are very reliant

on mathematical methods.

Finally, according to the results of the Classroom Test of Scientihe Reasoring, very
few Capc Technikon Physics | students are yet operaling al a level of scientific
reasoning which would facilitate their assimilation of abstract, theoretical lertiary
material, especially material presented verbally in the form of traditional lectures and

wrillen lexls.
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4. The teaching intervention

All the results from the foregoing benchmarking studies indicaled that the Cape
Technikon Physics | students were under-preparcd for fraditiona! tertiary physics
cducation and were unlikely to succesd with their existing portfolio of problem sclving
strategics. In the light uf this, there was a strong need to adapt the Physics 1 instruction

meihods in order to speci hcally address the shoricomings of the current intakes,

Several alternatives suggested by recent physics education rescarch were considered.

4.1 The case for a “conceptual physics” course

Since mathcmatics appeared to be onc of the central causes of students® difficultics in
physics and their consequent negative attitudes towards the subject, the option of
adopting a largely conceptual approach to physics (Hewitt 2002) was considered. As
Hewitt argues, “when the focus of a course is learning the techniques of solving

algehraie problems, the allure of physics is degraded™ (2002, p. xx),

Hewiit's so-called “conceptual physics™ shifis the emphasis towards a qualitative,
conceptual understanding of physics by doing away with much of the traditional
guaniitative mamipulation of mathematical formulae.  Equations, where they do
appear. are regarded initially simply as “guides to thinking™ (Hewitt 2002, p. xvit),

with the understanding that once students have developed a “sense”™ of physics {and an
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affinity for it) they can go on to develop more formal mathematical processes in

second- and third-year physics courses.

This approach, however, was deemed to be inappropriate for the Cape Technikon
Physics 1 course for two main reasons. Firstly, one of the explicit objectives of
Physics 1, as required by the various diploma programmes in the Faculty of Applied
Sciences, is that at the end of the single semester course students should be able to
apply certain laws, principles, concepts and formulae in the solution of numerical
problems. As there is no further physics beyond Physics 1, the mathematical
processes must be developed at this level, and, as Linder & Hillhouse (1996) point out
“to try and do both [conceptual and mathematical approaches] in the kind of time that

is available for such courses would seem to be impossible” (p. 337).

Secondly, students on a conceptual course are evaluated according to their verbal and
written communication skills. Given the number of second- and third-language
speakers, and the generally poor language abilities of the majority of the Physics 1
students, it seemed unlikely that this intervention would ameliorate students’ attitudes

towards physics and improve their chances of dealing successfully with the course.

4.2 Multi-representational problem solving

The teaching intervention chosen for this particular study was based on the “multiple
representation” strategies devised by, amongst others, Robert Dufresne, William
Leonard and William Gerace of the University of Massachusetts (Dufresne ef al,
1993) and Alan van Heuvelen of Ohio State University (Van Heuvelen 1991b) for
helping students develop robust problem solving techniques.

Multiple representation involves sequentially translating a given physics problem
from one symbolic “language” to another, beginning (typically) with the (written)
verbal description of the problem, moving through increasingly sophisticated pictorial
and diagrammatic representations, and ending (usually) with mathematical statements

— which can then be used to determine the answer numerically (Figure 16).
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{8} Verbal representsation

A block of mass 250 g is sliding up a slope which makes an angle of 30° with the horizontal. At the
bottom of the slope the block is initially moving at § m/s. How far along the slope will the block slide
before coming to rest, if it experiences a constant frictional force of 0.3 N while it is moving?

{b) Pictorial representation
a=7? .

u=5mfs

{¢) Physical representation
Kinematics Forges

u=5ms v \ x
é/r/ Fir
30° w

{(d) Mathematical representation

v=ul+2as Along the x-axis:
0-(5)+2as F=ma

s ma=-F-mgsin30°

Figure 16. Multiple representation: Sequentially translating a given problem from words
(verbal representation) into pictorial and diagrammatic representations facilitates a
conceptual understanding of the problem and hence results in a more intelligent use of
mathematical formulae.

The need for such a structured approach generally arises from students’ conservatism
in adhering to previously successful, but primitive and stunting problem solving
procedures (Buffler & Allie 1993). To address this lack of procedural knowledge on
the part of their students, teachers and lecturers traditionally attempt to “teach”
physics by presenting a series of worked solutions to given problems. However, a
published solution — which typically begins with the appropriate equation — “may
reveal little about the underlying thought processes that generated it” (Reif 1986, p. 51).
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Despite the fact that it has been shown that “in physics, explicit instruction on
strategies used by experts improves beginners’ ability to solve problems” (Kurfiss
1988, p. 41), Van Heuvelen points out that the emphasis in most physics courses is
still “often on conceptual knowledge and not on the problem-solving procedures
themselves” (1990, p. ii), and “there is very little explicit instruction and practice with
individual skills such as constructing pictorial representations, free-body diagrams,
motion diagrams, and changing a free-body diagram to Newton’s second law in

component form” (1991a, p. 893).

By way of excuse, Fuller suggests that the reason for this lack of explicit instruction
might be that “many of us have been solving physics problems for so long that we
have not recently thought systematically about the problem solving demands of the
questions we tackle or those that we ask others” (1982, p. 45). In Kurfiss’ cognitive
process model “practice enables declarative knowledge about the procedure to
become procedural knowledge mediated by verbal self-instructions, which gradually
fade as the procedure becomes more automated. This model helps to understand why
experts often have difficulty verbalizing their procedural knowledge — and may not
even be aware they are using it” (1988, p. 42).

Even in cases where students are indeed told that diagrams are “useful”, the
exhortation to “draw pictures” is seldom accompanied by any metacognitive
communication of the pedagogical value of such procedure, “with the result that many
students regard diagrams and conceptual reasoning as incidental to the problem
solving process” (Buffler & Allie 1993). When diagrams count for marks, some
students may simply draw them in post hoc, following a traditional mathematical
exposition. Furthermore, Dufresne et al. refute the idea that mere physical
demonstrations and laboratories are innately wuseful in promoting multi-
representational thinking since “students’ representations are not well-connected to
the real world” (1993, p. 17).

As a result, despite the fact that back-of-the-envelope sketches are the hallmark of

expert problem solvers, very few tertiary level students use pictorial strategies. “Only
about 10% of students in conventionally taught precalculus introductory physics
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courses and 20% in engineering physics courses use diagrams to help solve problems
on final exams” (Van Heuvelen 1991a, p. 892). And as a result of underestimating
“the importance or value of representational knowledge ... they rely much too heavily
on the algebraic (i.e. symbolic) representation” (Dufresne ef al. 1993, p. 17).

There are several negative consequences of an over-dependence on a formula-centred
approach. Firstly, as already noted, students are often inept at it: “Students generally
apply inappropriate equations, and often get the wrong answer” (Dufresne et al. 1992,
p. 94). They confuse symbols in formulae (e.g. O for charge with AQ for heat) and
will either omit critical information (for example when initial speed is not zero), or
substitute numbers into inappropriate places simply so they can use all the given data,
whether it is relevant or not. This repeated, frustrating and usually unexplained
failure of the only approach they know often lies at the root of the resentment students
feel towards physics, especially once they move on to more complex contexts which

no longer lend themselves to the known algorithms.

But it is precisely these complex contexts which provide suitable opportunity and
incentive for growth. Unless students are challenged by the difficult demands of
context-rich problems (Heller & Hollabaugh 1992) and case study (OCS) problems
(Van Heuvelen 1990), they are unlikely to abandon the novice strategies with which
they can cope in simple contexts (Heller er al 1992). Only through repeated
exposure to the same concept in several different complex contexts are students likely
to develop a deeper conceptual understanding of physics as opposed to a purely
pragmatic series of algorithmic strategies (Van Heuvelen 2001).

A second drawback of the formula-centred approach is that it has been shown to
actively militate against the promotion of conceptual understanding. “The equations
become crutches that short-circuit attempts at understanding” (Van Heuvelen 1991a,
p. 893). A lack of understanding perpetuates the “disconnected and amorphous
knowledge structure” characteristic of novice problem solvers (Gerace 2001), instead
of helping them consolidate or “chunk” their knowledge base by providing
“opportunities for students to see that a small number of concepts are the basis for

many diverse applications” (Van Heuvelen 1991a).
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As Fuller states: “Every physicist knows the importance of having the correct concept
in mind before beginning to solve a problem” (Fuller 1982, p. 43), while Reif quotes
Hans Bethe as saying “From Fermi I learned ... to look at things qualitatively first and
understand the problem physically before putting a lot of formulas on paper” (Reif
1995, p. 23). CQualitative clarity for the inimitably colourful Richard Feynman
apparently involved “a half-assedly thought-out pictorial semi-vision thing” (Reif
1995, p. 23).

The value of the multi-representational approach therefore lies in the opportunities it
presents to students to develop their conceptual understanding of the physics which
lies behind a given problem before they rush thoughtlessly, aimlessly (and often
anxiously) into a “plug and chug” activity. “Translating from one representation to
another increases their ability to use unfamiliar representations and leads to a richer
understanding of concepts” (Dufresne et al. 1993, p. 17). Without such an
understanding, students are usually unable to generalise the solution to one problem to
others of the same type. The student complaint recorded by Heller & Heller (1999,
p. 5): “I can follow the example problems in the text, but your test problems are too

different” was frequently heard in Cape Technikon Physics 1 classes prior to 2002.

Reif (1995) justifies the requisite explicitness of training in the pre-mathematical steps
of problem solving by arguing -that “skills of description and interpretation are
sufficiently complex that they deserve to be taught in their own right before students

are asked to use them in more demanding problems” (p. 23).

Pictorial representations assist students in several different ways. Firstly, according to
Van Heuvelen (2001), “the human mind relates best to picture-like representations
that emphasize qualitative features but not detailed precise information™ (p. 1141).
By linking words to what linguists call “referents” — for example, visual icons such as
the arrows in motion diagrams (Figure 16) — beginning students develop a better

understanding of abstract concepts such as velocity and acceleration.
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Furthermore, there is evidence to suggest that modern generations are becoming
increasingly reliant on visual information, as students brought up on a concentrated
visual diet of television and electronic games tend to favour right-brain processes
(Alesandrini 1981). As the practices of reading and oral storytelling wane, students
are increasingly neglecting the left cerebral cortex skills required for processing
language, both aural and written. To such visually oriented students, pictures offer a
concrete, more accessible route in to the concepts which lie behind a given problem,
by summarising “the prominent features of a process while removing the noisy details

that distract from understanding” (Van Heuvelen 1991a, p. 891).

Secondly, pictorial representations facilitate the subsequent strategising process,
helping students choose between several possible conceptual approaches to the
problefn. “A good initial analysis of a problem can greatly facilitate the task of
finding its solution” (Reif 1995, p. 26). This strategising activity, in turn, promotes
the development of expert problem solving behaviour since, “by considering
alternative solution paths, new strategic knowledge elements will be developed and
prioritized as concepts are clustered around those principles that are found to be useful
for problem solving” (Buffler & Allie 1993).

Finally, the diagrams allow students to check their final solutions for completeness
and consistency by considering questions such as: Have I included the direction in
my answer? Does the direction of the resultant force agree with the direction of the
acceleration? Is the magnitude of the answer reasonable in the context of the

drawing’s account of reality?

Because of its proven success m improving student performance in physics, the multi-
representational problem solving approach is growing in popularity and usage world-
wide. To date, however, most studies done on this approach appear to have
concentrated on measuring academic outcomes such as improved marks on the Force
Concept Inventory and other benchmarking instruments. The researcher is unaware
of any studies specifically relating multi-representational problem solving
development with more affective outcomes such as students’ attitudes towards and

their own beliefs about learning physics.
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4.3 Multi-representational problem solving in
practice at the Cape Technikon

In 2002 Cape Technikon Physics 1 students were given explicit instruction in multi-
representational physics problem solving for the first time.

The intervention was introduced by administering the diagnostic kinematics test
described in 3.1.3. After the marked scripts had been returned, students were shown
how each of the problems (including the complex ones) could be elucidated and then

relatively easily solved using the principles of multi-representational problem solving.

Students were then each given a single-page, quick-reference document (4n approach
to solving physics problems, Figure 17) detailing four specific, sequential steps they
should follow when solving problems. The document is a modified version of that
produced by the University of Cape Town Physics Education Group (Buffler & Allie
1993) which is turn based on the Describe, Plan, Implement, Check scheme described
originally by Reif et al. (1976) and further refined by Heller er al. (1992). A
schematic representation of the process stages and the inter-relatedness of the
particular types of knowledge and knowledge structures required for each step
(Dufresne ef al. 1993) are shown in Figure 18 (based on Buffler & Allie 1993).
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AN APPROACH TO SOLVING PHYSICS PROBLEMS

{Adapted from a UCT PHYSICS EDUCATION GROUP document.)

STEP1 FOCUS ON THE PROBLEM AND REPRESENT IT PICTORIALLY.

« Construct a mental image of the problem — do your friends have the same image?

e  Draw one or more pictures which show all the important objects, their motion and
any interactlions.

e  Now ask, “What Is being asked?” "Do | need to calculate something?”

¢  Think about what concepts and principles you think will be useful in solving the
problem and when they will be most useful.

s Specify any approximations or simplifications which you think will make the
problem solution easler, but will not affect the result significantly.

STEP2 DESCRIBE THE PHYSICS WITH A PHYSICAL REPRESENTATION.

s Draw a coordinate axis (or a pair of axes) onto your picture above (deciding
carefully where to put the origin).

e Translate your pictures into one or more physics diagrams (with axes) containing
only the information needed for a mathematical solution.

if you are using kinemalics concepts, draw a molion map specifying the object’s velocity and
acceleration at definite positions and fimes.

if interactions or statics are important, draw free body (force) diagrams. When using conservation
principles, draw “before” and “after” diagrams to show how the system changes.

For circuit problems draw a circuit diagram.
For optics problems draw a ray diagram.

o  Define a symbol for every important physics variable in your diagram and include
any numerical information you have in the label (e.g.: Ty = 30 N).

o ldentify your target variable (“What unknown must | calculate?”). Indicate it on your
diagram with a question mark. (e.g.: T, = 7).

STEP3 REPRESENT THE PROBLEM MATHEMATICALLY AND SOLVE.

e  Only now choose a mathematical equation (formula) which relates the physics variables
in your diagram to each other. (Very occasionally yvou may need to combine two or
more equations into one formula.)

s  Substitute the values (numbers with units) into this formula (ie do NOT first change
the subject of the formulal)

o Make sure you are using only standard SI units.
«  Galculate the numerical result for the target variable.

STEP 4  EVALUATE YOUR SOLUTION,

Do vector quantities have both magnitude and direction?

Does the sign of your answer make sense? Have vou interpreted a negative sign?
Can someone else follow vour solution? Is it clear (and easily visible)?

Is the result reasonable and within your experience?

Have you given the units, and do they make sense?

Have you answered the question?!

Figure 17. The ready-reference document supplied to students at the beginning of the
intervention to continually remind them of the four specific, sequential steps to be followed
when solving problems.
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PROBLEM
Representational €mmmooen »| Generate multiple
knowledge representations
P4 l 4
v ! 2
Conceptual €memeeee p| Perform qualitative
knowledge analysis
P4 l H
v E
Procedural and € mmemee p| Strategise and plan
strategic knowledge a solution path
P4 l 4
v 5
Operational a— »| Implement the
knowledge solution path
l 4
Evaluate the
solution

Figure 18. Stages of multi-representational problem solving and the type of knowledge
required for each stage.

Each of the problem solving steps was explained (and justified) to the students, before
the full four-step process was applied to each of the four diagnostic test questions in
turn by the lecturer using the chalkboard.

Because these were the innovative (and unfamiliar) parts of the process, particular
attention was paid to coaching students in the first two steps of the process. They
were shown how pictorial and graphic physics information could help them “stand
back” from the problem in order to gain an important overview. They were then

taught how to strategise at this stage, using the (pictorial) data array to decide on the
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underlying concept (not simply a mathematical formula). Students were shown that
once the concept was clear it was relatively easy to decide on the appropriate formula

and start down the final solution path.

After the holistic modelling on the diagnostic test questions, students were given
further specific instruction in using various pictorial representations of kinematics
quantities, for example, using vector arrows of appropriate size and direction to
represent velocity and acceleration. To reinforce this instruction they were then given
structured worksheets on which to work both individually and in small groups
(Motion maps, Appendix E). The worksheets were based largely on the Active
Leaming Problem Sheets and Overview, Case Study (OCS) Physics material
developed by Alan van Heuvelen (1991a) and Materials for Developing Concept-
Based Problem-Solving Skills in Physics (Gerace et al. 1992).

Throughout the remainder of the semester the pre-mathematical, conceptual steps of
problem solving were continually reinforced through explicitly highlighting the multi-
representational approach in class, introducing compulsory tutorials (in 2003) and
various other incentives. In tests, marks were awarded for pre-mathematical work,

with some questions requiring only the pictorial and physics representation stages.

Five educational strategies were implemented to reinforce the underlying message of

“conceptual understanding before mathematical manipulation”.

4.4 Educational strategies used to reinforce the
intervention

The Physics 1 course consisted of several different components, most of which were
specially adapted to reinforce the new multi-representational problem solving
intervention. Table 5 shows a summary of the different instructional components

used during 2002 and 2003, each of which is described in greater detail below. (As
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mentioned eartier, the luboratory component was run independently and did form part

of this study.)

Table 5. Swmmary of instructional components of the Phusics 1 course,

Component Activities Hrs! Staff Comp-
: wk ulsory?
+ REeading quizzes
» [lormal instruction
e  Demonstrations
Lectures 42 | Lecturer b
s Class discussion
s ConegpTests
« 1 min papcrs
. o WPS: small group discussion & Lecturer
Tutorials f,r : P ; 154 Y
strategising of problems Cowrse tutor
Mornin e
: & ¢ Problem solving in small groups 1 Peer tutors N
tutorials
Walk-in o (Che-on-one assistance 129 | Leefuret i
consultation | o Counse lling 1-7 | Course tutor
; ; Leoturer
Laboratories | » Practical work 144 ¥

Lab assistant

4.4.1. Active, cooperative learning during lectures

A feature of Phvsics 1 classes (even pnor to 2002} was the extent to which formal

theorctical contact time (so-called leetures) aveoided the traditional “chalk and talk™

method of information transfer (a method in which “the transmission is efficient but

the reception 15 alnost negligible” (Van Heuvelen 1991a, p. 895)), and instead

involved active, cooperative leaming on the part of students.

LCarly in the scmester students were given formal instruction in effective group work;

how to listen attentively and critically;, cven how to sit (the gently ticred lecturc
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theatres with rotating seats allowed groups consisting of two pairs of students to sit
facing each other). Since “most students come from a school background which has
discouraged any notion that fellow students have anything useful to contribute to
one’s learning” (Buffler & Allie 1993) it was usually also necessary to spend some
time at the outset on a well-motivated rationale, and to follow this up with continual
positive feedback to show the effectiveness of the activity.

One of the key objectives of cooperative group work in physics is to correct the
common misconception among students that learning physics is a passive activity in
which the emphasis lies on “the lower-order thinking skills of recall and
comprehension, rather than the higher-order skills' of analysis, synthesis and
evaluation” (Heller & Heller 1999, p. 4). By actively participating in class and
interrelating with their peers, students adapt more readily to the tertiary environment
and also develop important subsidiary attributes such as communication and
teamwork skills. “Students’ talking and listening enhances their learning and

hopefully improves their communications skills” (Van Heuvelen 2001, p.16).

In discussing problems with each other, students are compelled to confront and deal
with their own (and others’) misconceptions, learning at the same time to use the
“language of physics”, thinking and talking like physicists. In this way, the process of
arguing with others, or feaching them, becomes the best way of learning. “Broadly
speaking, what distinguishes the man who knows from the ignorant man is an ability
to teach” (Aristotle).

Critically for this study, Heller er al. (1994) found cooperative group work essential
for forcing students to abandon their “plug and chug” methods in favour of a
structured problem solving strategy. They observed that students otherwise reverted
to old methods, both if the problem was simple (the old method worked well enough)
or more complex (unfamiliarity with the new method led to failure, which in turn led
to regression). After an initial period where students had to overcome their shyness
and reluctance to appear ignorant in front of their peers, the cooperative environment
fostered experimentation with and mastery of the new, structured strategy. Since

groups were generally more successful than individuals at solving complex problems,
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students were more easily convinced of the efficacy of the new method, and more

willing to adopt it.

4.4.2. ConcepTests©

Group work activitics bascd on carcfully selected multiple choice guestions known as
“Coneep'l'ests” (Mazur 19973, which had proved to be especially successful both in
promoting group interdependence and in focussing sludents’ attention on underlymg

physics concepts, were used extensively in 2002 and 2003,

ConcepTestmg myolves posmg students single multiple choice questions based on
specific physics concepis such as Newton's laws of motion. Archimedes’ principle.

etc. {Figure 19).

The skeich is a top view of a stone being swung & C
arcund in a horizomal circle at the end of a /_R\\Tﬂ;:m
= E

piece of string. If the string breaks at the instant =8 ’ o
shown, aleng which path will the sione o
continue? \_‘__H___F_/

A boat floats in adant. It has a large rock for an
anchar. Yhen the rock is thrown overboard and
sinks to the bottom of the dam, the level of the
dam

A drops
E remains the same

 rises

Figure 19, Examples of multiple choice guestions used as ConcepTests.

After first considering the question on their own for aboul a minute, students mdicute
their cheices with a show of hands or colourcd cards (to provide feedback for the

lecturer), before discussing and justifying their answers with their peers in informal
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groups of three or four for another two or three minutes. During this latter time the
lecturer moves between groups, monitoring student participation and facilitating
discussion. A final “vote” allows the lecture to monitor students’ progress towards
the correct conceptual thinking and to decide whether further instruction and testing

are necessary.

Besides reinforcing the importance of collaborative effort and conceptual
understanding (very few of the questions involve any form of calculation),
ConcepTests provide an excellent forum for exploring students’ conceptions. Most of
the questions are deliberately designed in such a way that many students are initially
“trapped” by their preconceptions into selecting one or more of the incorrect choices.
Then, during the discussion with other students (and sometimes a follow-up
demonstration), in a process known as cognitive conflict, students are compelled to
confront the inconsistencies and errors in their preconceived ideas. Misconceptions
are notoriously persistent, so only after they have seen their own reasoning fail
(repeatedly) are students (sometimes) ready to relinquish their incorrect ideas and
adopt scientifically more rigorous and consistent viewpoints. As Fuller states: “the
time when we are most likely to develop new understandings and new strategies is
when our present experiences do not fit our mental preconceptions. This period of
disequilibration, of being slightly confused, is the time when we are most likely to
make intellectual growth” (1982, p. 47).

It is essential to spend time addressing students’ misconceptions in each section of
physics before they are given further training and drill in numerical problem solving.
“Instruction must ensure that students can adequately interpret any concept or
principle before they are asked to use it to perform more demanding problem-solving
tasks” (Reif 1995, p. 20).

ConcepTests play an important role in developing this pre-requisite conceptual
competency. Without a clear understanding of the concepts involved in a question it
is impossible to produce correct physics ‘diagrams; without the correct and complete
diagrams students fall back on their hit-and-miss mathematical approaches. It is also

difficult to assess the validity of a numerical solution without some understanding of
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the concepts underlying the problem. Finally, the immediate feedback supplied by the
voting system allows the lecturer to time carefully the introduction of more complex,
context-rich problems, i.e. those which will oblige students to implement and practise

multi-representational strategies.

4.4.3. Weekly Problem Sets

Physics 1 students were given a weekly set of four compulsory problems in order to
enforce regular, repetitive practice of the correct multi-representational problem
solving techniques and, at the same time, to provide the lecturer with continual

feedback on students’ progress and possible problem areas.

Each Weekly Problem Set (WPS) was given out in a contact period during which
students were first given general feedback about the previous WPS, and possible
further corrective instruction. Individual scripts were returned, sometimes with
written comments and corrections. Students then broke up into groups of three or four
to address the next set of questions, focussing on the initial problem solving stages of
analysis and multi-representational translations. During this time the lecturer and an
assistant moved between groups, facilitating both the group work and the initial set-up

of problems and the appropriate pictorial representations.

Following the WPS contact session, students were typically given three to four days
in which to complete the problem set before submitting it for marking. They were
therefore able to consult with each other and the course tutor, or the lecturer, although

the submitted answers were supposed to be each student’s own work.

As in tests, marks were awarded for the initial multi-representational stages of
problems, and some questions did not require students to go beyond this stage. To
stress the importance of the exercise, WPS marks counted towards students’ year
marks. (In all, the 12 Weekly Problem Sets in 2003 counted about 8% of each

student’s total mark for the course.)
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4.4.4. Course tutor/mentor

The full WPS roll-out in 2003 was made possible by the appointment of a qualified
course tutor/mentor with previous experience in developing first year physics
students’ problem solving abilities. Given the size of the Physics 1 group in 2003
(287 students), the amount of weekly marking and correction required to provide
adequate feedback to both students and lecturer would have been too onerous for the
lecturer. Students were also able to consult with the tutor/mentor during office hours

in order to gain further assistance and guidance.

4.4.5. Peer tutors

In addition to the course tutor/mentor, three second year students who had previously
undergone two days of training with the Cape Technikon’s Student Tutor Services
unit ran half hour tutorial sessions before the start of formal lectures on two mornings
of the week. During these voluntary sessions the tutors assisted students with
problems from the current Weekly Problem Set, exercises in the course notes, and
additional examples devised by the tutors themselves. Other smaller sessions were

sometimes arranged privately.

Peer tutors are specifically trained not simply to provide answers, but to assist
students in their own attempts at mastering the work and to facilitate group
discussions. They do not, however, receive specific subject training beyond what they
themselves learnt in Physics 1 (usually the previous year, and sometimes with only
moderately good results). Since the current, explicit, multi-representational problem
solving training was a new feature of Physics 1, peer tutors in 2003 were not yet

expected to play a large role in developing students’ skills in this particular arena.
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5. Evaluating the effectiveness of the
new intervention

Several different instruments were used to assess the impact of the multi-
representational problem solving intervention on students’ attitudes towards learning
physics and their subsequent overall academic performance. Several case studies are

also presented to illustrate the progress of these students in the course.

5.1 Evaluation instruments

The chief instrument used to measure shifts in students’ affects and attitudes was a
physics expectations survey conducted both prior to and following the semester

physics course.

The lecturer was also able to monitor the extent to which students were altering their
beliefs about learning and their problem solving paradigms during the course of
instruction with the aid of the Weekly Problem Sets, “one-minute papers” and the

formal class tests.

Finally, the overall impact of the new teaching intervention was assessed using course

evaluation surveys and the results of the final three-hour Physics 1 examination.
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5.1.1. Physics expectations surveys

Pointing out that “students’ epistemologies play an important role in helping them
construct knowledge”, David May and Eugenia Etkina (2002) encourage the
measurement and study of epistemological beliefs because of the extent to which
these impact on student motivation and their selection of learning strategies. “In
particular, immature beliefs affect students’ ability to integrate their understanding of
science concepts” (p. 1249).

A version of the Maryland Physics Expectations (MPI:;,X) Survey (Redish ef al. 1998)
was adapted slightly for the South African context. The modified version, referred to
here as the physics expectations survey, or simply the expectations survey (Appendix
C), was administered to all Physics 1 students in 2002 and 2003, both before and after
15 weeks of instruction in the new multi-representational strategies for physics
problem solving, in order to measure values and monitor shifts in students’ beliefs
about learning physics. As in the case of the test of scientific reasoning described in
Section 3.1.2, the physics expectations survey was designed specifically to overcome
the problems associated with eliciting attitudinal data from large classes where the

traditional process of conducting interviews is logistically impractical.

The survey (a Likert-scale — agree-disagree — questionnaire) was developed by the
physics education research group at the University of Maryland to measure (infer
alia) the differences between students’ and experts’ beliefs and cognitive expectations
about tertiary physics, and also the extent to which students’ initial beliefs can be
altered by instruction (Redish et al. 1998). It has been validated through interviews
with students and subsequent application to a great number of student groupings

around the world.

The survey helps to rank students on a spectrum ranging from a “binary stage” (where
students expect to learn by simply being given all the right answers by the lecturer, for
example) to a “constructivist stage” (where students accept responsibility for
constructing their own meaning from the information made available to them) (Redish

et al. 1998). According to Redish, “students who want to become creative scientists
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will have to move from the binary to the constructivist stage” (1998, p. 213), but for
the purposes of this study, less attention was paid to the characteristics of individual
students than to the extent to which the cohort progressed towards adopting a more

appropriate standpoint as a result of the teaching intervention.

This shift in students’ beliefs was measured by administering the survey both before

and after the semester’s instruction.

The original MPEX survey was modified in order to simplify the language of the
questionnaire and replace the category dealing with the amount of personal effort
required to make sense of physics with an item specifically referring to beliefs about
the value of multi-representational approaches to problem solving. The original 34
items were reduced to 24. The expectations survey used in the present work
(Appendix C) thus measures the following six aspects of student beliefs about what is

required of them in order to succeed in physics:

1.  Independence — Do students expect to be taught passively, or are they

willing and eager to play an active role in their own learning?

2.  Coherence — Do students see physics as a coherent whole, where a few
general principles apply to a wide variety of phenomena, or as a disjointed
collection of facts, concepts and algorithms?

3. Concepts — How much importance do students attach to the understanding

of concepts prior to mathematical manipulations?

4.  Reality link — Can students transfer knowledge between the contexts of

classroom and everyday life?

5.  Mathematics link — Do students see mathematics as a language which can

inform them about physics, or just as a tool for processing numbers?

6.  Multiple representation — Do students recognise the value of formulating a
problem pictorially in order to gain a clearer conceptual understanding

before resorting to numerical manipulations?
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The MPEX questionnaire was originally calibrated by Redish ef al. (1998) by giving
it to a number of “experienced physics instructors who have a high concemn for
educational issues and a high sensitivity fo students” (p. 216). These were all teachers
“committed to implementing an interactive engagement model of teaching in their
classrooms” (p. 217). The responses chosen by these experts as the answer they
would like their students to give (usually with better than 80% agreement within the
group) were designated as the expert, or appropriat¢ responses. A choice made in
agreement with the expert response (irrespective of whether the response to the actual
item is “agree” or “disagree”) is deemed to be “favourable”, while disagreement with

the experts constitutes an “unfavourable” response.

In this way the responses of a tested group can be illustrated by means of a
“favourable-unfavourable” plot, where the percentage of respondents answering the
same way as the experts is plotted against the percentage of those answering
unfavourably. Redish refers to such plots as agree-disagree (A-D) plots, but as this
leads to confusion with the actual Likert-style responses to the items themselves, the

term “favourable-unfavourable plot” is preferred in this study.

Each survey item consists of a propositional statement requiring a response on a five-
point scale ranging from “strongly disagree” (A) to “strongly agree” (E). For the
purposes of scoring, A’s and B’s are counted together, and D’s and E’s are counted
together, and each total is converted to a percentage of the number of respondents.
The total number of C’s (neutral responses) and blank answers is not recorded
directly, but shows up on the plot as the distance between each favourable-
unfavourable coordinate pair and the line delimiting the range of possible values (i.e.
the diagonal line joining (0; 100) on the Favourable axis and (100; 0) on the

Unfavourable axis).

As an example, Table 6 below shows, for five of the belief categories, as well as
overall, the average percentages of the experts giving favourable responses versus
those giving unfavourable responses (Redish ef al. 1998). These data are also shown
plotted in Figure 20.
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Tuble 6. Average percentages of the experts giving favourahle/unfavourabie responses in

five specific belief catecories as well ay the overall average percentawes for all ems in the
MPEX survey {Redish et al. 1998}
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Figure 20. Favourable-unfavourahie plot for the experts in five specific belief calegories of
the MPEX survey as welf ay the overall average for all itemys (Redish et al, 1998).

As is to be expected from the expert group, the points all lie high and to the left in the
possible triangle of points, and reasonably close to the diagonal {i.c. the experts were

gencrally clear about, and assertive in, their responses).

Published results from surveys conducted at other institutions allowed lor comparison
of the Cape ‘T'echnikon group with the {cxpert) calibration group and other first year
student groups (primarily from the United States). A post-instruction torm of the
survey (which used the same questions as the pre-instruction survey, but a modified

answer sheet, Appendix D) was also adnunistered, which allowed the shifll in
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perceptions amongst the Technikon group to be compared to the shifts achieved with
the other first year groups.

5.1.2. Weekly Problem Sets

The Weekly Problem Set programme afforded a regular opportunity for the lecturer to
monitor students’ adoption of the new multi-representational problem solving
strategies and to give students immediate feedback on their progress. Since, however,
the questions used in the problem sets were very similar to those set in tests and the
final examination, the reporting of student responses to them will be covered in the

section on tests and examinations.

5.1.3. Tests and examinations

Students’ progress was also monitored by means of three formal one and a half hour
class tests during the course of the semester and a final three hour examination at the

end of the course.

Each of the class tests and the examination began with a section of multiple choice
questions (comprising about a third of the total marks) aimed at testing students’
conceptual knowledge. “Long” questions requiring the solving of problems comprised
the rest of the question paper. Sometimes the first part of such questions asked for a
definition, or the statement of a principle germane to the solution of the problem, in

order to help students to focus on the relevant underlying concepts.

To encourage students to adopt the new multi-representational approach towards
problem solving and to take cognisance of the fact that “the solution to the problem is
the whole series of representations with the value of the unknown quantity being only
a small part of the solution” (Van Heuvelen 1991a, p. 892), marks were sometimes
specifically allocated for diagrammatic work. In some cases, test or exam instructions

stipulated that only the pre-mathematical steps were required.
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Pre-mathematical stage marks were recorded separately in order to monitor students’
multi-representational development and compare it with their overall physics marks.
(Since the multi-representational approach was taught specifically only for the
Dynamics section of the course, and not in Thermodynamics or Electricity, not all

tests or examination questions were relevant to the study.)

In many cases the questions used to evaluate students’ multi-representational skills
were well above the standard normally set for Physics 1 at the Cape Technikon, being
higher order, context-rich questions which could not easily be solved by simple “plug
and chug” methods (see: question 2.4 of Test 1, Appendix H; question 2.2 of Test 2,
Appendix I; questions 2.2.2 and 3.1.1 of the final examination, Appendix J). Students
had not previously been challenged by questions of this complexity and difficulty.

5.1.4. Course evaluation questionnaires

Several surveys of student opinion were conducted during the course of the semester,
ranging from frequent, informal “one-minute papers” to the modified version of the
generic Cape Technikon formal, end-of-course evaluation questionnaire (Appendix
F). A specially designed questionnaire (Appendix G) was used to gauge the impact of
the Weekly Problem Set program and its concomitant tutors, as well as the cognitive
conflict style of teaching used by the lecturer.
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5.2 Ewaluation results

Data collected trom the various evalyation instruments described above are reported

below.

5.2.1. Shifts in students’ epistemological beliefs about physies

Redish et al. (1998) reported on using the MPEX survey to test more than 1 500
students from six different institutions: the University of Maryland, the University of
Minnesota, Ohio State University, Dickinson College, an anonymous small public
liberal arts college and an anonymous public two year college. The percentage of
these students who pave favourable and unfavourable responses for all categories of
the survey (in accordance with the answers determined by Redish’s panel of expert
physics mstructors) are shown in Table 7, together with the corrcsponding
percentages of Cape Technikon Physics 1 students surveyed in 2002 (N = 119} and
2003 (N =163). The data are maiched, that is, only students who took part in both the

pre- and post-instruction surveys have been included.

Table 7. Perceninges of students giving favowrable and wnfavourable responses for all
carepnries af the pre-fustrueion pRysics expociations Surveys

All catepories of the
- expectations survey
Favourable | Unfavourahle

The E'r.i';écﬁi:_ Cape Technikon 2003 57% 24%
~ Work | Cape Technikon 2002 58% B
|| University of Maryland 54% 23%
] | University of Minnesota 59% F8%
. Reported. | G, State University 53% 23%
i:- er al. 1998 | Dickinson College . 61% _1_5%
e A small public liberal arts college 57% 23%

| | faa L
Ig A public iwo yeur college 55% 22%
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The [avourgble-untavourable plot of these data (Figure 21) illustrates the similarity
between the pre-imsiruction epistemelogical behefs and expectations of the Cape
Technikon studenis (in both 2002 and 20¢3) and their counterparts in the United
States in all categories of the survey. The plot also highlights the “substantial
discrepancy” neted by Redish ef al. between the responses of pre-instruction siudenis
and those of the experts (1998). Student answers correspond with the expert view

only about 55% of the time. and are explicitly at odds with them almost 25% of the

time,
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Figure 21. Pre-instruction expectations survey: comparative scores. A fovonrable-
unfavourable plot comparing Cape Technikon students’ pre-instruction overall scores for alf
categories of the physics expectations survey with those of the experts. as well as with those of
varions United Staies student groups (Redish et al. 1998).
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More delailed information about the Cape Technikon students’ pre-instruction scores
m the six individual categories used in the local expectations survey in 2002 and 2003
15 given in Figore 22, The plot shows the overall similarity between the pre-

instruction heliefs of two vear groups.
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Figure 22, Pre-instruction expectations survey: Cape Technikon details 2002 and 2003,
A favourable-unfavourable plot of 2002 and 2003 Cape Yechniton students ' pre-instruction
responses for the six individual categories of the physics expectations survey, as well as their

overall yoores,
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Figure 23 and Figure 24 show, for the 2002 and 2003 Cape Techmkon groups
respectively, how the students’ cpistemologies changed from the pre-instruction
survey to the post-instruction survey. Besides three individual categorics on the 2003
plot (Multi-representation, Coberence and [ndependence) which show a slight
negative shill, all other pre- to post-instruction changes, ineluding the overall shift in

physics expeclations for both the 2002 and 2003 students, arc positive.
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Figure 23. Physics expectations shifts; Cape Technikon 2002, A jfavourable-unfavourable
plof of 2002 Cape Technikon students ' responses to both the pre- and post-instruction physics
expectations survevs, showing the shifl in overall average, as well as the snifts for each
cotegory of the suFVeRs.
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Figure 24. Physics expectations shifts: Cape Technikon 2003, A fuvourable-unfuvourable
ot af 2003 Cape Technikon students " responses (o both the pre- and post-instruction physics
expeciotions surveys, showing the shift in overall average. ay well ay the shifiy for each
categary of the surveys.

Figure 25 comparcs the shitts (from pre- to post-instruction) in the overall averages
of the Cape Technikon groups with those of each of the six student groups surveyed
by Redish ef ¢f (1998). To accentuate the comparisons, the diagram shows only the
upper left portion of the complete favourable-unfavourable plol.  As reported by
Redish ef af {1998), at every one of the United States institutions studied “the overall

results deteriorated as a result of one semester of nstruction”™ (p. 222).
By contrast, the overall results of both the 2002 and the 2003 Cape ‘T'echnikon groups

underwent positive shifts following instruction in the new mulli-representational

problem solving approach to physicsa.
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Figure 25. Physics expectations shifts: Comparison between the Cape Techuikon and
Uinited States groups. An enlarged section af a favowrable-unfuveurable plot showing the
shifts hetween the pre- and posi-imstruction scores of the 2002 and 2003 Cape Technikon
students and those of the six United States institutions reported by Redish et all (1998 in
contrast to the negative shifty of each of the six United States student groupings, the plivsics
expectations of both the 2002 and the 20003 Cape Techmikon student groups improved after a

semtester of instruction in the new multi-represemtational approaches to physics problem
solving
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5.2.2. Students’ use of multi-representational techniques in tests and
examinations

Figure 26 compares the {irsl lwo class tests (Appendices H and 1) and the final
examination of 2003 (Appendix I} in terms of the number of students who produced
formal physics diagrams for the relevant questions, the marks they achieved for those

diagrams, and the overall class test or examination average.

— S S | B3 % students using diagrams |
90% - .| B Average diagram %
80% | B Test/Exam average %
705
60%
0%
40% -
3%
20%
10% 11 b
0%

Test 2 Examination

Figure 26, Progression during the cotivse of the first semester of 2003 of the adoption of
multi-representations] problem sobing fechnigues by Cape Techwibon students. The ol
Hxe shows the average mark awarded i each test specifically for phvsics diagrams, as well
a5 the overall class average for the test o examitaiion,

The number of students using physics diagrams in formal tests increascd sicadily
during the semester, as did the overall averapes for these tests and the examination,
The average of the marks awarded specifically for physics diagrams increased from
Test 1 to Test 2, but declined in the final examination, possibly because fewer marks
were awarded for physics diagrams in the examination, and the marking of these

diagrams was done more strictly than in the class tests.

Nevcertheless, many students” diagrams in response to context-rich questions in the

final cxaminations in 2002 and 2003 rellecled a considerable degree of sophistication,
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Figure 27, Figure 28 and Vigure 29 show cxamples ol the use of axes, formal sign

conventions and the appropnate recording of both known and missing data,

23 You are dnving at night at 90 km/l up a slight hill when you sce the
tatllights ol a truck ahead of you. Suddenly you realisc that the truck is
not moving forwards (in fact it is rolling back down the hill towards you
at a constant 2 m's) and, when the truck 15 still 42 m away, you hit the
brakes and begin slowing down at 6 mis?,

231  Draw the complete Physics diagram of the situation which you would
usc to determine how long it takes (afier you hit the brakes) before the
truck smashes into you, Your diagram should include all the relevant
vanables which you know, as well as those which you would need to
detertning in order to find your answer,

Fioure 27, An example of a students' response fo o guestion in the 2002 final examination,
showing the extent and sophistication of the use of multi-representational fechnigues
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2.2 In the same instant that a Porsche races past him at 129.6 kmv'h, a speed
cop sets off on his motoreyele, accelerating uniformly at 8 mis”, to catch
the speedster. After 5 5 the traffic officer reaches his top speed. which
he then maintains until he catches up to the car.

2.2.1  Caleulate the motorbike’s top speed.

2.2.2  Draw the complete Physics diagram of the situation which you would
use to determine how long it takes {after the car passes him) before the
traflic oflicer catches up to the car. Your diagram should include all the
relevant variables which vou know, as well as those which vou would
need to detenmine in order to ind your answer,
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Figure 28, An example of a students’ vesponse to the second part of v question in the 2003

[final examination, showing extensive wse of multi-representational technigues.
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3.1 You and your Inends go sand sledding in the Hout Bay sand dunes., You
climb up the front face of the dunc (which you csiimate makes an angle
of 37" with the harizontal) to a height of 30 m. However. before you sit
down on your picce of waxed hardboard and begin sliding down the
dune (from rest), vou decide you’d beiler {irst calculate how fast yvou’ll
he going when you reach the botiom!

If the coetfivient ol kinetic friction between sand and waxed hardboard is
0.16, detenmine how many kilometres an hour vou’ll be doing at the
hottem of the dune.
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Figure 29, An example of a students’ vesponse ta a question ia the 2002 final examination,
Although the question doees not stiprfate the need for a dingram, the student makes full use of
multi-represeatationgl teohuligues in reaching a corvect numerival yolition,
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5.2.3. Feedback trom students

This scction reports on various items of qualitative, subjective feedback elicited from

students by means of several questionnaires.

{a) Weekly Problem Set and teaching style evaluation

During the course of the semester students provided the lecturer with continual
informal feedback about the Weckly Problem Sets and the cognitive conflict style of
lecturing in the form of verbal comments and “one minute papers”. Much of this
feedback was positive, and almost all of it was constructive, enabling the lecturer to
make continual responsive adjustments to the problem sct programme and his lecture
delivery, In addition, a formal questionnaire (Appendix G) was specifically designed
in 2003 to colleet both closed and open-ended responses to several of the cducational
strategics implemented to reinforce the new multi-representational problem solving
intervention (Scction 4.4). The questionnaire was completed by 180 students towards

the end of the semester's instruction.

A few informative yuotes from the open-cnded questinns are included amonyg those
from lhe more general end-of-course cvaluation questionnaire below (Section

5.2.3(b)).

Besides responses to questions about the peer tutors and the course mentor which are
not relevant to this study. the 28 Likert-scale items in the gquestionnaire also elicited
information regarding students” views on the Weekly Problem Sct program and the
lecturer’s comnitive conflict styic of tecaching. This information is sumimarised in the

form of an aprec-disagree plot for the relevant questions (Figure 30).
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Figure 30, dn agree-disagree plot of students’ responses fo selected guestions from the
Likert-scale fecdback guestionnaive concerving the Weekly Problem Sef program and the
cogritive conflict stvle of lecturing used in the course,

It can be scen from the plot that the majority of students beheved that these two
strategies were beth enjoyable and cffective in promoling understanding of physics,

They were, however, less convinced of their impact on their actmal course marks.
{b) End-of-course cvaluation

At the end of the course, students were given a course evaluation guestionnaire
{Appendix F} based on the standard feedback questionnaire used as a matter of coursc
throughout the Cape Technikon,  While most of the Likert-scale ilems in the
quesiionnaire deal with mundane aspects of the course and the lectarer (such personal
organisation, punctuality and clarity of diction} and will not be reported on here,
students wore also explicitly invited to comment {scparately) on those aspects of the

course angd the lecturer which they liked and disliked.



Among these comments, as well as among the responses to the open-ended questions

in the “Weekly Problem Set” questionnaire (Section 5.2.3(a)), were a considerable

number in which students reported having developed far more positive attitudes

towards physics during the course, with some students admitting that they had begun

to enjoy the subject for the first time in all the years they had been grappling with it.

The following are verbatim examples of student comments:

“For the first time, I actually enjoyed being in physics class.”

“It was very interesting and I learned something for the first time in my life.
Made me think more.”

“What I like about physics is that helped me to understand thing clear which
are in real life. [The lecturer] teaches his subject in a way that everybody can
understand.” '
“The techniques taught.” [In response to “List those aspects you liked about
the subject.”]

“I hated physics at school, but here I started to like it and it became interesting
because I understood everything better. A lot of things made more sense.”

“I like the way the subject was presented as I was never taught physics as

clearly as it was taught this year.”

(c) Post-instruction physics expectations survey

While the comments in Section 5.2.3(b) above deal with the general nature of the

subject as a whole, student responses to another open-ended question included among

the Likert-scale questions in the post-instruction physics expectations survey shed

more light on the probable cause of this improvement in attitude towards physics.

(The quantitative results from the Likert-scale items are reported in Section 5.2.1.)
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The open-ended question on the post-instruction questionnaire was deliberately
undirected, asking simply: “What are three things you learned from this course?
Explain briefly.” Several responses to this question included explicit, positive
references to the new, multi-representational approach to problem solving, such as:

o . .the best way that I’ve learned is that before attempting any problem you
must have a diagram that represents what would you be busy with and it help a
lot.”

o “Learmn the meanings of the equations and drawing diagrams so that the
problem could be easier to solve.”

e “Technique of Solving Problem (Diagrams then equate).”

e “Draw Pictures / Axis. Think before answer a question.”

e “Interpret a problem by graph or drawings.”

This level of awareness and acceptance of the general principles of the multi-
representational approach to problem solving in physics was manifest in the
increasing confidence with which students tackled physics problems and their
improved attitudes towards the subject as reported in parts (a) and (b) of this section.
Furthermore, these improvements in confidence and attitude coincided with marked

improvements in the course pass rate.
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3.2.4. Physics 1 pass rates

The pass rates for Physics 1 in the Laculty of Applied Scicnces at the Cape Technikon
between 1993 and 2003 are shown in Figure 31, The figure shows actual numbers of
entolled students, the number of those who passcd and the percentage pass rate for

each of the eleven veurs.
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Figire 31, Physics { envolment and passing statistics hetween 1993 and 2003, The

perceniase pass rates are shown in rectangles for each year.

Physics T envolment figures remained roughly constant between 1993 and 2006,
averaging about 170, If the anomaly ol 1998 i3 ignored, the pass rate declined
steadily from 69%% to 45% during this peried.  After 2000, enrolment exceeded 200
for the first time, but the pass rate was initially even lower than before (allowing for
the 1998 anomaly), Only once the new teaching intervention was introduced in 2002

and 2003 did the pass rate show signs of recovering.
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5.3 Case studies

The following case studies serve to illustrate the individual responses of a few
students to the course and particularly the new multi-representational problem solving

strategies.

Student A attended a former Coloured Affairs senior secondary school in Beaufort
West and attained an E symbol for Senior Certificate (Grade 12) Physical Science on
the Standard Grade. He scored 55% in the Baseline Mathematics quiz when he first
enrolled for Physics 1 in 2001, and 69% for the identical quiz when he re-enrolled in
2002. (The student attained a year mark of only 34% in 2001 and was not permitted
to write the final examination that year.) The student was still not making use of
diagrams by the time of the diagnostic kinematics test (Section 3.1.3) at the beginning
of 2002 and scored only 23% in this test. In the first formal test of 2002, however, the
student attained 50% of the drawing marks and 58% overall. This candidate scored
very poorly in the pre-instruction physics expectations survey at the beginning of
2002, actively disagreeing with the expert answers in all categories, but his attitudes
towards the subject improved considerably during the course of this, his second
semester of physics, and he scored above the class average in the post-instruction
survey (in all categories). In the final examination in 2002, where he made extensive

use of formal physics drawings, he scored 65%.

Student B achieved very high scores (in the top 5% of the group) in both pre- and
post-instruction physics expectations surveys in 2003, indicating sound cognitive
expectations and epistemological beliefs, despite having achieved only an F on the
Standard Grade in Senior Certificate Physical Science. His mathematics was poor: he
attained a Standard Grade E symbol in Senior Certificate Mathematics and only 47%
for the UCT Numeracy Competency Questionnaire (well below the 70%
recommended by the Numeracy Centre for a career in the sciences). This student
quickly adopted the new multi-representational problem solving approach and scored
full marks for the required physics diagrams in both the first and second kinematics
tests (Appendices H and I), achieving 53% and 48% respectively overall. Student B
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passed Physics 1 at the first attempt in 2003 with a year mark of 64% and a final

examination mark of 54%.

Student C attended an excellent girls’ school in Cape Town, achieving Higher Grade
E symbols for both Physical Science and Mathematics in Grade 12. She then
followed several non-scientific careers (and began a family) before deciding to enrol
at the Cape Technikon for a National Diploma in Food Technology in 2003. As a
mature student (in her mid-twenties) she proved capable of metacognition and
admitted early on that her mathematics was “rusty”, although she did manage 60% on
the Numeracy Competency Questionnaire (NCQ2003). She scored well on the pre-
instruction physics expectations survey and did even better on the post-instruction
questionnaire (scoring in the top 4% of the group). Similarly to student B, she scored
full marks for the physics diagrams in both the first and second kinematics tests and
her physics marks improved rapidly from 52% to 72%. She applied her new multi-
representational problem solving skills in the final examination, but disclosed later
that she had been distracted by very serious personal problems during the examination
period. (She was in fact forced to suspend her studies for a semester). This could
explain why she misread question 2.2.2 in the examination (Appendix J), proceeding
beyond the stipulated pictorial stages of the problem. The time she wasted on a
lengthy numerical solution resulted in her being forced to omit an entire question at
the end of the paper and depressed her examination mark to 48%. (For the questions

she did answer she averaged nearly 60%.)

Student D is a good example of a competent candidate whose experience of
secondary school physics (where she achieved a Standard Grade B symbol at a good,
Afrikaans medium school) was the probable cause of her inappropriate expectations
of physics at tertiary level (she performed very poorly in the pre-instruction physics
expectations survey). Despite an A symbol for Standard Grade Senior Certificate
Mathematics, she scored only 59% on the NCQ2003 and 48% for her first kinematics
test, where she persisted with purely numerical methods of problem solving. By the
second test, however, she had adopted the multi-representational approach — she
scored full marks for the pre-mathematical stages and her test mark improved to 62%.
She attained nearly 80% of the physics diagram marks in the final examination, for
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which she scored 67%. Her considerable improvement in the post-instruction physics
expectations survey (moving from the bottom third of the group to the top quarter,
with especial improvements in the Concept and Reality clusters) indicated the extent
to which her cognitive beliefs about tertiary physics had improved.

Candidates with sound physics and mathematics backgrounds were also able to

benefit from the new teaching strategy...

Student E achieved a B symbol for Physical Science on the Higher Grade in the
Senior Certificate examinations and scored 79% for the basic numeracy quiz when he
enrolled for Physics 1 at the Cape Technikon in 2002. After scoring 69% for the
diagnostic kinematics test, he adapted well to the multi-representational approach and
was awarded more than 90% of the drawing marks for the first formal kinematics test,
in which he attained 71%. He obtained a very high mark for the pictorial stages in the
final examination, finishing with 88% overall. Once again, this improvement in
marks was mirrored by a marked shift in physics expectations scores from pre- to
post-instruction. His scores improved considerably in all categories (except in the
Mathematics cluster, where they were reasonably high to begin with), and he finished
in the top 5% of the group.

To summarise, many students who adopted the new multi-representational approach
to problem solving were generally shown by the physics expectations surveys to have
developed more mature, more appropriate beliefs about what was required of them to
master physics. This epistemological development, together with their ameliorated
affective attitudes (as reflected in their responses to the several feedback
questionnaires) manifested itself in measurably improved approaches to problem
solving and a higher success rate in terms of performance in the course as reflected by
their final marks.
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6. Discussion

6.1 Summary of results

The present work shows that first time entering students to the Faculty of Applied
Sciences at the Cape Technikon are characterised by extremely poor numeracy,
mathematical and reasoning skills. These shortcomings are compounded by
inappropriate and unrealistic epistemological beliefs about learning physics (as well
as by other circumstantial and social factors). Consequently, prior to 2002, despite
sound, enthusiastic teaching and several ad hoc teaching interventions (such as
tutorial sessions and organised, cooperative group work), students lacked confidence
in their abilities to succeed in physics and remained demotivated and unconvinced of
the relevance of this demanding, one-semester-only, non-major subject. As a result,
the Physics 1 pass rate declined until it averaged only 38% during the four years prior
to 2002.

During the course of the present study, in 2002 and 2003, students were given explicit
instruction and guidance in the use of a new, research-based technique of multi-
representational problem solving, as a result of which, as they gradually adopted the
new strategies, their epistemological beliefs and their expectations about learning

physics improved significantly.
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The increase in the Physics 1 pass rate during this same period may be ascribed, at

least in part, to this epistemological amelioration.

6.1.1. Students’ initial numeracy skills

The results of Baseline Mathematics quiz administered annually between 1999 and
2002 indicate that incoming Cape Technikon students are consistently lacking in the
required basic mathematical skills such as computation, spatial perception and simple

algebra.

The results from the University of Cape Town’s Numeracy Competency
Questionnaire, NCQ2003 (as administered to first year Cape Technikon students in
2003), confirmed this finding, providing a more sophisticated probe into students’
shortcomings. The results showed that all but a very small percentage (5%) of the
2003 Technikon group lacked a level of functional quantitative literacy “appropriate
for students intending to study in a Science faculty” (Frith e al. 2003b). Furthermore,
Sections B and C of the questionnaire revealed that very few these students were
capable of either using mathematics in everyday “relevant contexts”, or successfully
manipulating formulae — both of which skills are essential for the solution of most

physics problems.

6.1.2. Pre-instruction physics expectations

Despite all the above-mentioned mathematical limitations, students’ responses in
several categories of the pre-instruction physics expectations survey made it clear that
the vast majority of students are conditioned by their secondary school experiences in
physics to rely heavily on the traditional formula-centred, numerical approach to
problem solving. This experience, coupled with other circumstantial and social
factors, foments negative, often fearful feelings towards Physics 1, and many
incoming students are pessimistic from the outset about their chances of mastering the

subject at tertiary level.
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In addition to students’ views of the role of mathematics in physics, the pre-
instruction expectations survey uncovered several other interesting epistemological
beliefs about physics on the part of incoming students, including the extent to which
they expect to be taught (passively) a subject made up of a disjointed collection of
facts, concepts and algorithms, with little connection to their everyday experience of
the real world. In this regard, at least, the Technikon students appear to be very
similar to their counterparts in the United States, as shown by Redish ef al. (1998).

6.1.3. Initial levels of scientific reasoning

In other developmental respects, however, the Cape Technikon students appear to be
lagging behind their counterparts in the United States. While Lawson reported that
41% of the 922 non-physics major freshman-level students he tested were operating at
the “hypothetical/deductive” level of scientific reasoning (with another 47% “in
transition” to this phase) (Lawson 1992), administering Lawson’s Classroom Test of
Scientific Reasoning to the Cape Technikon Physics 1 students revealed that only 6%
of the local students have yet begun to operate at the “hypothetical/deductive” level
by the time they enrol for scientific diplomas in the Faculty of Applied Sciences (with
about another 40% “in transition”).

These results served to further underscore the likelihood that, simply exposed to
“more of the same” traditional mathematical approaches to teaching physics, the Cape
Technikon students would be unlikely to improve their performance in and their

attitudes towards learning physics.

6.1.4. Adoption of the new multi-representational approach to
problem solving

Analysis of students’ answers to questions in the Weekly Problem Sets, class tests and

the final examination during the course of this study revealed that most students were
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able to adapt to the new multi-representational approach to problem solving, making
increasing use (and increasingly sophisticated use) of the strategy as the semester

progressed.

In the final examinations in both 2002 and 2003 students showed themselves capable
of using multi-representational strategies to answer context-rich questions which were
far more complex and demanding than any which had been set in previous Physics 1

examinations.

6.1.5. Post-instruction attitudes towards physics

Most significantly for this study, the results of the post-instruction physics
expectations survey in 2002 revealed that, as a result of the new teaching intervention,
Cape Technikon students underwent a positive shift in epistemologies — a shift quite
at variance with the shifts measured after a semester’s physics instruction at six
different United States institutions (Redish er al. 1998). This uncharacteristically
positive shift was recorded again with the 2003 intake, and is all the more remarkable
in the light of the Cape Technikon students’ initial trepidation and hostility towards
physics.

Similar improvements in attitude are discernible from comments made about the
course, the teaching methodology used and physics in general, by students during the
various feedback and evaluation exercises conducted during each semester of
instruction. The comments reflect genuine appreciation of the extent to which multi-
representational problem solving can facilitate problem solving, even among students

with very poor mathematical skills.

6.1.6. Final course results

The same lecturer (i.¢. the researcher) taught all the Physics 1 classes in the Faculty of
Applied Sciences at the Cape Technikon between 1993 and 2003. For fifteen years
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prior to that, he taught Physical Science to Grade 12 level at various secondary
schools in Cape Town, so by 2002 he had accumulated two and half decades of
unbroken experience of teaching physics. Furthermore, since the lecturer was
awarded the Cape Technikon’s Distinguished Teacher Award in 2000, the quality of

his physics instruction can be assumed to be above average.

Nevertheless the Physics 1 pass rate at the Cape Technikon fell almost steadily from
1993 to 2001. Aware of the social, historical, economic and academic characteristics
of technikon students which might account for this decline (and which are described
in Sections 2 and 3 of this study), the lecturer made every effort to “teach harder”, but
since this simply amounted to “more of the same”, in the end it had palpably little

effect on the average academic performance of students.

In the light of the above, the improvement in the Physics 1 pass rate in 2002 and 2003

(the years of the new research-based teaching intervention) is significant.

Furthermore, the various benchmarking studies performed on the student intakes of
these two years make it clear that the improvement cannot be ascribed to better-

prepared, more numerate, or more scientifically literate students.

The number of students who passed Physics 1 in 2003 far exceeded the number
“predicted” by the results of Numeracy Competency Questionnaire, which had
identified only 5% of the class as being numerate enough to merit entry into a
traditional science-based curriculum. However, in keeping with Meltzer’s findings
regarding the correlation between students’ pre-instruction mathematics skills and
their learning gains in physics (Meltzer 2002), the NCQ instrument did prove accurate
in predicting students’ relative chances of passing Physics 1, as shown by the
correlation between students’ score categories on the pre-instruction numeracy quiz
and their chances of passing Physics 1 at the end of the semester (Figure 32).
Students who achieved in the 40-49% range (or above) on the NCQ had a better than
even chance of passing Physics 1, while students who scored less than 30% were

extremely unlikely to pass the subject at the end of the semester.
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It may be argued therefore that, had this intake of students been instructed in the more
traditional, mathematically-centred ways of phvsics rather than the new multi-
representational approach, the pass rate would ndeed have becn much lower (ie,

more 11 line with the prevailing trend).

Fraction of students passing Physics 1
f..-D"I
=
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Score eategorics (%a) UCT NCQ2003

Figure 32, Helattonstnp between 2003 students’ seore categovies on the pre-instruction
mupmergey gz (NCOXNI3Y and the froction of sudents in each category who passed
Phvsics I at the end of the semester. The dushed line is a least squares fit fo the duta.

linally, the case studies in Section 5.3 shed further lght on the intemelationship
hetween students” adoption of the new multi-representational problem solving
stratcgdes, their subscguently incrcased confidence in taclding complex physics
problems, and their wtimately more successfid mathematical performance. all of

which led lo improved course marks.
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6.2 Reflections on implementing the new curriculum

Severa] issues militated against compictc adoption by the students of the new problem

solving strategies.

6.2.1. Conservatism

A common problem facing any new intervention 1s the conservatism which inevitably
arises from the pressure of final eéxaminations. Even students who are persuaded to
try the new technigques during the course of instruetion sometimes reverd to tried and
tested algotithms when their {inal marks arc in the halance. “Maost students choose to
trust their practical cxpericnee and adjust their behaviour n a manner that will get
them a good grade cven it they helicve that alternative behaviour would result in

beiter undersianding” (Henderson et ol 2003, p. 165).

All Faculty of Applied Sciences students whose diploma programme dictates that they
enrol for Physics 1 encounter the subject in their first semester of terliary study,
concurrent with — not subsequent to — a first mathematics course, and furthermore at a
time when they are still making cnormons social adjustiments. A 15-weck course in
physics, in an environment overwhelmingly different to that of sccondary school, s
an cxtremely short and isolated forum in which to expect students to buy into, adopt,
practise and perfeet a totally new approach to problem selving, New paradigms need
time to he assimilated and internalised before they become part of a student’s stock-
in-trade, and the henefits of these deeper approaches do not always show up early in

aclual marks.
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0.2.2. lgnorance of physics pedagogy

One semester is alse a very short time in which to attempt to frec students from the
conditioning effected by 12 years in a secondary scheol cducation system in which
they are olten rewarded simply for sitting passively while the teacher “teuches”, I[n
general, South African secondary school practice discourages large-scale active
participation by pupils, who consequently have to make great adjustments {in a short

time) to mect the sclf-study requircments of tertiary education.

It is impossible to master physics without cngaging actively in the process of
constructing persenalised conceptual knowledge, partly as a result of developing more
expert-like problem solving techniques. In this regard physics stands apart from most
other Cape T'echnikon offerings (certainly first year otferings) which require mainly
only first order cognitive skills such as memorisation and recall — skills which are
inculcated at secondary school level. Physics 1 1s unusual in the extent to which it
requires students to develop second and third order skills, by, for example,
translermng problem solving skills fromr one context to another, and, lurther,
synthesising isolated bits of information into “chunks” of knowledge n order te grow
a single, reliable and consistent model of the physical world around them. In terms of
the distinction made by Ryle (1949, cited in White 1988, p. 33), where other subjects
concern themselves with “knowing that™, physics is primarily concemed with

“knowing how™,

Even programme coordinators and other administraters sometimes fail o appreciate
these distinetions, They tend to be suspicious of the “different teaching procedures™
implemented in Physics 1 and believe that the subject’s poor pass ratcs could be
improved simply by “better” (e, more traditional) teaching. At other times
cducational concerns  are  completely  subducted by  financial and  pelitical
considerations such as subsidies or continued programme viability, both of which arc

inextricably linked to throughput rates.
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Student feedback has revealed that, wittingly or unwittingly, these administrators are
sometimes guilty of conveying thelr own narrow epistemological belicfs to students,
thereby undermining attempts to develop genuine life-long learning skills and
attitudes in the course of Physics 1. Smdents have been led to believe that, the stated
objectives of Physics | notwithstanding, they can pass the subject purcly on the
sticngth of thewr performance in other {content-rich) subjects, or, if nccessary, by
being eventually “put through” through the administrative intercession of a

programme convenor or other administrator.

The ethos thus created feeds the passive “culture of entitlement” increasingly
prevalenl amnong first vear tertiary students in South Africa, making it difficult to
imotivate them to cnpape mcaningfully in cffortful learmng activitics, such as those

demanded in the developinent of robust problem solving skills.

6.3 Limitations of this study and further work

It is difficult, if not methodelogically wnsound. to infer a strong causal relationship
between any one teaching intervention and students’ subsequent academic
improvement. Firstty, tor ethical and logmstical reasons, educators seldom have the
tuxury of being able to maintain a control group while subjecting a test group to a
single specific inlervention. For any given year group, educalors will implement as
rmany supportive and possibly beneficial teaching strategies as they can, the cffects of
which may also be as yot untested. Furthermore, successful generic intorventions
applied in other subjects {e.g. training in nole taking, lime managementl, ete.) will

inevitably spill over into the expenmental group, further impacting academic results.

Secondly, there are many ways in which “academic improvement” can be artificially
manipulated. Levels of difticully inevilably differ from one examination 10 another
and standards are relative, being subjoct to both natural gradual readjustinent and
political pressurc.  Physies 1 al the Cape Technikon is subject to only internal
moderation and it is consequently quite possible to effect considerable mark

adjustments if these are deenied cxpedicnt.
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Further work would be needed lo establish a definile causal relationship between
explicit multi-representational preblem solving fraining and improved academic

performance in physics.

Mention was made in Section 4.3 of the use of worksheets for developing students’
cenceptual and pre-mathematical undersianding of kinematics quantitics such as
velocity and acceleration.  In practice, only very limiled use was made of such
worksheets in this study, as it was found that many students worked so slowly and
laboricusiv through the cxamples that the graphical representations became an end in
themsclves instead of goick and simple devices to facilitate stadents’ prasp of the
problem situation. By the time dynamucs was introduced, worksheets werc
abandened, and students received trmng m the construetion of free-body diagrams
purely through the modelling of examples by the leclurer on the chatkboard. Perhaps
the use of such Tormgl worksheets may be more appropriate and uselul in foundation
courses running over a longer period of Gime than one semester. Care would
nevertheless still need Lo be taken in erder to prevent students losing sight of the wood

for the trees.

In the present study, students were trained to progress linsarly from the text of a
problem, through the pictonial and diagrammatic representations fo the mathematical
representation. Time ceonstraints precluded experimentation with the “shuffling™ of
these stages, as suggested by Alesandrini (1981) in order Lo develop even more robust
problem solving competencies.  Further work nceds to be dome on testing the
uscfulness of, for example, presenting students with a mathematical represcentation
and asking them to “work backwards™ in order to suggest possible pictorizl {or real
lifcy situations {or even textual problems) which may have led to the mathematical

statcment.

Finally, there is much scope lor investigation inte the overarching issue of language,
which has received only the briefest mention in the present work, despite the fact that
the very first step ol most multi-represcatational problem solving sirategies invelves

interpreling a languaye-based depiction of the problem. The issue is particulary
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critical in the South African context, where no less than eleven official languages arc
recognised and accorded (at least theoretically) equal stalus, The recently revised
langaage policy of the Cape Techmikon (hustorically a dual English and Afrikaans
medium institution) declares English 1o be the promary medium of mstruction, but also
makes reference to providing assistance lo sludents in their mother tongue “wherever
this is possible or feasibie”. In praclice. however, besides the provision of a fow
tutors capable of speaking one or two African languages, it 15 usually only Afrtkaans
speaking students who receive cxtra consideration in the way of having their course
notes, tests and examinations presented in Afrikaans in addition to English (although

even this 13 no longer currently common practice at the Cape Technikon).

The problem is exacerbated by the increasing number of foreign students enrolling at
the Cape Teehnikon. Many of these come from other African countries, both nearby
and distant. and may speak a local diateet and/or a “colonial™ language such as French
or Portugucse. ‘Lhe Technikon also recently entered mnto a special educational
relationship with the People’s Republic of Cluna, and several Chinese speaking
students are currently corotled in the Faculty of Applicd Sciences. Having said this,
however, there is anecdotal evidence to suggest that forcign students in fact often fare
far better academically than Jocal students at the Technikon, Greg Pastoll (2002) has
suggested that the so-called language problem is less to do with “lack of command of
language” than it is to do with “muddled thinking”. “A muddy thinker will express
himself muddily in any language, but a clear thinker will always take the trouble 1o be
clear, using the few words at his disposal™ (p. 75).

Apologists who persist in excusing local students on the prounds that the “language
problems™ they experience are due to historical disadvantages rather than a lack of
effortlul commitment to making mesningful sense of the world sround them, are
perhaps helping to perpetuate students” inferior reasoning and functioning by drawing
attention away lrom the real causes and, hence, effective solutions, Since “language
problems™ is onc of the most ofi-cited rcasons for students’ poor performance at
tertiary level, lurther research nto the {rue nature snd causes of the problem would be

viry valuable,
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6.4 Conclusion

During the course of first year lertiary physics, as problems become more complex, or
the contex! becomes unlamiliar, students discover that their tamiliar secondary schonl
algorithmic approaches begin to fatl them repeaiedly, With naive ideas about what it
means lo study physics, and ill-equipped to reason logically, they become increasingly
frustrated, resentful and demoralised. Many, unused to the responsibilitics of tertiary
study, externalise their problems, atteibuling the failure of their previous stratepies to
a perceived intent on the part of {he leclurer lo deliberately cause them to fail by “not

teaching properly" or “making the subject unnecessarily ditficult™,

‘The tension between peor numerical ability and an over-dependence on numerical
methods is almost certainly ome of the main causes of poor first year physics pass
rales at tertiary level, but is seldom explicitly addressed by tertiary lecturers.
Educators al this level perennially assume thal incoming students have been taught
problem solving skills al secondary school level, or, because they have elected to
study science, that these students have natural numerical and algebraic abilities. This
is seldom the case, however, even in developed, first world countries with well-
gstablished secondary schools, well-staffed with scientifically qualified educators. As
Hewitt (1982} cautions, it is a mistake to assume that just because it is easy to feach

physics mathemaltically, it 18 easy o fearn it mathematically,

Only a carefully planned, properly structured, research-based teaching intervention
specilically designed to address these particular shorcomings and attitudes has

proved capable of effecting sipnificant change in such unpromising conditions.

Equipping students with multi-representational skills appears to allow them to step
back from the required mathematics long enough to see “the bigger picture”, that is,
the true nature of the problem, the underlving principles and concepts, and possible
ways of solving it. This study shows that il is possible (o train students in such
unfamiliar skills in & relatively short period of time, even within the context of large

classes of mixed ability.
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As students gradually leam to use the new pre-mathemaiical sirategics, they gain
confidence in their ability to understand and solve physics preblems. As they develep
mere conceptual insight through the use of altemative tools, such as physics diagrams,
they learn to choose more appropriate mathematical representations and they make

fewer mistakes in the numencal stages of problem solving.

students enrolled in the Faculty of Applied Sciences at the Cape ‘Technikon are not
studying to beeome physicists.  They are, however, all studying to become
scientifically literate, and as such it is vital that they be given substantive grounding in
the fundamentals of scicnce, that is. its fundamental content, its ways of thinking and

reasening, and, above all, its methodologies.

The explicit training in pre-numencal, qualitative and conceptual skills carried out as
part of the multi-representational approach introduced in the course of this siudy has
been demonstrated to be an effcctive means of imbuing cven weak students with
seientific procedures and principles. Despite their poor numeracy and reasoning skifls
and their initially inappropriatc beliefs abeout learning physics, many Cape Technmikon
students found that the new appreach enabled them to develep a decper. more
satisfving understanding of the world around them. These methodelogics and

competencies pave the way for further authentic life-long leaming.

04



Appendices

us



Appendix A Baseline Mathematics quiz

(—«"-‘ CAPCTECHNLIKGN

» Choose that answer which in your epinien is the comect or best answer and mark tha
apmropriate block on the answar Sheet prowvided.

¢ |l you are sure of your answer, mark also the block cantaining the queston mark.

= llzg only a PEMCIL on your answeor sheet.

+ Inthe case of a wrang answer erase the pencil mark complotely,

-3

How many bdcks were usad to build the wall in tho
ad_ acant skefch?

A 44 g 46
o A7 D 48
2. The adjacent pipe is cut along the dotted ling and tolded

down flal. Which one of Lhe follbwing shapes will you see?

PEE ST A% Sl T

3. What lraction of the adjacent figura 1s shadad?
1 it 2 i

A 3 B il o 5 I &

4, Totar a roctangle 4 m by 3 m a builder needs 8 wheslbarow loads of tar. How
many whealbarrow Ieads will he nacd to tar a rectangle 5 m by 6 m?
A 135 B 18 c o2 D 36

5 A cubo has six faces (lacets) How many faces does this three-
dimensional letter C have?
AT B & L 16 o 14

G. IT ¥ i5 an odd numbsar. which one of the following is also an odd number?
A dxd B *+2 E w3 B T

e The adjacent piclurg shows 8 wooedan cube with one comer cul off *
ard shaded. Which ane of the following drawings shows how this
cuba will look wher viewad directly from sbove?

i e
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Appendix A Baseline Mathematics quiz

B. Al sides of this figure are elber horlzanlal gr vertical. 1
Hew far i3 it arsund the fioure? g = —=——— 71
A 22 B 44 5 ]
C: 52 B impossibla t0 say 13

9 What is lhe approximate rmass of an empty minibus taxi?
A 1480 kg B 2460 kg C Gtons D B4004

10, The numbers in this row are listed according o a8 cedain patiarn, Which number |5
migsing?

ey Py .

A28 H 35 C 42 o 83

gl [ Which of the following ls NOT equivalent 1o 14%7

i 140

= C oa0

A G014 B O 0,140

12, A pingy-bank holds equal numbers of 8J-cent ¢oing, 20-cent coins and 10-cent
coing, |lew much money is there in the piggy-bank it it holds eight 50-cent coins?

A R400 B 400 conts = REQD 0 REAQ

13, A pile of 80 sheets of paperis 0.5 cm thick, How thick is one shest?

& 0.1 mm B 1mm 0001 cm 0O 0025 cm
14, Each pizza supplied by a restaurant consists of 8 slices. How many pizzas aust

18 students buy If each ane wants to eat 3 slices?

A B B 4 c 18 D 24

15, A driver used 40 litres of petrol to travel the distance of 300 km frorm Cape Town to
Port Elizabeth. How many litres of pefrel will ke use to travel the 300 km from Port
Elizabath ko East London?

A 15 B 20 © s o 30

16. A snail which is & om long g ides forward
al a steady pace. |t covers a distance of
S om every minule. How long will it ake
the snail to pass compinlel: through a
pipe which is 25 cm long?

A 2.8 min E &Hmin C Bomin N 3 min

U



Appendix A Baseline Mathematics quiz

17. The mass of a conkainer with sugar was 13 kg, After one third of the sugar had
bean used, the mass of the container wilh the rest of the sugarwas 8 kg, What
was the mass of the empty container?

A 1kg B 4kg C 10k O none of those
18. in 10 years time tre combined ages of four sisters will ba 100, What will the

combinad ageas be in § years time?

A 16 B &0 [ 4] [ |

19 A cricket and a flea decide to hop up a flight of 12 stairs. The [lea takes twoe steps
in ona hop and the cricket takes 2 skeps in ooe hop. Gn how many steps Wil both
the flea and the cricket land’?

& 2 B 3 L [

20 A cooldrink costs B2, You get 50c when tetuming an empiy bottle, Andile has
Rz20 to spend o coldinks. YWhal is the maximum number of cookdinks be can buy?

A 1D B 12 &y g ) o 14

. Four ctlldren play tennis. Cach child plays cach of the others once, How many
matches are played?
A4 B 5 C & C 1z

1l Gina has 3 4-digit combination which opens her locker padlock, She remembers

that the digits are 3, 5, 7 and 3, but has forgotien the cotrect ardar, What is the
maximum number of guesses she would have to make to iry to gpen her dock?

A 18 E 24 C G4 D 266

23, Hatf of 108 iz

A 5 B 107 ¢ Sx10" D §x10f

24, A boal sails from point Xt pueint Y on a bearng of 079°, In what direction must it
=ail to get back to X from Y7
L 4 B 1B & 2657 D za1°

25, A shing is wound arcund a circular rod exactly four times,

creating a hilix from one end of the red o the other, What is
the kength of the string iF the rod has a length of 12 cmand a
circumference uf & cm?

A 16 cm E Z0cm C 24 om D 28cm
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28.

27

24.

29.

30

if you have finlshed,..

The diagonals on two adjacent laces of & cube meet at one
vertex, as shown. What is the size of the angle between the
diagonals?

A 45" B &0° G Ol o 1200

& lame cube consisls of allemate black and white cubes,
2% shown in the igure, How many white cubes are thare
in the large cuhe?

A 9 B 12
o 13 B

A boy and a girl ran 2 100 m race, which the boy wins by 5 m, so they decide o
race again, this fime with the boy starting 5 m behind the starding line. If they cadh
run at the same spesd they ran before (and their acoeleralions are innored),

A Ahe oy will win by 25 em
B the boy will win by S0 cm
¢ the boy and tne girl will fie
D the oy will lose

The people below are represented by six points an the graph, acconding to their
he'ghts and ages. Which poirst represents Dawid's height and age?

iy

1= P
[-1]
& 3
g+ 5
ﬁi
e
fiefght
fna  Brenda Cathy Dawid Enoch Fahiema
A1 B 3 C 4 B &

Twz arncepas are placed in s fest tube. They reproduce by
splitting themseves in two, a process that takes five minwtes. After

faur hours they have filled the test tube. How long would it take a :
singfe amoeba in the same quanlity of water 1o do the sama? » Lﬂ
|
A 4h E 4hBEmn € dh G &nh o
-

& father and son have the same two digits in their ages, but wikh
the dinits reversed. Mine years ago, the father was twice as old
asthe son. How old are they now?

[Shipw your working on the back of your angwer sheet.

l:_} i')
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Appendix B Classroom Test of Scientific Reasoning

it i = S S R N S i = B B et il R o il ] Tl i T Ty
1aT = PR TR 7 e ‘_(‘_‘_,ﬁLPE T

| Firstname: Surnamn:
[ Course cods; -

Drate:

INSTRUCTIONS

i = This iz a lest of your ability to apply aspects of scientifiz and mathemallcal reasaning fo
analyse a sifralion, make a prediction, or salve a problem,

_! » | some questions you will be asked to show your work, or explaln your answer, or both
Try to answer 85 complelely a5 you can in the spaces provided, In some cases Lhose
explanations ang more important than your aclual answer.

o Lse only a PENGIL on your answer sheel.
« When thg guaston prosides multiple answers, TIRCLE the lgtder next to the bast
answer and explain your selection.
Eg: How importani do you think Physics 1 is to your future carear?

@ Fhysics 1 i5 essential tralning for my future carser!
8 Physics 1 (s not really impartant.
G Physics 1 |s a waste of time.

T‘hjsu = fhe most Gonsmmeatal of o} He stiemesn B bredes g ie Fhink,

! o |1 wou do not fully understand what iz boing asked in & guestion, please ask the
; invigilator far slarifization.
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Appendix B Classroom Test of Scientific Reasoning

1. Suppose you are given two balls of clay of egual size and shape. The
two balls are also of equal weight. One of the balls is flaitenad Inio a
pancake-shaped piece. Which of the following statements Is comect?

A The ball welghs more than the pancake-shaped plece.
8 The two pleces weigh the same.
C The pancake-shaped place weighs more than the ball,

Please explain vour salection.
2. The two cylinders in the sketch are Giges marbie Stesl marble
filled to the same level with water. The . °

cylinders are iderntical In size and
shape. Alzo shown are two marbles,
one made of glass and one madae of
steel. The marbles are the same sizs,
but the stesl one Is much heavier.

When the glass marble Is put Into
Cylinder 4, it sinks to the bottom and
the water level rises to the 6™ mark. If
we put the stesl marble into Cylinder 2,
the water will rige

A o alower level than & did In Cyiinder 1
B o a higher level than & did In Cylinder 1
C tothe same level as i did in Cylinder 1

Please explain your selection.

Cylinder 1 Cylinder 2
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Appendix B Classroom Test of Scientific Reasoning

& The wide and narrow
cylinders in the skeich have
equally spaced marks on /
them., Water is poured Into
the wide cylinder up to 4"
mark, as shown in{a). This

water riges to the 8 mark — — _/,,
when poured into the namow
eylinder, as shown in (b).
Water is now poured into the 4 ¢
wide cylinder upto the 6 . 2R
mark. How high would this (@) ®) L2

water rise I it were poured
into the emptly narmow cylinder?

Answer:

Please show (or explain) how you amived at your answer.

4, Water is now poured into the narrow cviinder {described in Question 3 above)
up to the 11 mark. How high would this water rise If it were poured Into the
ampty wide oviinder?

Answaer:

Pisase show (or explain) how you arrived at your answer.

102



Appendix B Classroom Test of Scientific Reasoning

5. The sketch shows thres slrings hanging from a
bar. The strings have metal weights hanging

{ x Y
from their ends. String X and String £ are the
same length, but Siring Y Is shorter. A 10-unit
welght Is attached to the end of String X, @

A 10-4mit weight is also aftached to the end of
String Y. A B-unit welght Is attachad to the end
of String £. The slrings and thelr welghts can be
swung back and forth, and the ims R takes for
them fio make a compilete swing can be measured.

Supposs you wanted to find out whether the length of the siring has an effect
on the time taken for a complete swing... Which sirings would you use to find
out?

Answer.

Pleass explain why you chose the strings you did.

6. Supposa you wanted 1o find out whaether the amoumn of weight attached fo the
end of a string has an effect on the time taken for a complete swing... Which
of the strings In Question 5 above would vou uss to find out?

Answer:

Please explain why you choses the strings you did.
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Appendix B Classroom Test of Scientific Reasoning

7. Twenty flies are placed in sach of Red tight

four glass tubes shown in the il il il il | il
sketch, The tubses are sealed. i _ W

Tubes | and I are partly m‘veredv - . v
with black paper; Tubes lil and | ﬁ

are not covered. The tubes are
suspended in mid-alr as shown n

anvd then exposed o red light for

five minutes. The numbers on the t ¢+ t+t ¢t 4+ 1%
tubas indicate the number of flles Red Bght

in the uncoverad part of each tube.

_ This expseriment shows that fles respond to (respond means to move toward
or away from)

A red light but not to gravity
B gravity but not to red light
G both red light and gravity
D nelther red light nor gravity

Please explain your sslection,

8. In a second experiment simiiar to Blus ight
the one in Question 7 above, blus ‘L . t ‘L ‘ “ ¢
fight was used inslead of red. The i W
resulls are shown In the adjacerd — -
skefch. These data show that files ﬁ " a v
respond 10 (110 ] 10])
A blue light bit not to gravity a
B gravity but not to blue light T f T ? ? ?
¢ both blue light and gravity Bive liht
D nelther blue light nor gravity I
Please sxplain your selection.

104



Appendix B Classroom Test of Scientific Reasoning

9. Six squars pleces of wood ars put inlo & cloth bag and mixed. The six
pieces are identical in size and shape, but three pieces are red and three
pleces ame yeliow. Supposs someons reaches into the bag without
inoking and pulls out one plece... What are the chancas that the plece is
red?

Answer;

Please show (or explain) how you arrived at your answer.

10. Three red square pleces of wood, four vellow square pieces and five blue
square pieces are pit into a cioth bag. Four red round pleces, two yellow
round pleces and thres blue round pleces are also put into the bag. The
bag s then shaken. Supposs someone reaches info the bag (without
looking or fesling for a particular shape) and pulls cut one pleca... What
are the chances that the piece is a red or biue circle?

Answer:

Please show (or expiain} how vou amived at your answer.
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Appendix B Classroom Test of Scientific Reasoning

1. The sketch shows a box with a light bulb and four
butions numbered 1, 2, 3, and 4. The bulb will light @
only whan the correct button or correct combinalion
of butions s pushed at the same time, Your ® 000
problem Is to work out which button (or combination 1 2 3 4
of buttons) must be pushed to light the bulb.

Make a list of all the combinations of bultons you
would push to figure out how to make the bulb light.

12. The fish In the drawing below were caught by a fisherman, who noticed
that some of the fish were big and some were small. He noticed also that
some had wide slripas, while others had narmow stripes.  This mada the
fisherman wonder if thers was a relation belween the size of the fish and
the width of their stripes.

Do you think thers I & relation batween the slze of the fish and the width of their alripes?
A Yes B No

Please explain your cholce.
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Appendix C Physics expectations survey

PHYSICS QUESTIONNAIRE

o Jtems 1 to 20 are statements which may or may not describe what you
believe about Physics. You are asked to rate each statement by choosing a
response between A and E and ringing the letter of your choice on the
answer sheet provided.

¢ PLEASE DO NOT MAKE ANY MARKS ON THIS SHEET.

¢ Do not over-elaborate the meaning of each statement. They are meant to
be taken as straightforward and simple.

o Work quickly. If you do not understand a statement, leave it blank.
e [f you do understand, but have no strong opinion either way, choose C.

e Jf an item combines two statements and you disagree with either one, choose
AorB.

1. Learning physics helps, or will help me understand situations in my
everyday life.

2. In doing a physics problem, if my calculation gives a result which
differs significantly from what I expect, I would just have to trust the
calculation.

3. To understand physics, I expect to think about my personal
experiences and relate them to the topic being analysed.

4. IfIcouldn't remember a particular equation needed for a problem in an
exam there would be nothing much I could do (legally!) to come up
with it,

5. To understand physics it is important to be able to use many different
representations (ie graphs, tables, drawings etc) to describe the same
situation.

6. IfI came up with two different approaches to a problem and they gave
different answers, I would not worry about it. I would just choose the
answer that seemed more reasonable.

7. Physics is related to the real world, but you can understand physics
without thinking about that connection.

8. Physical laws have little relation to what I experience in the real world.
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9. Tami just read something in her physics textbook which seems to
disagree with her own experiences. But to learn physics well, Tami
shouldn't think about her own experiences; she should just focus on
what the book says.

10. Often, a physics principle or theory just doesn't make sense. In those
cases, you have to accept it and move on, because not everything in
physics is supposed to make sense.

11. If a problem in an exam is not fairly similar to one I've already done, I
don't think I would have much of a chance to be able to solve it.

12. When handing in a physics test, you can generally have a correct sense
of how well you did — even before talking about it with other students.

13. To really help us learn physics, the lecturer should spend more time
giving us facts instead of spending time on concepts and theory.

14. To succeed in physics it's more important to be able to memorise large
quantities of information than it is to make sense of the underlying
ideas.

15. If the physics lecturer gave really clear lectures, with plenty of real-
life examples and sample problems, then most good students could
learn physics without doing lots of sample questions and practice
problems on their own.

16. When solving problems, the key thing is knowing the methods for
addressing each particular type of question. Understanding the "big
ideas" might be helpful for specially written problems, but not for most
ordinary problems.

17. To understand physics, the formulae (equations) are really the main
thing. The other material is mostly to help you decide which equations
to use in which situations.

18. Although the formulae aren’t “tested” directly, correct and clever use
of formulae is perhaps the main thing needed to do well in tests.

19. Some formulae summarise key concepts.

20. Although the formulae sometimes don't help you work out how to
solve problems, learmning them can increase your problem-solving
speed.
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21. If you had only very limited time to study, which of the following
options would you choose?

Learning only a few basic formulae, but understanding them
really well.

Learning all the formulae from the relevant chapters, but not
understanding them too well.

A mixture of A and B, but more A than B.

A mixture of A and B, but more B than A.

An equal mixture of A and B.

mgQ wo »

22. The following is a discussion between two students who disagree with
each other.

Brandon: A good physics textbook should show how the material in one
chapter relates to the material in other chapters. It shouldn’t
treat each topic as a separate “unit”, because they’re not really
separate.

Jamal: But most of the time, each chapter is about a different topic,
and those different topics don’t always have much to do with
each other. The textbook should keep everything separate,
instead of blending it all together.

With whom do you agree? Read all the choices before choosing one.

A I agree almost entirely with Brandon.

B  Although I agree more with Brandon, I think Jamal makes some good
points.

C I agree (or disagree) equally with Brandon and Jamal.

D  Although I agree more with Jamal, I think Brandon makes some good

points.

I agree almost entirely with Jamal.

i
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23. In lectures and textbooks, you often see examples of physics concepts
applied to real-life situations. For example, many textbooks describe
aeroplanes flying in crosswinds and explain the resultant motion of the
aeroplane using vectors.

When you study for a test, which of the following best describes your
attitude towards understanding real-life applications of physics such as
air navigation?

A Since they're not really tested, they're not very important (worth
under 5% of my study time).

B They are a little important, but not nearly as important as certain

other things — such as problem-solving techniques or the

qualitative concepts (worth between 5% and 10% of my study

time).

The examples are fairly important (worth 10% to 20% of my

study time).

The examples are quite important (worth 20% to 30% of my study

time).

The examples are very important (worth 30% to 40% of my study

time).

The real-life examples are essential (worth over 40% of my study

time).

m O O

o s}

24. Consider the following question from a physics textbook:

"A horse is urged to pull a cart. The horse refuses to try, stating
Newton's 3™ law as a reason: The pull of the horse on the cart is
equal but opposite to the pull of the cart on the horse. 'If I can never
exert a greater force on the cart than it exerts on me, how can I ever
start the cart moving?' asks the horse. How would you reply?"

When studying for a test, which of the following best describes your
attitude towards studying and answering questions such as this one?

Studying these kinds of questions...

isn't helpful, because they aren't really what's tested.

helps a little bit, but not nearly as much as studying other things
(such as problem-solving techniques or formulae).

is fairly helpful (worth a fair amount of time).

is quite helpful (worth quite a lot of my time).

is extremely helpful (worth a whole lot of my study time).

mgoa we
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Appendix C Physics expectations survey
Pre-instruction response sheet

PHYSICS QUESTIONNAIRE Name:

g m Disagres Course Code:

C toual Yeoar: Semester:

E Sirongly Agree
1. A B C D E 3. A B G D E
2. A B C D E 4. A B C D E
3 A B G D E 15 A B C D E
4 A B C D E 8. A B G D E
5 A B c D E 17. A B C D E
B A B C o E 8. A B G D E
7. A B C D E 9. A B c D E
8. A B C D E 20. A B c D E
8 A B G D E 2. A B ¢ D E
10. A B C D E 22. A B C p E
1. A B C D E 23 A B C D E F
12. A B c D E 24 A B c D E

25. Maeny students report that they sometines come away from a lechurs fealing ke they
undaersiand a given toplc or concept, but when they ry to complets a homework problem on thet
topic, or 4 question in a test, they get sluck. Why do you think this happens?

What, do you think, could be done (by students and/or the leciurer) to "o this?
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Appendix F End-of-course evaluation questionnaire

The lecturer ...

1. was available for consultation at reasonable times outside of the lecturing
times.

2. encouraged students to express themselves freely and openly on the
subject matter.

3. set tests which focussed not only on memory work.

4. pointed out the importance and significance of the subject matter to the
students.

presented the subject matter in an interesting way.
indicated clearly how each topic fitted in with the subject.
set test questions which were clearly formulated and relevant.

set test questions which emphasised the application of the theory.

© ® N o @

gave interesting, relevant tutorials/assignments/projects.
10. conducted meaningful laboratory/practical work.

11. formulated clear study aims.

12. indicated the relationship between theory and practice.
13. stimulated original and independent thought.

14. consistently ascertained whether students understood and mastered the
subject matter.

15. discussed tests with the students so as to enable them to find out why they
made mistakes.

16. handed out notes which provided adequate coverage of the course.
17. presented the subject matter enthusiastically.

18. came well-prepared to lectures.

19. spoke clearly and with the necessary intonation.

20. showed interest in the students and their academic progress.

21. displayed a sense of humour.
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Appendix F End-of-course evaluation questionnaire

22. used appropriate teaching media effectively (chalkboard, overhead
projector, etc.)

23. was in control and maintained a reasonable level of discipline.
24, marked tests/assignments promptly.

25. was punctual for lectures and appointments.

26. used appropriate and relevant teaching methods effectively.
27. explained new concepts and ideas clearly.

28. was up-to-date with new developments in the subject field.
29. made effective use of lecturing time.

30. had the ability to communicate effectively in the language in which the
subject was presented.

31. had a good perception of the student-lecturer relationship at a tertiary
level.

The classrooms/laboratories ...

32. used by this lecturer provided a suitable learning/teaching environment.

The group work sessions ...
33. were enjoyable.
34. were effective in developing interpersonal skills.

35. helped the students master the subject matter.

General impression of the lecturer ...

36. On the basis of the detailed answers above you are asked to make a
GENERAL ASSESSMENT of the lecturer (on the ANSWER sheet): As a
lecturer he/she is

Excellent A B C D E Very poor
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14|

['8 am tutorisis (Tues & Thurs) |

The sessions... | WPS intervention |

1. weré stiended by me. A B C D E The Waekly Problem Sets...

2. helpedmeio better understand thePhwslsmelerld A 8 C D E .

3. heiped me compiste theWeeklyProblemSsts. = A B C D E 0 Providedan enjoyabls challenge.

4. provided me with an opportunity fo work on Physics A B C D E 11. encouragad me o think more desply about Phyaics,
in groups with other students. 12. contained interesting, relevant qusstions.
Other comments/suggestions: 13, promoted effective groupwork.

14. helpad to Improve my test marks.

15. caused me an unreasonabls amount of stress.
Cther comments/sugnestions: PTO

The WPS Mentor/Tutor (Mr Bakupuia)...

he 18. was avaiiable for consuliation st ressonable times.
¢ butors... 17. had a good grasp of the sublect malerial.

5. wers punciual and present at all times. A B €C D E 18, expisined things cleerly,

8. had a good grasp of the subject materisl. A B C D E 19. gave feedback on Tussday mormings which was

7. expisined things clearly. A B CD E ussfilelphd fo me.

8. provided comect answers i fulorial questions. A B C D B 20. had the sbifity to communicaie effsciively in the

9. pleyed an important rols In improving my language we used together.

" performance in Physics. A B CD E 21, showed Interest in students and thelr scademic

progress.
Other comments/suggastions:

| PHYSICS 1 FEEDBACK |

22,

played &n mportant role In Improving my
performence in Physics,

Other comments/suggestions: PTO

in your opinion, should the present system of

Weskly Problem Sests for Phyaics 1 continue?

> r > > >

M o m m m

8 C Db E
8 C Db E
8 € D E
8 € D E
B8 C D E
8 € D E
A B C D
A B C D
A B C D
A B C D
A B C D E
A B € D E
A B C D E
Yas | No

o xipuaddy

nsanb 309 woIqoIJ AP[oo

SJeUUo
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Weekly Problem Sct
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Appendix H Class test 1, 2003

PazIT BEMESTER | 2004

CAPE TECHNIKON

»

Question 1

» Choose that answer which in your opinion is the corract or best answer and mark the
approprate block an the answer sheel provided.

If you are sure of your answer, mark alse the block comaining the question mark.

If your make a cross in the box containing the word NAME you wili be awamed 4 bonus mearks,
Lise only 3 PENGIL on your answer sheel,

In the case of 3 wiong Answer eraze the pencll mark completely.

Tt Which of the following is eguivalent o 900 oe?
A DOSmE B 03 C 08m° D g9x10' mm®

1.2 The bearing of wectar X in the adjacent rough sketch is A

R B &0° B
- Wardih

C o120 o 2o ;
QS The resultan) of twe displacement vectors, 4 km SWand 5 km SE, i

A 3km 3 B 3km, 174" C 64 km, 174% D 6.4 km, 188°
Questiong 1.4 and 1.5 refer to an athlete who mins N
clockwise around a circular track with a radius of 70 m, 0 \
Stanting i the west, he takes 8 mindte o reach the souwth, w j
1.4 Hiz average speed far the three-guarier circuit, inm's, 1s 5

A 12 B 1.7 C a5 D i

i His average velocity for the three-quarter circuit is

1.7 mfz, 5E
1,7 mfs, NW
5.5 mis, BE
5.5 mifs, N

oom>

1.6 Twn farces of 6 N and § N, with an angle of 120" between them, act on the same
point. The magnituds of their resultant is

A lessthan 10 M

B 10N

G between 10 Mand 14 N
D 14 M




Appendix H Class test 1, 2003

1.7 The motion of an objectin a
gtralght line Is Hlustrated on ®
the adjacent velocity-time £
graph. g
The magnitude of its average .
velocily over the 5 s interval is =1

PR SRR Y

ot §ofent

sy

>
NN PRAFRY PR Spis i

dacnga ~tdnendeond.
daomodo: Sudoon oo o oo

A Omis B 02mis C 05mis D 14mis

7 x 4 =[28]

Question 2

2.9 A piiot wishes to fly 100 km dus south. There Is an eastery crosswind
blowing at 65 kivh. Caloulate:

2.4.1 the direction in which the pilot must fiy if the plane’s normal air speed is
500 km/h; (8
2.1.2  how long the flight will take. {5) [10]

2.2 A man travels 10 km north at 30 kmvh before turhing and travelling 10 km
gouth at 40 km/h. Calculate:

2.24 his average speed for the whols frip; )
2.2.2 his average velocity for the whole trip; 2 9

23 Acarsbwsdownunlfonnlyfmmmkwhtoaomlnﬂn 12 8. Calculate
the distance it travels during this interval. 8]

24 Two trolleys are 4 m apart on
& long Inclined plane at time
t=0, as shown,

Trolley A Is moving down the
slopeataeonstantspeedof:imls whils trolisy B Is just starting from
rest, accelerating at 2 m/s®>. Determine how far trolley B travels before it
catches up with trolley A, {10}
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Appendix 1 Class test 2, 2003

Bag1y SEMESTER | 2004
: : i3 (-"k-. CAPLE TECHNIKON

Guestion 1

= Choose that answer which in your opirion is the comec? or bast answar and mark the
appropriate block on the answer sheat provided,

= |Fyou ars sure of your answer, mark also the block containing the gueastion mark.

« Lisa only a PENCIL an your answer sheat.

+ In the case of a wiong answer erase the pencil mark completely.

11 Il the valocity of a motor car is halved, which of the following will also ba halwed?

A inartia B maomentum C  acceleration O kinetic snergy

1.2 A trolley with 2 mass of 2 kg moves along a frctivnless Roriconlal surface ot a
speed of U6 m's. A stationary 4 kg object is droppad unto the moving tralley. The
fralley's new spaad is

A 01 mis B 0Zms C 0,3mfs 0D 04 mis

1.3 Twu trolleys, masses S kg and 2 kg, are juined by a rubber band and held apart as
showr, £ and Fz represent the raspactive forces exarted by the mubber band on
each Irolley, while a; and a; represent tha respeclive acceleratlons of the trol oys
when they are relsased. Which of the following is correct reparding the relatve
magniludes of the forces and the accaleralions?

Fi=Fzanda;<a: sl o B a,
Fi=¥Fzamla;=a; Skg -1- ‘2 2}"."
Fi=Faandas =< as

Fi=Fzanda;=ay

O omr

1.4 Tweo forcas of 5 N gach act & the same poinl. Tha magnitude of Lthelr resultant Is
5 M. Which of the fullowlng statements |5 true?

The angle betwsaen the furcas |5 BO°.

The angle between the forces |s 1207

The forces are opposita N directkon.

The forces are perpendicular e each other.

oom>

Tk Tha skatch shows g piclure Randing un a natl. For the lension in
the hartging wire 1o equal the weight of the piclure, i should be

L B 45
cars o s0f

L3
xS
W



Appendix I Class test 2, 2003

1.6 Each af the vessgls shaown s fillod 1o
8 depth b with a liguid of density p,

The dowrward {orce of the lguld on
the base

is greatest in vessel X
is grealest In vessel Y
is groatost in vessel £
is lhe saine in all thrae vessols

O&m

1.7 A foam block is 5 mm hegh. It floats on waler wilf: a
draughl of 1 mm, as shown,
The relsfive density of the foam (s

A 01 B 02
C 04 D 08
Question 2

2.1 A 970 kg crate is dragged 20 m acmss a lovgl
floor at & constant specd of 0,5 m's by means
of arope. A constant force of 283 N s
apgplied to the rope, which makes an angle of
45" with the horizontal. Caleulate:

2.1.1  the frictional force on the crate;

2.1.2  thc work donc on the crate in moving it 20 (4}
213  the magnitude of the normmal force on the crate; (4)
214 the coeficient of Kinetic friction for the suracos involved: (3)
215 how long it takes to drag tho crale 20 m; (2)
218 the foros required on the rope (o keep the crate maving at 0,25 mfs if

the ropa now makes an angle of only 30" with the hardzantal (5] [22]
2.2 Chetermine the magnitude and 136 K 15N

position of the single farca
requirgd to halance

thc plank in the (8]
adiacent sketch,
23  Atennis ball with a diameter of 70 mm and an overall relative density of
0,28 fioats in water. Calculale
231  the mass of the ball; )]
2,32 the mass of water the ball displaces, {?)
233  the volume of water the ball displacos, (23 10

£

125



Appendix J Final examination, 2003

— o e
FHYSICE 1 == FHB1130
FISIKA 1 FHE1ILEC
& QU000 — 1200
g 03062003
FACULTY: APPLIED SCIENCES
FAKULTEIT: TOEGEPASTE WETENSKAPPE
COURSE: KURSUS:
MO AKALYTICAL CHEMISTRY MO AMAEITIESE CHERMIE i
HO CHEMICAL EMGIMEERING MO CHEMIESE INGEMIEURSWESE
MO FOOD TECHWOLOKSY MO VOEDSEL T FGHOLOGIE
MO BIOMEDICAL 1S INILDGY MG BIGMEDIESE TESNOLOGIE
HO SCEANOGRAPITY HO DSEAMDSGRAFIE
EXAMINEREKSAMINATOR: G LEIGH
MODERATORS: MEMITH !V ELLIOTT
INSTRUCTIONS: INSTRUKSIES:
1. Answoer AL the ceeslions. 1 Beanteocnd AL_E vrag,
2. Fullmarks =240 [Marks availatre = E24.] 2. Nolpunte =210, |[Funte beskikbaar = 223.]
3. Humber each subsecton of eack question 3. Mommer alke endarafdeling van elke wraag
fully and clazry. volledig an du delik.
4. Zonsult the dava booklat where necassany. 4. Raadp'edaq die gegawe 1sbeekis warl nodig.
DO NOT MARK THE BOOKEET IN ANY MIET HIE EMIGE MERKE {F HIERDIE EQEKIE
Wea¥ — AMO RETURM IT INSIDE YOUR MASK NIE - EN HANCHG DIT RINKE U
SCRIET, ANTWIHIRDSTEL M.
5. Calculaiors may be used, but take care ot S Sakrekenaars mag gebruik word, mas: mask
0 oy wnrking Hnes 11om yaur answers sexer a1 daar nv cniue borekeringstpps van |ou
anbeoorda wegorlaal waord nig.
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Appendix J

PO3J Physics 1 PHBI3C/PHBIILC page 10f8

cscocs srpserrere

1.1

1.2

13

1.6

1.6

Question 1

¢ Choose that answer which in your opinion is the correct or best answer and mark the
appropriate biock on the answer sheet provided.

e If you are sure of vour answer, mark also the block contalning the question mark.

e Use only a PENCIL on your answer sheet.

e In the case of a wrong answer erase the pencil mark compiletely.

Which of the following Is equivalent to a litre?
A 0001m® B 001m® c 01m? D 1dm

in which of the following pairs are both physical quantities vectors?

mass and momentum

mass and acceleration
acceleration and momentum
kinetic energy and momentum

ocOom>

The magnitude of the resultant force in the 10N
adjacent dlagram Is

10N a0

ON 1
10N oN

greater than 10 N
smaller than 10 N, but greater thanO N 10N

DO@>

An athlete runs three quarters of the way around a circular track in one minute.
The track has a radius of 70 m. The magnitude of his average velocily, in m/s, Is

A 12 B 1.7 C 35 D 58

Which graph represents BOTH zero velocity AND zero acceleration?

A 8 ] D
8 8 v v

A 3 kg ball strikes a wall at € m/s and bounces straight back at 4 m/s,
The change in momeantum, In kg.m/s, is

A -B B 6 C 12 D 30

Final examination, 2003
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Appendix J Final examination, 2003

PO3J Physics 1 PHB113C/ PHBIILC page 20f 8

1.7  Acarmoves along a horizontal road to the right at a constart veloclty of 80 km/h,
Which of the following diagrams best represents the forces acting on the car?

A B c ] D I
18 Two iron spheres of mass 1 kg and 2 kg respectively are dropped simultaneously

from a bullding in the absence of alr friction. When they are each 1 m above the
ground, they have the same

inartia

momentum

acceleration

potential energy relative to the ground

ooo>»

1.9 The graph shows the relationship between the acceleration a of a given mass and
the force F used to produce that acceleration In a frictionless syatem. The
gradient of the graph represents

A mass

B displacement
C average velocity
D final velocity

E

1.10  The equilibrant of two forces acting at the same point on a body

A pravents the body from moving
B s exaclly the same as the resultant
C has the opposite effect to the two forces together
i D is that single force which has the same effect as the other two forces togsther
1.11 A picture with a weight W Is hung on a nalil on a wall
by means of a cord at the back of the piciure, as P
= S
The tension Inthe cord is
W w W
AW 2.sin15° € e O 3
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PO3J Physics 1 PHB113C/PHBIILC : page 30f8

142 A4 Nblock is suspended by a

string from one end of a stick. ifthe z I T 3
stick is balanced by a support one ‘

quarter of its length away from the {4N|

block, the stick's weight is

A 1N B 2N C 4N D 8N

1.13 The upthrust on a body immersed in a fluld Is equal to the

A mass of fiuid displaced
8 weightof fuld displaced
¢ wolume of fluld displaced
D density of fluid displaced

114 A cube of wood has a side of 5 cm. It floats in water
“ with 1 cm still showing above the surface, as shown,
The relative density of the wood is som

A 02 B 04
C 08 D 12

fem

| 1.45 A block of wood measures 20 cm by 5 cm by 3 om. Each cublc centimetre of the
wood has a mass of 0,85 g. The density of the wood Is therefore

A 38 gom® B (085x300)gom’  C 085glm’ D 850 glom’

1.16  The phase equilibrium HzO0(4) = HxO{g) wili be reached In a closed contalner

&t the triple point of waler

as soon as the water begins to boll

oncs the rates of evaporation and condensation are equal

when the saturated vapour pressure equals the extemnal pressure

oOw»

|i 1.17  During melting, lead experiences NO change In

A phasa

B wlume

¢ temperature

D the internal energy of its particles

1.18 A change of x C° Is exactly the same as a change of
A (27315+x0)K B (273,i6+x)K C (x-273)K D xK
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PO3J Physics 1 PHB113C/ PHBTILC page 40f 8

1.19 Waterat 0°C

A will freeze by iteelf

B isless dense thanice at 0°C

C needs extra enargy in order to freeze

D - contains more energy than the same mass of ice at 0°C

1.20 Which one of the following sketch graphs best represents Boyle's law?

| Y Ve %

121 Steam does not obey Boyle's law because

it is too hot

it is actually a liquid

i is a vapour, not a gas

it does not have a fixed mass

DGow>

1.22  Which of the following temperature increases would cause the pressure of an
enclosed gas to double?

0°C 1o 100°C

50°C to 100°C

323Kto 373K
320K10640K ‘

DOBP»

1.23 A balioon Is inflated with alr and then subjected avi
o various temperatures and pressures. Py
The adjacent graph of the product p.V plotted
agalnst the product R.7 (in standard S| units) 3
Hustrates the results.

. .
The number of moles of air in the balloon is 2 4 RT

A B 15 C 4 D8

124 When two charges are 1 m apart, the slectrostatic force belween them is F
nowions. if the charges are moved so that they are now 2 m apart, the
electrostatic force betwesn them becomes

A YF B WF C 2ZF D 4F
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PO3J Physics 1 PHB113C/ PHBIILC page 5of8

e —

1.25 Which of the following arrangements provides an effective resistance of 10 Q7

A B c D
5032 502 50 2

5Q 150 + 3100 : 32 $ 2
503 50% $50 100F Tw00

1.26 An sleciric light bulb is labelled 12 V; 2 A. When operating correctly

its resistance is 24 )

the powerofthe bulb is 6 W

it should draw more than 6 A

it consumes 120 J of energy every 5 seconds

cSOoo>

1.27 U1 J of work is done in moving a charge of 1 C from polint X to point Y In an
electrc fleld,

A the current between Xand Yis 1 A

B the resistance between Xand Yis 1Q

¢ the potential difference between Xand Yis 1V

D the magnitude of the force exerted on the charge is 1 N

128  The kW.his a unit of “

A energy B power C time D electricity
1.20 The resistances of the battery and ammeter in the'glvan

circuit are negfigible. When switch S is closed, the —4'——(5

reading on the ammeter 4n A

A drops fo zero s ...:m

B s halved AP

C s doubled

D increases slightly

430 AG0W bulband a 100 W bulb are connected In series to the mains. Which
statement is comect regarding the brightness of the bulbs?

The 60 W bulb bumns brighter.

The 100 W bulb bums brighter.

Both bulbs burn equally brightly.

The buib connacted first in the clroult bums brighter.

TCOm>

30 x 3 =[90]
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PO Physics 1 PHB113C/ PHBIILC page 6of 8

i o S

Question 2

24 A truck's speed increases uniformly rom 4 mis to 16 mis in 20 s.
Calculate:

2.4.1 the magnitude of the truck's acceleration; {4)
2.1.2 the distance travelled by the truck during the 20 s; {4
21.3 the truck’s average speed during the 20 s. {2) 110

2.2 in the same instant that a Poreche races past him at 129,68 ki/h, a speed
cop sets off on his motorcycle, accelerating uniformly at 8 mie?, to catch
the speedster. After § s the traffic officer reaches his top speed, which
he than maintains unti! he catches up to the car.

221 Calculate the motorblke’s top speed. {4)

222 Draw the complete Physics diagram of the situation which you would
use o determine how long it takes (afier the car passes him) before the
traffic officer catches up to the car. Your diagram should inchude all the
relevant variables which you know, as well as those which you would
need to determine in order to find your answer, {7y {11]

23 A 9 kg mass hangs suspended
between two supporis as shown.

2.3.1  State the Trangle rule for forces
in equilibrium. (3)

232 Calculate the tension, T, in the
right hand string. (5) (8]

Question 3

3.1 A box slides down a siope which \
makes an angle of 37° with the 2m
horizontal, as shown in the sketch. —

When it is 2 m from the bottom it is ar
travelling at 1 m/s. The coefiiclent of
friction involved is 0,5.

3.4.1 Show that the box is accelerating at 2 m/s®. (10)
3.4.2 Calculate how long the box takes to slide the last 2 m. (5) [45]
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PO3J Physics 1 PHB113C/PHBIILC page 7 of 8

3.2  The 2 m-ong rigid bar in the s0N&

sketch has a mass of 30 kg.

it is being pulled upwards at one A

end by a 50 N force. Calculate: < 2m >
3.2.1 the sum of the momenis about X; ) {5)
322 the position and magnitude of the force required to keep the barin

equilibrium, (6) [10]

|

33 A 20 g gold ring hangs from a spring balance. What is the reading on the

spring balance when the ring is completely submerged In water? [5]
Question 4

|l 41  Asteel plate at a temperature of 20°C is 3,005 mm thick. To what

femperature must & be cooled for it to fit into a slot which is exactly 3 mm

wide? 5]
4.2 State thres factors which will increase the rate of evaporation of a liquid. {6
43  Calculate the quantity of heat conducted through 10 m? of a 24 em-thick

brick wall in 30 minutes. The inside temperature of the wall Is 30°C; the

outside Is at 10°C. [4]
44 A copper calorimeter with a heat capacity of 70 J/K contains 50 mi of

water and 30 g of lce at 0°C. Steam at 100°C Is bubbled through the

water unill the final temperature of the calorimeter and s contents Is

25°C. Calculate the mass of steam which condenses. ]
4.5 Use the equation p.V = n.R.T to calculats the molar volume of oxygen

at STP. {4]
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prr—

Question §

5.1  Anelectron and a proton enter

the electric field between two e
oppositely charged paraliel plates B e e e e e -
with the same initial velocity, =
paraliel to the plates as shown.
5.4.1 Define "electric field". (2)

5.4.2 Redraw the diagram and sketch in the paths the two particles will follow. (4) [6]

52  The 8V baitery in the adjacent Jt]se
circult has neglighble intemal Y 20
resistance. Ammeter A, reads
0,5 A. Caloulate: wa (& 'z““" |
5.2.4 the polential difference across the APP g
bulb; {4) '
5.2.2 the reading on:
(a) the voltmeter; @
(b) ammeter Ag; (3)
523 the resistance of Z; {4)
524 the power of the bulb. 4) 117}

53  While buying a kettle, you have to choose belween two models. Kellle X
is rated at 2 kW, while kettle Y is rated at 3 kW. The keifle you buy will
be plugged Into the 220 V mains and used fo bring 1 071 mi of water at
20°C to the boll. The slectricily tarff is currently 35¢ a KW.h. Assuming
that each keftle is 100% efficient, compars the two kettles In terms of...

“ 531 the costof bolling the water; (6)

5.3.2 the time taken o boll the water. {8) [12]

BEE |

END
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