CHAFTER 1

LITERATURE REVIEW

The spirit of the time shall teach me speed.
Shakespeare King John IV

Introduction to Chapter

Children in western society are made aware of the importance of speed very
early in life: they are often exhorted to 'speed up' or to 'be faster' than their peers at
some tasks. It has been noticed tlat in other cultures (in particular the South Pacific
Islands) that this idea is not 'pushed on’ to children by adults. This results in a
society that has a different concepr from 'having to do things today' or having to get
the task done in a minimum of tinie, much to the exasperation of the Westerner who
visits them.

For western society, speed is also one of the basic concepts necessary for a
suitable understanding of applied mathematics, physics and related sciences. It not
only occurs in these academic disciplines but it is an important feature of everyday
living: such as in driving a car, o- in children having a race. Most children develop
a concept for speed from their own experience before they are formally introduced to
them at school. When these ideas are introduced in mathematics and science classes,
the notions are either refined, and growth takes place, or they tend to become more
confused and alternative conceptions occur.

While dealing with the concept of speed in scientific literature the term velocity
is often used. In physics there is a distinction between these two terms, however, in
the general community ‘'speed’ and 'velocity' are usually used synonymously.
Because of this, the literature rzviewed in this chapter is focused primarily on
children's concept of speed withouit regard to the scientific meaning of velocity. The
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review considers the conceptual development of speed in two ways: firstly, as a
qualitative concept for which children gain an intuitive notion; and, secondly, as a
method of determining if childrer can sez mathematical relationships between speed,
distance and time.

As an introduction to this vsork, an overview is provided of Piaget's study of
children's ideas on motion as a background to other research literature. Most recent
studies in this area either aim toc confirm Piaget's work, to refine it for particular
instances, or to make some mod fications where it seems to be appropriate. Such
investigations are often referred 0 as 'Piaget-type experiments'. The overview of
Piaget's study is followed by a review of some of the literature dealing with children's
ideas about speed that is not related explicitly to the studies of Piaget.

PIAGETIAN-TYFPE INVESTIGATIONS ON SPEED

A number of studies have oeen carried out in child psychology and in child
development research on the ways that young children perceive distance and length as
well as motion (Piaget, Inhelder & Szeminska 1960; Lovell 1975; Witthuhn 1979;
Shrieider 1974; Bartsch & Wellman 1988; Poduska & Phillips 1986). Several
others have investigated how young children (up to seven years of age) perceive their
surroundings and, in particular, the development of their ideas concerning distance,
time and motion (for example, Herman, Norton & Roth 1983; Kelly, Kelly & Miller
1986; Miller & Baillargeon 1990, Witthuhn 1979). Most of these studies have, as a
foundation, the work of Piaget (1¢70).

It is, therefore, important to review the work that has been carried out by Piaget
and his colleagues concerning the child's understanding of motion and speed before
considering other research on spced. Piaget's study on speed is discussed in great
detail in his book Child’'s Concept of Movement and Speed (1970). His book was first
published in 1946 in French and has had considerable impact on all work that has
been done since on the concepts o speed and motion.

This Section describes some of Piaget's investigations that seem most relevant to
an investigation into the concept of speed. In the Preface to his book Piaget said:

Now the concepts of movement and speed especially touch upon the
fields of mathematics and general science teaching, in which it would be
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of great value to know orecisely the way in which these concepts
develop. '
(p. x)

In the first five chapters o his book, Piaget described his work on children
regarding the notions of "Successive order or placing" and "Change of Location".
Most of the interviews that we-e conducted with children were concerned with
demonstrations with concrete models of objects that were moving subject to certain
conditions. He found in these studies that the "Primary intuition of speed is ... that of
overtaking, that is, change of order" (p. 52). Thus, Piaget found that children, aged
five to twelve years, who are watching the motion of two objects see the object with

the greater speed as the one that is catching up or passing the other object.

Some of the detail of his siudy on "Relative Movements" is discussed first to
give the flavour of Piaget's methods and initial conclusions on children's perception
of movement. Then consideratior is given to the remainder of Piaget's investigations

on speed.

Relative Movements

[n the study of "Relative Movements" (pp. 102 - 120) the children were shown
a snail shell on a piece of cardboa-d. The snail was said to move along the cardboard
while the cardboard was also in niotion. Sometimes the cardboard was moved in the

same direction as the snail and other times in the opposite direction.

The problem [for the child] is to locate again the point the snail has
reached, after the materials have been removed, or else where he will
arrive, given certain condit ons which are stated verbally.

(p. 102)

Sixty-seven children between the ages of five and fourteen years were
interviewed and Piaget was able tc distinguish four stages of intellectual development.
In the first stage, the child usually paid attention to only one of the motions and
generally it was that of the snail. In the second stage the child gave attention to the
two motions but considered them as side-by-side, not end-to-end. The child failed to
add or subtract the two motions. Piaget split the third stage into two parts. Initially,
the child could solve the problem for paths in the same direction or opposite direction
if the paths were equal, for both concrete and verbal methods. Piaget called this stage
the beginning of the concrete opcrations and this was first evident in children from
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about eight years of age. In the :econd part of the third stage, the child was able to
"gradually produce empirical solutions" (p. 104) for all questions. The children that
could do this were nine-to-ten years of age. In the fourth and final stage the children
were able to solve all questions from the very beginning. Most of these children were
from ten-to-eleven years of age. Piaget identified this stage as the Hypothetico-
deductive or formal level.

The concrete operations ... bear upon reality itself, perceived or
conceived, whilst formal operations proceed simply upon verbal
supposition or on the hypcthesis based on symbols (as in mathematics)
which represent the former.

(p. 116)

These four stages for a child's perception of relative movements were identified
also in a similar way with his stud es on speed. There is a progression from one stage
to another that is related to the chronological ages of the children.

The remainder of Piaget's book is specifically related to the child's concepts of
speed. His study concerned two ¢spects of speed: Qualitative Speed and Quantitative
Speed. Each of these is now discussed with descriptions of the relevant investigations

and results.

QUALITATIVE SPEED

While the experiments on Q 1alitative Speed concerned comparing the speeds of
two objects, the child did not have to calculate the speeds of the objects. Piaget
considered Qualitative Speed uncer threc headings, these are: Intuition of Speed,
Speed in Synchronous Movements and Relative Speeds.

The Intuition of Speed

Piaget developed three different rests to find what were a child's initial
intuitions of speed:

Test |

In the first test, children had to judge the speed of two movements when only
the starting and stopping points were visible. The rest of the motion was hidden in a
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tunnel. In this way children could not use the ideas of catching up or overtaking as
methods of judging speed. The jaths had unequal length and they were parallel to
each other.

Piaget found three stages for this task:

Stage 1. The children in this stage failed to compare the speeds. If the children
were shown the whole movement, they could see one object overtaking another and
were able to determine correctly the one with greater speed. They had no intuitive
feeling for distance or time associited with the task. When the whole motion was not
visible, children focused only on t1e starting and stopping points.

Stage 2. After the children had seen the whole motion, they could visualise
what was happening when only tie starting and stopping points were shown. They
deduced that the one that was aheid was rthe faster. "The earliest intuition of speed is
that of overtaking" (p. 129).

Stage 3. The children were able to find an operational solution to the problem.
They could tell which object had greater speed by the longer tunnel and objects
having the same time. They see ned to know that there was a relationship between
distance and time.

Such a coordination of the relationships involved thus implies
understanding of the equality of synchronous durations and this is why
the operational conceptions of speed, unlike the intuitive conception,
implies a spatio-temporal construction of the whole.

(p. 132)

Thus, in this simple test, Piaget was able to identify children reaching across
three levels from failing to determine what speed was, to those who considered
overtaking, through to children who were able to consider distance and time.

Test 11

In the second test, the children had to compare the speed of two objects that
were open to view while travelling along two unequal paths. In this test the starting
or stopping points were either the same or side by side.

Piaget again found that "the earliest intuition of speed is overtaking, conceived
simply as an inversion of order" (p. 132). He also hypothesised that as growth takes
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place the starting and stopping points are considered, then distance and duration
(time) gain the attention of the children. There was "a restructuring of the idea of
speed, conceived from then on as the relation between these two kinds of intervals”

(p. 133).

Piaget found two stages in this test:

Stage 1. In this first stage he found two reactions. In the first, reaction the
children said that the cars travelled at the same speed, since no overtaking occurred.
For the second reaction, the children thought that the car that travelled along the
shorter road went more quickly because it had a shorter distance to travel or,
alternatively, they finally recognised that the speed of the other car was greater, but
did not know why. This second reaction "rests on ambiguity common to the child's
logic and also to speech itself" p. 137). In everyday speech, the words "finish

quicker" can mean earlier where the speed is the same or lower.

Stage 2. Here, the childre1's understanding of the relationship between time
and space "is limited to seeing that at equal speeds the times are proportional to the
spaces” (p. 138). "They think the speeds are equal where different distances are
traversed in the same time ... because no overtaking [occurred]" (p. 139).

In summary, Piaget stated:

In the beginning the order >f stopping points alone determines the speed
even when the paths are entirely visible, while later the relationships of
the spaces traversed and thz durations formed in spite of the absence of
overtaking.

(p. 140)

Again there is growth as children focus on the length when the times are equal.
There are alternate conceptions of speed that are rooted in speech itself, and also
whether time or distance is the best characteristic to determine which object has gone
the greater speed.

Test 111

This test concerned Circular Movements. The child had to judge the speed of
two moving objects travelling 'neck and neck' on two concentric circles that started
and finished along the same radii. In this test there was no overtaking.



1 - Literature Review

Piaget found four stages in Test III:

Stage 1. A spontaneous r:sponse was that the speeds were judged equal by
the child. If the attention of the child was drawn to the fact of unequal lengths of the
tracks they would give a resporse consistent with the inverse ratio of speed and
distance. "Speed has temporal precedence and no longer spatial superiority” (p. 145),
that is, the child focused on the time that the objects moved rather than the distances

that they had moved.

Piaget (p. 145) commented that the use of the words "quicker" and "faster" as
used in common speech caused some misunderstanding. Children at this stage often

used the word 'quicker' to mean "arrived sooner' or 'faster'.
"Shorter = finished first = ravelled faster" (p. 146).
Stage 2. Piaget designated this stage as consisting of Intermediate Reactions .

The attention of the child facused on three factors in turn: (1) The order
(spatial or temporal) of starting and stopping points, ... (2) The disparity
in length of their trajectorizs conceived in terms of precedence in time,

... (3) This same inequality conceived in terms of overtaking in space.
(p. 148)

The children oscillated between these factors until the third factor was
stabilized.

Stage 3. An operational sol 1tion to the problem was achieved. The child could
see that "The relationships of dis:ance and time immediately become factors on the
operational whole" (p. 152). This occurred with children as early as six years of age.

In Stage 4 the children were able to note the difference in speed due to
difference in the distances travellad. However, some eleven-year-old children still
became confused if the objects were connected by solid rods.

Piaget summed up this secticn on intuition of speed by stating:

The facts indicate that the simplest intuition of speed, as well as of
movement, is based on an ituition of order: at any age a moving object
is held to be faster than another when it overtakes on a path parallel to its
own, i.e., when it has orig nally been behind the other one according to
the direction of travel, or side by side with it, and afterwards is ahead of
1t.

(Piaget 1970, p. 121)
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This test which considered equal angular speeds showed that some children
could determine the linear speed of the objects correctly only if they took into account
the distances that the objects trave led in equal time.

Reactions to Tests

Levin and Gardosh (1987) challenged the assumptions that Piaget and other
investigators (Ehri & Muzio 1970; Levin & Simons 1986; Lovell, Kellet &
Moorhouse 1962) have made about students' understanding of circular speed. In
school, students are taught abou' linear motion well before they are taught about
rotational motion. It is assumed tiat students also learn about them in this order, but
students already have ideas aboit rotational speed at the same time they develop
concepts of linear speed. Piaget assumed that children would only deal with linear
speed until they had been forma ly taught about rotational speed. His results are
explained with this assumption in nind. In fact, from a rotational frame of reference,
the two objects going 'neck anl neck' on concentric circles do have the same
rotational speed. So the student; placed in Stage 1 were quite correct when they
deduced that the two objects were travelling at the same speed. Thus students use a
frame of reference that is dictated by the context of the problem and it is improper to
assume that young students are on y limited to a linear frame of reference. Levin and
Gardosh (1987) found that:

By at least the age of 10, children have a core concept of speed. This
concept is concerned with the relation of output to time and captures the
fact that different dimensions can serve as appropriate output. In linear
motions, the appropriate output is typically distance. In rotational
motions, it is typically the number of rotations. In discrete motions it

may be rate.
(p. 307)

Levin, Siegler and Druyan (1990) looked at alternative conceptions that both
children and adults have about motion and concluded that a common misconception
was that single objects must have the same speed at all places on that object for a
single-object/single-motion situation. This is true for linear motion but is incorrect

for circular motion.

It was noted in Stage 1 above that Piaget commented on children's meanings of
certain words. The word "faster' had to be used carefully since it could carry more
than one meaning. Children do 10t easily distinguish between whether an object is
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faster because of its shorter time to travel or because of its actual speed. Similar
problems occur in English, Fren:h and Japanese. In Thailand, however, there are
two distinct words that can distinguish temporal precedence and speed, as well as,
temporal length and spatial lengt1. In English, for example, the word 'long' (and
'short") can be used in two ways: one can have a long (short) time and a long (short)
distance. The work of Mori (1976) on the differences in Japanese and Thai pre-
school children's understanding of the speed of objects suggests that "children's
conception of speed and duration considerably depends on the differences of their
mother tongue" (p. 112). Thus the use of the English word 'fast’ can lead to
misconceptions of speed because it can be used to refer to speed as well as to less
time.

Speed in Synchronous Movements

Two different tests were used by Piaget to find how children viewed speed when
the starting and stopping times were the same (synchronous movements) over equal
and unequal distances. The child had to decide which object had the greater speed. It
is of interest to note that Piaget '1sed the word 'harder' with reference to the object
that moved with the greater speed in these tests.

Test I

This test considered synchronous movements over unequal distances. Four tasks
were given to the children to conipare the speed of two cars that started and stopped
simultaneously, with only one question being asked: “Which one went faster or
harder?" (p. 157).

In the first task (T1) one car started at a point behind another car, they started
moving at the same time, stoppec at the same time and at the same place. Thus the
first car catches up to the seconi car. The second task (T2) has the same initial
conditions as T1 but the first car does not quite catch up to the second car. The third
task (T3) has the same initial ccnditions as T1 and T2, but this time the first car
definitely catches up with and overtakes the second car and stops at a noticeable
distance in front of the second car. In the fourth task (T4) the cars set off in opposite
directions towards each other, wit1 unequal speeds, and stop beside each other to give
unequal distances travelled.
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Three stages were obtained.

Stage 1. The children focused on the visual aspects of the problem.
"Overtaking alone produces correct judgements, and other arrangements are evaluated
in terms of the placing of the finishing points" (p. 157). Thus the children were able
to observe correctly that if one ca- overtakes another, task T3, then it was the faster,

otherwise the children focused on he stopping positions of the two cars.

In summarising this stage, Piaget commented:

It is as if the child judged speed by the finishing point alone, regardless
of the distance travelled, «nd as if 'more quickly' meant 'finishing in
front of' or 'before' in a spatial and temporal sense at one and the
same time.

The very perception of a movement immediately provides some
impression of speed: a moing car will thus appear faster than a horse,
whether overtaking actually occurs [or not].

(p. 164)

Stage 2. This stage "is characterised by intermediate reactions between this

initial intuition [stage 1] and logic .

The children in this stage " .. gradually correct themselves in the course of the
experiment” (p. 167) whereas children in Stage 1 do not (or cannot) correct
themselves. There was a "progre;sive decentration of intuition fixed on the stopping
points” (p. 170).

Stage 3. In stage 3 the "operations of correlation are introduced” (p. 157).

Three correlated constructicns are observed:-

- temporal order is dissociated from  succession  in space

- distances travelled are conceived as lengths occupying the interval
between the given starting and stopping points

- in the case of synchronous movements speed is defined in terms of
these lengths covered in e qual tires

... Relations of speed are now expressed only in terms of lengths or
distances and no longer of order.
(p. 170)

10
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Thus in stage 3 children cf seven-to-eight-years of age could focus on the
different distances that the cars hal travelled as a criteria for determining speed if the

times are the same.

Test 11

In this test, partly synchronous times (stopping) and equal distances were
considered. Thus the objects mo/ed equal distances and stopped simultaneously but
started at different times.

Piaget found that children go through three stages similar to that found in Test 1.

In Stage 1 the children evaluated speed intuitively in terms of the order of the
starting and stopping points:

... either speeds were equal because they reach the same point
simultaneously or _else that the speed of the moving object which left
first is greater, because it gaes ahead of the other one.

(p. 171)

In Stage 2 the children stared by attributing the greater speed to the one that
was in front (space and time) then they considered the time factor.

When children were able to realise, that the car with the shorter time had the
greater speed for the same distance, then Piaget placed them in Stage 3.

In his summary of the section on Synchronous Movements, Piaget made the
following significant comments about children's initial conceptions of speed.

The intuitive starting point of the conception of speed seems, all things
considered, to be based ¢n a sensori-motor schema belonging to the
subjects own activity: maniging to be first in line, or in a word, ahead.
... getting ahead is equivalent to overtaking. ... catching up is in fact
almost overtaking. Even n a purely intuitive form, the child actually
begins by judging speed solely from the stopping points: ... the speeds
are equal regardless of distunces covered and starting times.

(p. 176)

Thus in the early stages, clildren consider the visual aspects of the motion as
being significant. Consideration is now given to some other investigators work that
are similar to Piaget's research.

11
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Related investigations

Thus a child learns that if ore object passes another in the same direction then it
is said to be going faster. In the child's mind, however, the word 'faster' can mean
something different from what is understood by an adult. "In the child's mind it is
merely the word to denote the movement of one of the objects when there is a change
in relative position” (Lovell 1975, p. 90). A child may usually consider that it has
nothing to do with distance cover:d in a certain time. It is thought by the child that
the object that gets to a particilar point first goes faster. Lovell, Kellet and
Moorhouse (1962) found that it w.as not until nine years of age that children could see
that speed was related to distance :ind time.

These two studies of Piage, on Synchronous Movements, were replicated by
Raven (1972) who found close agieement with Piaget's results. Part of his results are
given in Table 1.1. The majority of children of eight years of age and over were able
to solve the unequal distances in equal times, this he called Task S1. For unequal
times and equal distances, Task S2, it was only from ten years of age that most
children could attain positive resuits.

Table 1.1
Percent of children aitaining a positive score by task and age
on speed problems (N = 96)

age (years)
Task 8 9 10 11
S1 80 93 87 93
S2 7 26 67 87

(Part of Table 1 Raven 1972, p. 204)

Identical Piaget experiments were given to college-age students by Trowbridge
and McDermott (1980) and they reported that these tasks presented no challenge to
these students.

A study on the order of acquisition of the qualitative notions of speed by Perry
and Obenauf (1987) considered >xperiments that were nearly the same as that of
Piaget. They studied students in the 1st, 3rd, Sth grade at school and obtained results
that were similar to those of 2iaget. They, however, used a scoring system

12
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corresponding roughly to the stages that Piaget had found and used this in an ordering
analysis to develop a hierarchy of the different tasks (notions) that were logically
equivalent and/or logically independent.

They identified six categorics of difficulty within which the ten tasks could be
placed (p. 560). These can be stated, in troad terms as:

Category 1: The simplest task was similar to Piaget's Intuition of Speed Test Il
(discussed above) where the motion of the two objects was open to view for unequal
distances where the stopping and starting points were side by side. The child was
asked which object would finish first if the speeds were equal.

Category 2: There were two tasks in this category. One concerned Piaget's
Intuition of Speed Test 1 where only the starting and stopping points were visible to
the child, The second was Piage:'s Circular Motions Test I1I in Intuition of Speed.
Both these categories have spiatial and temporal alignment and are entirely
synchronous. The child could the 1 focus on the difference in the distances of travel.

Category 3: The only task at this category was the Piaget's Synchronous
Movements Task T1 where the starting points were not aligned but the stopping
points were aligned.

Category 4: Piaget's Synct ronous Movements Test I, Tasks T2 and T3, were
both in this category. Here the fi st car either overtook, or did not quite catch up to,
the second car. Both the starting «nd stopping points were aligned temporally.

Category 5: Two tasks werc: in this category: firstly, Piaget's Intuition of Speed
Test II where the times were equal and the starting and stopping points coincided, but
the distances travelled were lifferent; and, secondly, Piaget's Synchronous
Movements Test I where the stopping points were only synchronous, but the cars
travelled unequal length but in cqual time, the motion was wholly visible to the
children.

Category 6: Stopping points only are synchronous and the distances are
unequal.

In the discussion of the imp ications of their research Perry and Obenauf (1987)
stated that:

13
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The ordering diagram [categories] suggests that the individual tasks
presented, encompassing th: intuition of speed and speed in synchronous
movements, are interrelated and intertwined. The alignment or non
alignment, either spatially or temporally, provide indicators of the
difficulty of the tasks presented in this research.

(p. 563)

Thus the difficulty of prob ems was related to the number of variables that
differ. A possible seventh category would be when all variables are different, that is,
when the stopping and starting points are different, and the times and path lengths are
unequal. This would be complete unsynchronous motion that possibly leads into
quantification of speed as a method of successfully completing such questions.

Relative speeds

This experiment consisted o1 having an observer (a doll) watch as eight cyclists
passed by. The observer was in one of three states: stationary; moving in the same
direction as the cyclists; or, moving in the opposite direction to the cyclists. The
children were asked to predict Fow many cyclists would pass the observer. An
additional question was given to /ounger children asking them to predict if a single
cyclist would take more or less t me to reach the doll if it stood still, moved away
from or moved towards the cyclist.

Piaget found four stages:

Stage 1. The child could not answer the question concerning the single cyclist
and gave random answers to the orher questions.

Stage 2. (Articulated intuit on) The children in this stage were from six to
seven-and-half-years of age. The question of the single cyclist was solved but for the
eight cyclists there was no relativiry of speeds.

Stage 3. (Concrete operaticns) The children in this stage ranged in age from
eight-to-eleven years. The children could not predict the result before hand, but, on
seeing the demonstration, were ab e to explain the relations correctly.

Stage 4. (Formal operations) At this stage the children were ten-and-half-to-
eleven-years of age. They were able to deduce the results prior to the experiment,
and gave excellent explanations of the relativity of speed.

14
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In summarising this section on Qualitative Speed, Piaget was able to identify
various stages of development cor cerning children's methods for comparing the speed
of two objects that moved simu taneously. The children did not have to do any
calculations to actually find the saeed of each object since they were could visually
compare the speed using the relative motion of the two objects.

QUANTIFICATION OF SPEEL

The experiments on Quantitative speed involved children visually comparing
simultaneous motions. To avoid children using concepts related to overtaking and
catching up as a means of ascertaning the relative speeds of objects, the experiments
in Quantitative Speed involved showing children motions that were in succession, that
is, one after another. In this way, they could not do a visual comparison of the two
speeds. The quantification of sjyeed is considered under two headings: Unequal
Distances in Unequal Times; and ‘“onservation of Uniform Speeds.

Unequal Distances and Unequal Times

This method involved the 1ecording of the time taken for an object to move
along a path. A second object then moved along a parallel path for a different
distance and the time was again recorded. The subject was then "asked whether these
two objects travelled at the same ¢peed or if one went harder than the other" (p. 201).
This experiment was conceptually different from the previous ones in that the child
could not compare the parallel motion of the two objects and use the ideas of
‘catching up' or overtaking.

Substage 3a. Piaget found that a child who was at the concrete level in Stage 3
in understanding speed, when tested on Partly Synchronous Times (Stopping) and
Equal Distances in quantitative spced experiments,

... [could not] compare speeds of movement in succession, and this is so
even when their times are equal (though no longer synchronous) over
unequal distances, or their listances are equal in unequal times.

(p. 202)

When the movements were shown together, the child could focus on the
concrete situation (overtaking, catching up or the front one), but in successive

15



1 - Literature Review

motions the child was required to hold the information in his/her head. Piaget called
this type of operation a 'formal hypothetico-deductive' operation.

Substage 3b. At this level the child was successful when the times were the
same and the distances were different, or when the distances were the same but the
times different. The child was unsuccessful when both the times and the distances

were different.

Piaget (1970) described ch ldren as using the concrete operational mode in
problems:

. as soon as unequal times and space are involved, even if the ratios
remain fixed and maintain a constant speed, ... the problem becomes
more complicated. The child is unsuccessful at the very outset of the
new construction, because he thinks either of the time, or of the
distances, in a kind of alternating intellectual centration, without being
able to unite them in a single ratio.

(p. 214)

Substage 4a. The child was successful in solving the problem "by trial and
error though formal operations are implied" (p. 202). The correct conclusion was

reached by comparing ratios.

Substage 4b. At this stage the child has systematic procedures for solving the
problem apart from calculation mistakes.

At the conclusion of these tests Piaget stated that the issue was whether the child
could handle proportional relaticns that were really a formal mode of thinking.

Before this occurs it was

... necessary to reason frori drawings symbolising in retrospect journeys
made in succession, this special role of the stopping points tends to
diminish and the problem simply becomes comparison of lengths in
relation to time taken.

(p. 218)

Piaget found that two types of errors often occurred. First, when the distances
were unequal and times were the same, the children deduced that the objects had the
same speed. Secondly, when the listances were equal and the times differed, then the
one with larger time was the faster, that is, speed was proportional to time (v « t).

16
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Thus time seems to be a d:termining factor, for some children, in deciding
which object has the greater speec. If times are the same, the speed is the same, or

the object with the larger time has the greater speed.

Trowbridge and McDermott (1980) investigated these Piaget type experiments
with first-year college students en-olled in different types of physics courses offered
by their institution. They found that most of the students were successful on the given
speed tasks. The students were able to make predictions using intuitive reasoning
based on the simple ratio of 2:1 in the Piagetian tasks. When the tasks were modified
a little, so that the ratio was non- ntegral. many academically disadvantaged students
could not perform as well as they had on the standard tasks. Students who had a
background in calculus and physics were usually successful on the modified Piaget
tasks. It was also found that:

... it is common among students untrained in physics to think of speed,
or velocity, as a simple association between a distance travelled and a
corresponding period of time (for example, 1%2 seconds for 45
centimetres, 3/4 second fo- 22'2 centimetres) instead of a quotient |as

30 cm/s]. 0. 1022)
p.

This was not quite the level of understanding that Piaget would attribute to
adult-like reasoning. Piaget statec that "formal operations imply an understanding of
abstract, logico-mathematical relationships of which velocity = distance/time is an
example” and that most adults cou d operate in this formal mode (Piaget 1970).

Conservation of uniform Speeds

In this investigation, Piaget's aim was to see if children could predict the
position of two given objects at lter time intervals, given the time and distance that
the objects had covered in the first interval of time. Thus the child's understanding of
the relationships concerned with speed would be tested. Children were shown a lorry
that moved a distance two centim etres in one day and then a bike that moved on a
parallel path a distance one centirietre in one day. The children were then asked to
predict the positions of the lorry «und the bike on successive days given that the lorry
and bike travelled the same speed as they did on the first day. Piaget identified four
stages for children who did this te:t.
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Stage 1. Children from five-to-six-years-and-nine-months of age did not
understand conservation of speed. Hence, they could not predict the position of one
object on the second day given tha: it had the same speed and time as on the first day.

Stage 2. By using trial and error, the child at this stage could conserve speed
for one object at a time, but with two objects moving at different speeds the child kept
them at a constant distance apart, that is. both were attributed with the same speed.
These children were between six-and-seven years of age.

Stage 3. By using concrete operations these children were able to construct the
paths of both objects at the same time. They could not think in a logical deductive
way to anticipate where the obje:ts would be, nor could they generalise about the
relative motions. Their ages ranged from seven-to-eight years.

Stage 4. The questions wer: solved by children using formal deduction at ten-
to-eleven-years of age.

In going from Stage 3 to Stage 4, children operating in the formal mode were
aware of the concept of proportionality. Children operating in the concrete mode did
a gradual construction of the journeys and did "not presuppose the schema of
proportions” (p. 258). Formal solutions are based on "reflections of concrete
constructions” (p. 258).

Boulanger (1976) suggested that a characteristic of thinking in the Piaget formal
operational level (Stage 4) is profortional reasoning. Here, students must be able to

compare two ratios and make dedt ctions about them.

Raven (1972) replicated thi. experiment and found similar results. Table 1.2
summarises his findings showing ‘he results for synchronous movements (as in Table
1.1) as well as for this task called S3 for conservation of uniform speeds.

[t is apparent that the tasks tecame more difficult for the children so that in task
S3 only the older children were lilely to solve the problem.
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Table 1.2
Percent of children attaining a positive score by task
and age on speed tasks (N = 96).

Age in Years
Task 8 9 10 11
S1 8( 93 87 93
S2 7 26 67 87
S3 0 20 53 80

(Part of Table 1 Raven 1972, p. 204)

Siegel and Raven (1971) found that children up to nine-or-ten years of age
needed concrete objects to illustrite the variables that were being changed. If only
verbal data was used or successiv: viewing "the child of this age [was] unable to set
up the problem in his thinking so 'hat he |could] compare simultaneously the differing
relationships” (p. 373).

SUMMARY

Piaget (1970) summarised his investigations on speed in the last chapter of his
book. The introduction of this last chapter of Piaget's book is reproduced in
Appendix A. Briefly, Piaget sa d that there were six "great operational systems"
working together of which the first four depended on "qualitative logic". The first of
these was 'placement’ where chil Iren usually moved to order things in space. The
second was 'displacement’ in that children perceived that the objects moved their
positions. The third he called 'co-displacement' where children could combine the
ideas of placement and displacement and order things in time and speed or movement.
The fourth was the operations of "relative displacement and co-displacement”
allowing a correlation of movements and speeds. These four "operational systems”
were qualitative in nature. Tte last two systems, numbers five and six, are

quantitative.

The fifth operation is 'extensive', allowing mathematical relations to be used

such as ratios and proportions. ""he last, numbered six, allows metrical operations,
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that is, children could construct tasic units that could be used repeatedly to measure
distance and time relationships to obtain speed.

To conclude this section on Piaget's work a few points stand out as worthy of

further investigation.

Piaget was interested in the early development of the concepts of motion and
speed in children. Most of these ::hildren were under the age of twelve years. While
other researchers such as Trowb -idge and McDermott (1980) have studied tertiary
students, there has not been many investigations on older children and young
adolescents, that is, between say twelve and eighteen years of age.

Most of the children that Pic get studied were academically able. These children
used several methods (or strategie:) to decide that one object is faster than another. It
would be of interest to know wkether the responses were consistent over a greater
range of children's academic abili ies and whether some of the strategies persisted into
later years.

Piaget's studies were mostly in the concrete context with visual models and all
by interview. For older childrecn a more abstract mode of operation should be
available so that a questionnaire 1ype test instrument should reveal some worthwhile

information in some quantity, with follow up interviews eliciting quality responses.

The investigations conductec by Piaget were concerned with how children judge
one dimension independently of tie others, that is, when velocity, time and distance
are intermixed. They have not studied children's wunderstanding of the

interrelationships between these veriables.

In summary the stages P-aget found that children went through may be

generalised (approximately) as:

Stage 1. Children could not solve the problem even when help was given to
them.

Stage 2. Children could resolve a simple or one variable changing problems

after some help was given.

Stage 3. Children could so>lve the question in an appropriate way, often
realising their own cortradictions and growing through the problem.
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Stage 4. Children had a formal (or mathematical) approach to solving the
problem in a clear way.

In the remainder of this chapter consideration is given to other literature that
deals with the concepts of speed.

OTHER INVESTIGATIONS CONCERNING SPEED

This section deals with the literature concerning speed concepts of students in
four parts: first young children ¢nd their ideas of speed; second, secondary school
students’ concepts of speed; third, adults and tertiary students' beliefs relating to
speed and velocity; and finally, iivestigations that go across these groups. Some of
the literature that falls within these: groups has already been referred to in the previous
section where they directly bear upon the work of Piaget.

YOUNG CHILDREN

At a very early age, children begin to develop an idea of speed. It can be
described by an example such as: the fastest person is the one who completes the task
first even though the starting times are different and the tasks are of different
complexity. The task might not have anything to do with distance but it does have to
do with the "amount of output per time" (Levin & Gardosh 1987, p. 303). By age
ten most children have a core con:ept of speed that is dependent on the context of the
situation but may have different output dimensions other than distance (linear speed);
for example, angle, as in angular motion. When children do have a concept of linear
speed (as opposed to any other :ype of speed) they do not always work with the
scientifically accepted concepts bu: use other more intuitive ideas.

The earliest notion of velocity [speed] is based on an intuitive feeling for
velocity [speed] independent of any duration, because order is easier to
grasp than the concepts of interval or measurement.

(Kolodiy 1977, p. 226)

A number of ideas that children might have about speed and speed comparison
tasks have been identified in the literature and are introduced below. While these
ideas are common they are not found in all children. Some children, in the course of
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their cognitive development, never have any of these concepts but on the other hand
some children never grow past themn. Four of these ideas warrant some explanation.
They are: proximity, passing, distaice and time, and overtaking.

Four Conceptions

One of the early concepts that a child receives about speed is the idea that the
object that is closest to, or arrives ¢t, a destination first must have been faster. This is
often referred to as the proximity view (see Lovell 1975, Piaget 1970, Shire &
Durkin 1984). In this case the children focus on the object that is closest to the
finishing point (or the one in front) at the instant that they are required to judge which
one is going fastest, all other factors seem to be ignored. Such situations can occur in
at least four ways and lead to wrorg conclusions: the slower object started before the
faster object; the slower object has a shorter path to travel; the slower object started in
front of the faster one; and finall, a combination of these three. Such factors are
based on the child's senses of motion and are thus identified as related to the sensori-
motor mode of operation.

Some children and adults ha/e the conception that objects that pass each other
must have the same speed even if just for an instant. It is the passing object,
however, which has the greater spced. This idea of objects having the same speed as
they pass each other is persistent i1 some people right into adulthood (Trowbridge &
McDermott 1980). While they may agree that as it is catching up it has greater speed
they often insist that when the objects are 'level' with each other then they must have
the same speed.

At some stage of the children's development, the concept of speed being related
to distance and time starts to emergie. Some children know this from about the age of
six whereas others probably never come to fully understand it. Most adults associate
speed as the distance covered in a specified time but do not always see it as the
quotient of distance and time. Oftzn speed is referred to as the distance over the time
taken. The word 'over' is not a precise term and some people have difficulty in
stating what it means (McDermott & Trowbridge 1980, p. 1022).

An object that can overtake another has the greater speed. This is the earliest
and simplest intuition of speed ard is based on order (Piaget 1970). This intuitive
idea is independent of duration ard occurs before the child has an understanding of
the components of speed, that is, distance and time (Kolodiy 1977). This concept is
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to be contrasted with the previous notion of passing, where it is believed that objects

have the same speed when passing.

In summary, these four conceptions are not independent of each other and must
be considered when examining children's responses to questions on speed. Children
may employ these conceptions as possible strategies in solving speed problems.

Direct/inverse relationships

Piaget (1970), Acredolo, Adams and Schmid (1984) and Boulanger (1976)
suggested that the start of the con:rete operational stage of reasoning is characterised
by children starting to think corrzctly about direct relationships. Even very young
children (five or six years of age) have an idea about direct relationships (Wilkening
1981). Speed is an appropriate concept for the study of this relationship, as it
incorporates both the direct variation and the indirect (inverse) variation.

Direct variation is associated with speed in two ways: if time is constant then an
increase in distance implies an ncrease in speed; and, if speed is constant then
increasing the distance increases tne time. Inverse variation is associated with speed

when the distance is kept constant then increasing speed implies less duration of time.

These variations are often referred to as compensatory operations, that is,
"recognising the direction of chanze in the value of one variable due to the change of
value in the other variable" (Boulanger 1976, p. 3). Piaget (1970) and others (for
example, Raven 1972; Siegel & Raven 1971) have "demonstrated that the natural
evolution of understanding prcceeds from compensatory relationships to the
quantitative symbolic form and nct the reverse” (Boulanger 1976, p. 6). Thus, in the
development of the concept of speed it is expected that children will understand the
direct variation notion before they' would be able to appreciate the symbolic form of
speed being distance per unit time

The study of Acredolo, Adams and Schmid (1984) was also concerned with the
interrelationships between speed, ime (duration) and distance. The "central issue [of
their study] is whether children recognise the direct relationship between speed,
distance and duration ... before ttey recognise the inverse relationship between speed
and duration” (p. 2151).
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They found that:

... the direct relationship between speed and distance is recognised by the
majority of children in second grade [6 years 8 months] whereas the
inverse relationship betwee1 speed and duration is recognised later and
understood less universally ‘hroughout middle childhood.

(Acredolo, Adams & Schmid 1984, p. 2157)

In addition they found that "relationships involving distance are more salient
than those involving speed or duration. ... The data suggested that duration was more
salient than speed” (p. 2152). An unexpected result was that the children gave "more
attention to or [had] greater fait: in the direct relationship between duration and
distance than in the direct relationship between speed and distance” (p. 2158).

Also, when asking children 1o explain how they arrived at their answer "there is
no guarantee that verbal explanations mirror the line of reasoning taken in arriving at
a judgement" (Acredolo, Adams & Schmid 1984, p. 2158). A study (Shire and
Dunkin 1984) on strategies that ycung children (three to eight years) use to determine
velocity (speed) of objects found that preschool children gave irrelevant reasons as to
why they gave their answers, wlereas the older children used both proximity and
speed as cues to decide which objzct would arrive at its destination first. It has been
shown that direct teaching using dzmonstration and manipulation by students can help
them to a better understanding o compensatory concepts in speed, force and work
(Siegel & Raven 1971). The questions used by Siegel and Raven were of the format:
if one variable is kept constant and the second one is either increased or decreased
how will this effect the third varizble? Will it be the same, larger, or smaller? Why
do you think so?

The use of compensatory operations are dependant upon the ability to
coordinate two or more variables that reciprocally oppose each other. At
the beginning of concrete operations, partial correspondences can be
made by the child if the factors vary in one direction and logical
manipulation can be independently used when the variables reinforce
each other.

(Siegel & Raven 1971, p. 373)

The studies of Inhelder and Piaget (1958) found that seven and eight year old
children could not coordinate factors that simultaneously have opposing directions nor
could they acquire the idea of the possible equivalence of opposing variables. Also
they found that, in the middle stage of concrete operations, the child can be assisted in
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solving problems with compensatory operations. It has been "suggested that the
acquisition of this compensator; mechanism is a necessary condition to the
development of proportional thinking" (Siegel & Raven 1971, p. 377). Children of
age seven to nine years were "unable to independently focus on and separate the
variables operating in the interacticns” (Siegel & Raven 1971, p. 378).

Thus young children have e ementary ideas about the concept of speed. They
are aware of direct variations thouzh they find it difficult to focus on all the variables
in the problems. They are more aware of the idea of speed between two objects than

either the distance or the time asso:iated with these objects.

SECONDARY STUDENTS

The literature dealing with s:condary students concepts of speed is often not on
simple concepts of speed but on studies dealing with learned notions of speed in the
classroom. The study of Gorodetsky, Hoz and Vinner (1986) illustrated the type of
investigations that take place at th s level. In Israel, where their research was based,
students as early as Year § are explicitly taught the formula for speed and how to
solve problems related to it. In their study, 563 students from Years 9 to 11 were
asked to solve questions similar to this example:

Two cars start at the same time from city A. They go to city B, and
return to city A without dclay. The distance between the cities is 500
km. Car 1 goes to city B ¢t the speed of 30 km/h and back at 50 km/h,
and car 2 goes both ways at the speed of 40 km/h. Which car returns
first to the city?

(p. 565)

Questions such as this are not similar to the simple concrete situations used by
Piaget, but they require the use of the formula v = s/t and the algebraic manipulation
of the formula. In the question iibove, the formula needs to be used twice on each
car, for the problem to be solved successfully. They found that some students used
the formal approach (that is using the formula), while others used more intuitive
methods that often resulted in inccrrect answers.

In the literature there apojears to be a scarcity of research dealing with
secondary students understanding of simple concepts of speed. This could suggest
that researchers assume these students understand the concept of speed and look for
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more sophisticated notions to study, such as the meaning of velocity in the physics
sense. For example, a New Zealund study by Jones (1983), using the instance-about-
events technique developed by Csborne and Gilbert (1980), found that all students
interviewed (Years 8 to 11) kne'w that an object that went a greater distance than
another object, in the same time, went 'faster'. However, there appeared to be some
students who thought that the objcct going faster was the one that was "catching up”.
He also found that from 80% of Year 8 to 41% of Year 11 students believed that
when one object overtakes another then they are travelling at the same speed for a

small interval of time.

Jones also categorised students' meanings of velocity into four groups, those
who: did not know the meaning of velocity; stated that velocity and speed were
synonymous; realised that velocit’ was different from speed; and, knew that velocity
was speed in a certain direction. Only one student out of the thirty (all eleven to
sixteen years of age) was able to jive the correct response. In the discussion of these
results Jones commented that "the: students generally didn't understand what velocity
was, even those students who had studied it in the formal setting" (p. 101).

One of the general characteristics of students' naive knowledge of motion is that
their "concepts are poorly differentiated. For example, students (middle-school
through to college) use the term speed, velocity and acceleration interchangeably"
(Champagne, Gunstone & Klopfer 1983, p. 176).

It appears that not all secoidary students develop the concept of speed at the
same rate. Some of them still have elementary concepts of speed associated with
younger children. There are, hcwever, large numbers of students who do grow in
their understanding and can associate speed with distance and time. How such
knowledge is acquired is unclear, that is, is it taught or developed through experience
out of school. What is clear is that most studies at this level are concerned only with
students' understanding of what they have been explicitly taught.

ADULTS AND TERTIARY STUDENTS

The studies that have been conducted with tertiary students and adults concepts
of speed have focused on higher order concepts relating to further education in
physics or mathematics. Sometimes, in the process of doing these investigations, the
simple concepts of speed have also been addressed.
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Adults are capable of perceiving velocity "directly and accurately” (Rosebaum
1975, p. 402) that is, they can view an object and extrapolate its motion as it passes
out of view by a "direct extension of the movement that was seen" (p. 402). Thus
adults usually have a stable idea of how speed can be used for simple everyday
applications based on their experie 1ce.

In an investigation beyond Piaget-type experiments, Trowbridge and McDermott
(1980) included two experiments to compare the speed of two objects: the first
experiment consisted of two objects which passed each other twice and, the second
experiment had two objects not passing (but with differing speed). They found that
some college-age students believed that when two objects reach the same position then
they must have the same speed. " "his occurred even when they knew that one object
was going at constant speed and the second object was slowing down having started
from a higher initial speed than tie first. Thus some college-students still have the
ideas that young children have cocerning the speed of objects. It seems as if some
people do not grow out of these id :as.

Some of these students also believed that if the two objects did not pass each
other then they could not have the same speed. This occurred even when they had
described the motion of one object as decreasing in speed to zero and the second
object as increasing in speed froni zero. Students seem to rely on the "perceptually
obvious phenomenon of passing”. Also they

... frequently do not relate their intuition of how fast an object is going
to the ratio of the distance travelled to the elapsed time or to the idea of
velocity at an instant. ... [ This belief] seemed to remain intact in some
students even after several ‘veeks of instruction.

(Trowbridge & McDermott 1980, p. 1027)

A hierarchical list for the development of simple concepts (space and time) and
also for velocity was given by Trowbridge (1979) (these are reproduced in Appendix
B). He found four levels in the hierarchy for velocity. Level one corresponds to the
preoperational stage of Piaget, where children can not discriminate between speed and
finishing points or arrival times. The second level is comparable to Piaget's concrete
stage. Here the child can solve the problems if the motions are simultaneous by
using the concept of overtaking o when the times and/or the distances are equal, but
the child was not successful whe1 the motion was in succession. Levels three and

four include and extend Piaget's description of formal reasoning where the child could
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solve speed problems using ratio and could discriminate between average and

instantaneous velocities.

Poduska and Phillips (1986) found a large percentage of college-age subjects
who did not pass these Piagetian-tpe tasks. The only task that was given to students
that was classically Piagetian was ‘he circular, one-to-many speeds. In this task 41%
of college students passed, where a pass was given only if the student could give an
appropriate explanation for a corrzct answer. The other tasks that were given were
more involved than the simple tasks of Piaget though they did involve the

conservation of quantities.

In summary, it appears that not all adults have well developed ideas concerning
speed. Many of them still hold onto alternative conceptions about speed and its
relationships with distance and time. Many of their ideas are related to their previous

experience, for example, travelling, in cars.

RESEARCH ACROSS AGE GROUPS

A number of studies have jeen conducted across different age groups in an
effort to categorise the stages that individuals pass through as they develop the
concepts associated with speed. Some of these studies are now considered.

The Rule-assessment Method

A study that involved people from five years of age through to adulthood is that
of Siegler and Richards (1979). They questioned Piaget's developmental Stage theory
on three points:

Firstly,

The account is inconsistently rendered; for example, in some passages 5-
year-olds are said to confuse time with spatial points whereas in others
they are said to confuse time with total distance.

(p- 289)

Secondly, they questioned the methodology. Piaget claimed "that all three
concepts [that is, spatial points, time and total distance] are mastered simultaneously”,
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but he "never appears to have exaniined the same three children on all three tasks" (p.
289).

Finally, they noted that "Piaget's account of the intermediate period (Stage II) is
vague with only a sketchy picture of the transition process emerging" (p. 289).

Siegler and Richards (1979) set out to replicate some of Piaget's work while at
the same time attempting to elimirate the problems mentioned above. They used the
"rule-assessment” method as one hat would objectively assess children's knowledge

of time, speed and distance.

This approach involves for nulating models of rules that children might
use to perform various tasks and then formulating different types of
problems that allow discrim ination among the rules. Its virtues are that

it i1s both revealing and relizble.
(p. 289)

They designed three rules zccording to the first three stages that Piaget had
developed. "Children using Rule I would judge the distance, time and speed solely
on the relative stopping points of tie trains" (p. 289). The train that was ahead would
be judged "to have travelled farther, faster and for a longer time" (p. 289). If they
stopped at the same place then they would be judged to have gone the same distance,
time and speed. In Rule II, the children would judge as they did in Rule I except that
for trains stopping at the same position they would "choose the train that started from
further back". For Rule III, the children would "solve all problems correctly
regardless of the positions of the s opping points" (p. 290).

They developed six basic problem types based on concrete experiments of trains
travelling along parallel tracks. Fach basic problem was presented to the subjects in
four different ways, in random order, such that each concept (time, distance, and
speed) was tested. For a subject to be considered as using a particular Rule, at least
20 of the 24 responses needed to te predicted by that rule.

They found that children, who used Rule II for trains that stopped at the same
point, did not consider the startiig position but rather they "consistently chose the
train that stopped sooner" (p. 293 . In their results of the speed concept, 38 of the 48
students and adults could be cons dered as using a rule. Seven of them used Rule I,
"in which they judged speed on the basis of the stopping points” (p. 293). Six of
these students were five-to-six ycars of age, and the other student was about eight
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years of age. Six students used Fule II, "in which they chose the first train to stop
when the stopping points were ecual and relied on end points when they were not
equal” (p. 293). Four of these stulent were five-to-six years of age and the other two
students were eight-to-nine years of age. Twenty-five subjects used Rule III, "in
which they were consistently corect” (p. 294). Only four of these students were
from eight-to-nine years of age, 'en were eleven-to-twelve years of age and eleven
were adults. Those students who were not classified as using a Rule appeared to be
trying to use Rule III. Thus therc appears to be a definite stage development taking

place that is chronologically related.

Most of the results agreed with Piz get's findings,

The only major departure from Piaget's findings regarding the initial and
final knowledge states corcerned with the age at which Rule IlII was
attained; time and to some extent distance seemed to be mastered at
much later ages than Piaget claimed.

(p. 296)

Only adults and some eleve1 and twelve year old students were able to master
time within the context of these (uestions. The major source of error on the speed
concept was that students focused on the distance to determine speed, followed by
those who focused on the end-poir ts.

Reactions to the Work of Siegler and Richards

This work of Siegler and Richards was followed up by Acredolo and Schmid
(1981) who replicated the experinient but with the added variation of trains travelling
with either equal speeds or over equal distances or within the same time, as well as a
mixture of all three variables. Many of their observations were similar to that of
Siegler and Richards but with twc notable exceptions. "The absence of an end-point
end-time strategy among younger children for all three concepts and, for the duration
concept, the absence of a distaice strategy among older children" (Acredolo &
Schmid 1981, p. 493).

Some of the results of Siegler and Richards (1979) were challenged by
Wilkening (1981). He suggested that the reason that Siegler and Richards obtained
the results of end-point end-time strategy was due to memory demands on children,
that is, it was easier for children to fix on things that were visually present than to
retrieve information from memor, that was given or seen previously. For example,
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in young children the fixation on stopping places for comparing speed occurred
because this information "was visnally present at the moment of judgement; the
information about other variables would have to be retrieved from memory" (p.
244). This was strong evidence fo- the sensori-motor stage where children relied on
what was happening at a specific instant and were not reasoning from other
information. Wilkening found that "young children do know that velocity, time, and
distance are distinct entities and that [they] interact in some way" (p. 240). He stated
that the research on children of fiv: years of age indicated that they knew " - at least
tacitly - that distance is directly related to time and velocity, and that time is directly
related to distance but inversely reliated to velocity" (p. 240).

The process that enabled these children to make surprisingly 'sophisticated
judgements’ was revealed by observing their eye movements. "The children followed
imaginary movements ... with their eyes for the time" required. When the time was
up, "they pointed to that position on the scale where the imaginary movement had
reached" (p. 241). Eye movements varied with the speeds which the children
believed different imaginary objects would have moved. This leads to a conclusion
that sensori-motor type responsetr, such as eye movements, may play a role in
describing how children attempt certain speed questions. However, this strategy is
particularly difficult to identify.

Distorting Images

A different approach to stud /ing speed concepts in children was investigated by
Acker (1983) who distorted the images of two trains. He showed some televised
shots of two trains moving along, parallel tracks to third and seventh graders and
college students. The focal length of the lens, however, had been altered to make the
trains appear different sizes and th s gave the appearance of one train going faster than
the other even .though both trains went the same distance in the same time. Using
Piaget's theory it was postulated that concrete operational people would be led to
believe that the trains were trevelling at different speeds and that the formal
operational people would notice the relationship between the time and the distance and
judge that they were going at the ;ame velocity. It was found that: 56% of the third
graders were in the concrete operztional level; 79% of the seventh graders were in the
formal mode; and, 98% of colleg: students were in the formal mode. This did show
that a transition from concrete to ‘ormal operational thinking occurs with age. But "a
standard interpretation of Piaget's hierarchy would suggest that nearly all, rather than
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slightly over half, of the third graders should be using concrete operations” (Acker
1983, p. 346). An explanation for this is that "the task characteristics can either
facilitate or inhibit the appearance and use of different modes of reasoning” (Acker
1983, p. 346). This means that ch ldren can arrive at the right result while using the

wrong reasoning.

Qualitative Studies
Poduska and Phillips (1986) commented that:

Piaget's model of intellectuil development suggests that thinking about
speed involves more than th: physicist's definition of speed as a ratio of
distance/time. Piaget proposed unique mental structures for thinking
about speed. These speed structures are composed of a number of
mental operations that are grouped together or coordinated to allow
individuals to interpret movement in their environment. Speed structures
are not data or facts, but rather mental operations used to transform,
manipulate interrelate, and i1 general, process data relating to speed.

(p. 842)

These operational structures about speed, first identified by Piaget, include
elementary ideas such as placement and displacement which, when combined, lead to
co-displacement and relative morion. In addition to these are the quantitative
structures which allow measurements to be made using operations involving ratio and
proportion through to the formul:. A few studies have considered the use of the
formula s = vt (where s = distancz, v = speed, t = time), in particular Gorodetsky,
Hoz and Vinner (1986). They steted that a number of distractors or difficulties can
hinder the student from applying the formula correctly.  They noted eight
characteristics:

(1) the number of moving objects ... (2) whether the moving objects
change speed and/or direction ... (3) the relation between the directions
in which the objects move ... (4) the relation between the distances
travelled by each object ... (5) the relation between the starting times
and durations of the motion of each object ... (6) the relation between
the speeds of the objects . . (7) the type and number of the unknown
variables, and (8) whether it is necessary to introduce auxiliary variables
or not.

(p. 565)

Each of these characteristics needs to be considered when developing questions
concerning speed and examining responses of students.
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The ideas of the fastest object being due to proximity or 'the first one there' is
based on a sensori-motor reaction on the part of young children. " ... Movement and
speed give rise to a long elaboration of responses: at first sensori-motor, then
intuitive, and, finally, operational ' (Piaget 1970, p. 279). As the realisation grows
that distance and time have something to do with speed, they have an intuitive idea of
which one goes the faster when cymparing the motion of two objects. Finally, the
discovery of the scientifically defiied relationships between speed, distance and time

leads children into operational thin<ing.

Trowbridge and McDermott (1980) also observed that for a student to learn the
correct concept there had to be an adequate connection between their previous
concepts with which they were familiar and the new concepts. This was especially
true for the academically disadvan:aged student. They also found that students use of
the technical vocabulary did not always mean that they understood the concepts
involved, but "as students begin to disentangle one concept from another, the process
is reflected in a more precise use cf appropriate terms" (p. 1028).

Another study with a quantiiative focus was conducted by Poduska and Phillips
(1986). It was "based on the hyoothesis that correct thinking about speed involves
more than a simple distance-to-tire ratio" (p. 842). It was hypothesised that students
used a "coordinated group of mental operations called mental structures" (p. 842).
The order of difficulty of the tasks used to test these mental structures was found to be
(from least difficult) distance, asymmetric speeds (for example, uniform acceleration
down an incline), one-to-many speeds (circular - with objects at different radii),
symmetric speeds (different weights over a smooth pulley) and then time (p. 845). It
was inferred that "the ability to pass the tasks in a certain sequence is based on
intellectual development” since there was no "uniform program for teaching all
students about the content of all tie tasks" (p. 845). It is interesting to note that the
mental structure of time was ident fied as the most difficult.

Summary

In 1928 Albert Einstein put the following question to Piaget "In what order do
children acquire the concepts of ti ne and speed?" (Siegler & Richards 1979, p. 288).
Nearly twenty years later Piaget answered the question in his book "The child's
Conception of Movement and Speed" (1946) (English translation in Piaget 1970).
Piaget found that movement and speed are acquired before the concept of time. This
was further verified by the investi zations of Siegler and Richards (1979):
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Children do not understand the concept of time before they understand
the concept of speed; in fzct the reverse is the case, with speed being
mastered well in advance of time. It has also become evident that
neither time, speed, nor distance is an intuitive notion but rather that all
three concepts undergo lengthy and regular developmental sequences.
(Siegler & Richards 1979, p. 279)

Piaget's model was supported by the investigations of Poduska and Phillips
(1986), they stated that "student; develop at different rates but follow the same
sequential steps" (p. 846). They 1ilso supported the theory that the "sequential order
is inherent in the structure of know ledge rather than in some other factors" (p. 846).

Thus, there is evidence that the development of the concept of speed, especially
when concrete experiments are uscd, is related to the age of the subjects. However,
the age of an individual does not dzterming the sophistication of the concept employed
by that individual when solving syeed problems. Piaget's model of the development
of the concept of speed is generally accepted by other investigators as a suitable
framework, although there are still many gaps in the knowledge about children's
understanding of speed. In particular these knowledge gaps appear to be related to
children's use of strategies, the types of responses provided by older students and the
way these responses fit into more recent frameworks in cognitive development. To
further investigate these knowledge gaps is an appropriate area of study that will be
addressed.

CONCLUSION

This chapter has considered the research conducted by Piaget concerning motion
in some detail. Six different stulies were examined and each revealed stages that
children progress through as they become older. The description of Piaget's work
was followed by a review of relevant research that has been done on the concepts of
speed for children ranging from early primary to tertiary levels of education.

The most detailed research on the concepts of speed have been conducted with
young children. For example, Pi:get's work has been very thorough in detailing the
stages that children go through in building concepts of motion up to about the age of
twelve years. Only a few studies have acddressed secondary students and adults ideas
of speed in any detail. It is appropriate, -herefore, that further work be conducted in
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this area to find what ideas secondary school students have concerning speed and the
strategies that they employ to solve problems about speed.

Some questions that arise oat of this review which seem worthy of further
investigation include: Do the findings of Piaget about the ideas that young children
have on speed, still occur in older children? Do they still grow through different
stages? Is distance a more salient factor for children than time in solving speed
questions? Can a more detailed model for levels of development be produced? How
do the strategies children employ in solving speed problems relate to their

understanding of speed?

Before describing the research of this thesis, the next chapter reviews some of
the important work that has bee1 done on Concept Development and Levels of

Thinking as it pertains to neo-Piage tian and post-Piagetian theories.
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CHAPTER 2

COGNITIVE DEVELOPMENT FRAMEWORK

Soon learnt, soon forgotten.
Proverb

Introduction to chapter

The previous chapter rev ewed the literature that pertains to children's
understanding of the concept of speed. Much of the work in that chapter was based
upon or around the experiments aid ideas of Piaget. This work indicated that young
children went through different s:ages of cognitive development that was related to
their chronological age. Other studies indicate also that there are hierarchies
associated with students ideas.

This chapter takes up this theme by considering neo-Piagetian theories which
have grown out of Piaget's initial studies, and a post-Piagetian taxonomy that has its
roots within the neo-Piagetian radition. These structures provide vehicles for
understanding the intellectual gro'wth of students. Within the neo-Piagetian theories,
consideration is given to investigations that have attempted to categorise levels of
intellectual growth and ways students might think about knowledge. These are
provided as examples of hierarchics, not as an exhaustive analysis of them. The post-
Piagetian model explored is the SOLO Taxonomy of Biggs and Collis (1982, 1991).
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PIAGET AND NEO-PIAGETIAN THEORIES

In this section a brief description is given of Piaget's theory of cognitive growth
before describing some neo-Piage ian studies and associated hierarchies that have been
developed.

Piaget's Theory

Consideration was given in the first section of Chapter 1 to Piaget's work as it
relates to motion, speed and the s ructure of intellectual development. This structure,
however, is not limited to the corcepts of motion and speed. Piaget's other work on
intellectual development (for exemple, Inhelder & Piaget 1958) reveal an overall
structure in the general cognitive growth of children. The stages follow a similar
structure to that of children's unierstanding of the concept for speed as outlined in
Chapter 1.

In summary (see for example, Beard 1969; Lovell 1975; Driver 1983), Piaget
found four chronological stages in cognitive growth.

Sensori-motor

The sensori-motor stage coers the period from birth to about two years. At
birth, infants have no knowledge of the existence of the world or of themselves. As
infants act in their environment their patterns of behaviour are modified and their
sensori-motor systems become ccordinated. While children grow physically during
these two years, great intellectual progress is made as they interact with objects and
relate experiences to these objects. Children's understanding of the world, however,
is limited to properties of these objects and events that arise directly from other
experiences related to them. Thus children develop and organise mental and physical
activities as they grow.

Pre-operations

The pre-operational stage ranges from about two-to-seven-years of age. During
this stage, children develop langu:ige while continuing to refine sensori-motor skills at
the same time. Children view everything in relation to themselves (they are
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egocentric). The ideas of space and time are limited to their own 'world’ and they

have no conception of anything bevond it.

Concrete operations

The concrete operational sta;ze begins around seven years of age and continues
to about twelve years of age. As children interact with others their language becomes
more refined and they are made aware of the world of others. The operations of
children are performed directly on objects that themselves are either concrete or
symbolic. This stage is characterised by: reversibility of thought; classifying objects
into classes; and, trial and error methods in solving problems. Mental actions start to
take the place of physical actions and internalisation of ideas begins. At the end of this
stage children can make accurate observations from experiments.

Formal operations

The formal operational stage occurs in children who are older than twelve years.
Students no longer use concrete operations to represent mental abstractions. This
stage is characterised by: an abilit; to manipulate propositions; and, the consideration
of combinations of variables. Stidents can set up mathematical models, especially

those concerning ratio and proportion.

There has been concern exgpressed by some educationists (for example, Lovell
1975; Biggs & Collis 1991; Campbell, Watson & Collis 1992) about the rigorous
ways in which Piaget's levels of hinking are applied to people. Chiappetta (1975),
for example, claimed that up to 85 percent of people over sixteen years of age did not
use the formal mode of thinking as predicted by Piaget but were functioning in the
concrete operational stage. If this reflects the real situation, then some courses in
upper high school and college ar¢: inappropriate for many of the students they serve
since most of these courses are geired for students operating in the formal operational
stage.

Since the work of Piaget and his colleagues has been published, many
researchers have attempted to either confirm, adapt or challenge the results. From
these studies has arisen theoreticzl perspectives which are collectively referred to as
neo-Piagetian theories. These are similar to, but have important fundamental
differences from, that of Piaget.
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Neo-Piagetian theories

The neo-Piagetian theories incorporate important aspects of Piaget's theories as
well as accommodate findings of more recent studies and research in cognitive
developmental psychology. Like Piaget, the neo-Piagetians are interested in
"cognitive competences of the developing person” but are more systematic in looking
for "relations between competerce and mechanism" and "context with cognitive
growth" (Demetriou 1988, p. viii). These relations have immediate practical
implications to the work of neo-Piagetians as compared to the theoretical thrust of
Piaget's work. Neo-Piagetians jring the metaphors of mainstream psychology to
identify ideas and concepts, and >owerful statistical tools that help control variables
that Piaget was not able to do. Another important feature of neo-Piagetians is the
collaborative effort that is being made by many of them to try and understand each
others' theories and to learn from them. Piaget, on the other hand, appeared to be in
a one horse race "only against hiniself" (Sternberg 1988, p. 1).

One typical neo-Piagetian ‘heory has been proposed by Case (1991). Case
stated that "much of children's development stems from a change in their intellectual
structures” (p. 344). There are three components to these control structures:

a representation of the essential features of some particular class of
problems, a representation of the goals that this class most frequently
occasions, and a represen:ation of a sequence of operations that will
bridge the gap between the problera's initial and terminal state.

(p- 344)

His theory implies that chilcren, from different cultures, show different patterns
of development. This occurs because of the types of problems they meet most often
within their culture and how their culture provides models to help solve those
problems. Also, the theory acccmmodates other factors such as soci-economic and
emotional states that influence cnildren's motives and methods for achieving their
goals. The actions of children are limited by "a set of changes that are system wide
and have a strong biological component” (p. 344). As these limits shift, so the
control structures of the children »rogress through four recursive cycles for each type
of topic on which the children arc¢: working. These cycles are referred to as: sensori-
motor stage, interrelational stage, dimensional stage and vectorial stage. These have

similar characteristics to Piaget's stages, described earlier.
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Within each of these four cycles are three substages that children progress

through.

At the first substage, children assemble a new class of operations, by
coordinating two well-estat lished executive structures that are already in
their repertoire. As their working memory grows and as they practice
these new operations, they enter the second substage in which they
become capable of executing two such operations in sequence. Finally,
with further growth in wor<ing memory, and with further practice, they
enter the third substage in which they become capable of executing two
or more operations of the new sort in parallel, and integrating the
products of these into a :oherent system. Once consolidated, these
integrated systems then finction as the basic units from which the

structures of the next stage are assembled.
(p. 345)

Thus Case's theory has similar broad structures to that of Piaget's theory but
there is some fine tuning occurr ng within the stages to accommodate the various
levels of cognitive processing children use as they move from one stage to another.

The fine tuning that Case us2d within his stages is typical of the fine tuning that
has occurred within other neo-Piagetian frameworks. The work of Fischer (1980),
Biggs and Collis (1982) and Halford (1982) have each

. modeled children's mental functioning at a more microscopic
level than Piaget had done, focusing on such constructs as
'skills’, 'control structures’, or 'symbolic systems'. However,
each of these investigators also postulated general structural
levels (i.e., levels of skill, or control, or symbolic functioning)
that are hierarchically nested and whose attainment advances
children's thought to a new level.

(Case & Edelstein 1993, p. 6)

In the remainder of this section some of the theories that have attempted to
suggest a hierarchy for intellectual development are presented with special emphasis
given to those hierarchies that arc related to mathematics, the physical sciences and,
in particular, motion.
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HIERARCHIES IN MATHEMA TICS AND SCIENCE

Quality of Response

One method of attempting t> determine students' cognitive levels is to consider
the quality of their responses. Z.n example of a scale of Quality of Response was
developed by Renner (1979) for 1opics in mathematics using proportional reasoning.
These were:

1. No response.

2. A mathematical manijulation without a class inclusion or confused
explanations or factors which were invented by the student.

3. A grasp of the relationship between two quantities.

4. Recognition of the corrcct relationship but an inability to use this in the rest
of the problem.

5. An attempt is made to aoply the relationship to the rest of the problem.

6. Proper use of the relatic nship and an attempt to use sound logic.

7. Proper use of the relat onship with a discussion of implications and other

relevant variables.

In Renner's (1979, p. 279) study, four questions (incidents) were used that
covered: proportional reasoning (:wo incidents); combinatorial logic; and, separation
and control of variables. For each incident, a quality of response scale was developed
similar to the one provided above. The level of response, given by students for each
incident, was placed into a regression equation that had been developed to give a
predicted 'Piagetian score' for ea:h student. The average 'Piagetian score’ over the
four incidents was related to the s:ages developed by Piaget. Thus each student could
be 'placed’ somewhere within the Piagetian stages. If a student's score was between
two stages then the student was considered to be in a transitional phase between these

stages.

Complexity of Questions

A particular aspect made cl:ar in Renner's study was that the type of question
determines the highest quality ot response. While intellectual development can be
deduced by observing the level o reasoning that is carried out by the individual, the
level at which an individual is likely to operate is dependent upon the type of
questions that are asked. Questions often set a certain level of reasoning for
understanding. As an example, consider the following question:

41



2 - Frameworks

INSTRUCTION: Tell whether the following statements are ALWAYS
true. If the statement is not always true, give an example in which it is
false. In either case, explain your reasoning.

THE QUESTION: On the freeway, if two cars can reach the same
speed, then they MUST be ;ide by side.
(Trowbridge & McDermott 1980, p. 1024)

Trowbridge and McDermott in anelysing this question commented:

In order to answer a question of this type the students need to have
developed both a certain ccnceptual discrimination and a special kind of
reasoning ability. In particular, the meaning of the phrase 'reach the
same speed' must be distinguished from the idea of 'reach the same
place'. Secondly, the logical import of the 'if ... then ... ' construction
has to be understood. The student must recognize the need for a counter
example in order to negae the given statement and realize that the
existence of a single counter example falsifies a 'must’ statement. Such
hypothetical-codeductive r:asoning is an aspect of formal thought
essential to success in the sciences.

(1980, p. 1024)

So, by taking into account the complexity of the question, such that it does not
detract from the knowledge that i; being studied, it appears that the sequential order
of intellectual development is inhzrent in the structure of the knowledge and not in
some other factors like the schcool curriculum (Piaget 1970; Poduska & Phillips
1986). Hart (1981) pointed our that the sequential order of a hierarchy can be

obtained in at least three ways, nanely:

(i) alearning sequence or sequences of understanding,
which is essentially in the learner,
(i1) a teaching sequence wt ich the teacher uses,
(ii1) a logic sequence which is in the topic.
(p. 205)

Thus care needs to be take1 when examining hierarchies to see from whence
they come and on what they are based. A worthwhile hierarchy that is useful to help
organise the teaching topic needs to take into account the elements that are essential to
the learner as well as the essential aspects of the topic. Teachers can then adapt their
teaching sequence to take advantage of the level reached by the learner and the
elements that compose the differert levels within the topic.

42



2 - Frameworks

Levels of Thinking

Lybeck (1979) and his colleagues found that students showed three categories of
thinking. In the first, the explan: tions were simple and absolute. "The students base
their explanations on one subsyst:m of the system. The viewpoint does not require
them to think in terms of relationships between subsystems” (p. 122). In the second
category the students took a relativistic point of view. "A feature of this category is
that two subsystems are taken nto account” (p. 122) but they may have some
difficulties with the overall concept. In the third and final category the formal
definition was known but some difficulties were encountered, especially when applied
to some aspect of the everyday world that was outside of 'class-room physics'. Not
only was the content a cause of conceptual difficulty but the context also provided a
cause from which problems may arise (Lybeck 1979).

Applied Mathematics and PPhysics are subjects in which students have great
difficulty in understanding the concepts involved whether it be due to content or
context. Barnes and Barnes (1978) used Piaget-type questions before and after such
courses, and they found that "no developmental progress is made"” when students take
introductory college physics cours s for one semester.

One reason suggested for this lack of development was that the physicist and the
student were thinking and commu icating at two different levels. Fuller, Karplus and
Lawson (1977) suggested that physicists use certain reasoning patterns more often
than others. These patterns concern focusing, propositional logic, and proportional
reasoning. They proposed that by using the work of Piaget it might be possible to
understand why such reasoning cccurred, and see how growth of the concept came
about. As a result help could be provided to students of physics. This problem is not
only true for physicists but occurs in other areas of knowledge where the teacher is
thinking at a different level from that of the student and thus communication is on a

different level.
Reif (1986) pointed out that

Experts use some importan: knowledge so frequently that they take it for
granted and do not teach it explicitly. Indeed, one can trace many
student difficulties to a leck of knowledge or skills that were never
explicitly taught.

(p. 49)

43



2 - Frameworks

This indicates strongly that the expert and the student are operating in entirely
different ways of thinking.

students’ conceptual kiowledge lacks coherence. For example,
students usually interpret a scientific concept by retrieving miscellaneous
associated knowledge fraginents, many of which are incorrect; they
rarely invoke a definition of a concept, usually cannot interpret it
adequately even if they do; and they have no effective ways of resolving

inconsistencies that they encounter.
(Reif 1986, p. 50)

One way of categorising these different levels of thinking, between the expert
and the novice, is to use Piaget's stages. This may be done by considering the novice
as operating in the concrete mode and the expert operating in the formal mode.
Fuller, Karplus and Lawson (1977) have described characteristics of the concrete and

formal operational thinker.

Some characteristics of concrete reasoning include the ability to satisfactorily
consider: class inclusion, conservition, serial ordering, and reversibility. A person
with this level of reasoning is able to: understand concepts and simple hypotheses that
make direct references to familiar actions and objects, and have simple associations;
follow step by step instructions; and, to relate his/her own viewpoint to that of
another in a simple situation.

The limitations of concrete rzasoners are that they: search for, and can identity,
the variable that influences a phe 1omenon but the approach is unsystematical; make
observations, and draw inferences from those observations without considering all
possibilities; respond to difficult problems by applying a related, but not necessarily
correct, algorithm; and, process relevant information, but are not aware
spontaneously of their own reason ng.

Formal reasoners, on the other hand, have the following characteristics:
combinatorial reasoning, i.e., they consider all possible relations of experimental or
theoretical conditions even though some may not be realised in nature; control of
variables, i.e., all variables are considered and kept constant except the one being
investigated; concrete reasoning about constructs, i.e., they apply concrete reasoning
to concepts and abstract proojerties; functional relationships, i.e., interpret
relationships into a mathematical form; probabilistic correlations, i.e., take into
account the randomness that occurs in nature (Fuller, Karplus & Lawson 1977, p.
26).
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Fuller, Karplus and Lawson (1977) commented also on the stages that were
reached by students.

Piaget's original notion was that all persons use formal reasoning reliably
by their late teens. Yet recent studies strongly suggest that, although
almost everyone becomes .ible to use concrete reasoning, many people
do not come to formal reasoning reliably.

(p. 26)

Thus the physicist's

Fixation on the formal .ispects of physics instead of its concrete
experiences has made physics unnecessarily difficult and dry. We have
moved the sense of explor:tion and discovery from the study of physics
for the majority of students

(p. 28)

Such statements as these may help to explain why students in Australia (and
elsewhere) are often found to hav: a lack of interest in the physical sciences in Years
10 and 11 at school.

Students' Concepts

It is well documented that ‘or success to occur in helping students to develop
proper scientific concepts, and thts experience cognitive growth, they must first have
their previous concepts and ideas -hallenged in some way (Acredolo & Schmid 1980;
Gunstone & White 1981; Hewsor 1981; Pines & Leith 1981; Gunstone, Champagne
& Klopfer 1981; Tasker 1981; ennie 1981). Some other studies that have also
focused on students concepts of motion are: Gaskell 1973; Lebout-Barrell 1976;
Sjoberg 1981; Gilbert, Watts and Osbourne 1982; Clement 1982; Watts and Gilbert
1983; McDermott 1984; Hallou1 1985; Osbourne 1985; Minstrell and Stimpson
1986a, 1986b; Brown and Clement 1987: Clement, Brown and Zietsem 1989: Chee
1989; Steinberg 1990.

An example of different concepts students can bring to class is provided by
Hewson (1981). He identified f ve different types of conceptions that students can
have when interacting with science concepts. These are:

- the undisturbed children's science outcome in which the alternatives

brought to class persist unchanged by science teaching;
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- the two perspectives outcome where both views exist, one to be used at
school, the other in everyday cccurrences;

- the reinforced outcome the alternative view is strengthened by science
teaching which is now misapplied to support it;

- the mixed outcome both views coexist in ways which are not integrated and
may be self-contradictory;

- the unified scientific outcome where a correct understanding of the concept
within in its scientific setting is understood.

When dealing with students. it is important to be aware of these conceptions so
as to understand students' respons:s and to help in the analysis of those responses.

The different ways students use concepts is often an indication of the level at
which they are operating. Therefore, it is important to know what is meant by a
concept. Many authors give meanings and definitions of a concept. One of the more
fitting definitions is that given by Pines and Leith (1981):

When a symbol, such as a word, is used to designate a regularity among
objects, events, or other concepts, so that this regularity can be
communicated and though: about. we have the major ingredients of a
concept. Two or more cocepts that are related form a proposition. A
concept is a locus of meaning - a sort of summary of all the propositional
relationships in which that >oncept participates.

(p- 15)

Care needs to be taken, nevertheless, when assuming that if students use the

correct symbols that they also hav: the correct concepts.

What a child hears and 1:arns depends upon what he or she already
knows. ... Children hold t¢naciously to their misconceptions [alternative
frameworks] because these are not freak pieces of knowledge, but instead
are parts of well established frameworks that have been slowly
constructed through expericnce.

(Pines & Leith 1981, pp. 17, 18)

Thus in the study of motion

Students do not come to thz study of mechanics with a blank slate. They
come with prior experienc: and with a good practical understanding of
how objects move.

(Green, McCloskey & Caramazza 1980, p. 4)
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The students' interpretations and explanations of these motions, however, often
get confused when an unfamiliar 110tion needs to be predicted. Such ideas can create
problems in the formal learning situation:

. students of all ages hzve acquired concepts and primitive theories
about the world. From a mr odern scientific perspective, their conceptions
may appear to be misconceptions, and their primitive theories are often
naive and fragmentary. Moreover, these theories are highly resistant to
change and present major cbstacles to new learning. The realization that
learning requires the restructuring of preexisting knowledge has
important implications:

- Science curricula canno' merely specify what knowledge should be
taught, but must also ideitify and deal explicitly with students' prior
notions.
- The task of restructurinz a student's preexisting knowledge 1s often
more difficult than that of simply imparting new knowledge - and thus
requires more sophisticated teaching methods.

(Reif 1986, p. 49)

Controlling Variables

One aspect, important to determining the level of a person's intellectual
development, is how they contrcl changing variables in simple everyday situations
where more than one variable is changing at a time. Research on human information
processing has demonstrated thut there are limits to the number of pieces of
information a person can keep in mind and 'work on' at one time (Miller 1956;
Baddeley & Hitch 1974; Norman 1976). This capacity limitation appears to take a
toll in complex reasoning tasks where the difficulty in solving a problem is often
directly related to memory load (5imon & Kotovsky 1963, Denny 1969; Case 1991).
This aspect of control of variables within a problem is an important feature that needs
more attention.

Factors that effect determination of levels

The techniques of obtaining data do elicit different types of knowledge. Those
that are conceptually framed "terd to elicit propositional knowledge, whereas those
that are framed by a situation or phenomenon elicit knowledge-in-action" (Driver &
Erickson 1983, p. 46).

Students who are known to possess formal thought ability described by Piaget
often prefer to use the concrete operational methods of solving certain types of
problems (Dunlop & Fazio 1977 . This tends to frustrate any attempt to determine
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the level at which students are cajable of operating, because both the 'concrete' and
'formal’ student provide similar answers. Only by asking the right type of question,
that triggers formal type of responses, can the optimal level of some students be
revealed.

Research that identifies wh:re students have had difficulties with scientific
concepts has been summarised b’ Labudde, Reif and Quinn (1988, p. 81). The
difficulties that they found were in four broad categories: a knowledge base that is
fragmented, incoherent and prorne to misconceptions; unsystematic or inefficient
search and retrieval processes; an inability to apply knowledge appropriately after it
has been retrieved; and finally, a failure to distinguish between concepts and
reasoning modes used in science versus those used in everyday life.

In concept interpretation, Reif (1987, p. 312) identified three knowledge types
which they called formal, compiled, and joint formal and compiled. The formal type
of knowledge is "highly explicit a1d coherent, deliberately designed to make concept
interpretation reliably unambiguous, precise, consistent and general". The compiled
knowledge consists of a repertoite of knowledge "about various important special
instances, or type of instances o the concept". This knowledge is stored in the
memory and is usually retrievable by automatic key indicators in the problem. Its
advantage is that it is 'fast and effortless'. Joint formal and compiled knowledge
makes concept interpretation "reliably effective and efficient”. It allows a quick
solution of familiar situations but 't permits unfamiliar situations to be dealt with in a

reliable fashion by using formal th nking.

Reif made the following observaticn

Novice students tend to store lots of special knowledge and then do
relatively little processing after retrieval of such knowledge. On the
other hand, experts tend tc store smaller amounts of knowledge which
are more general, but which, once retrieved, requires more reasoning to
be applied in a particular case.

(Reif 1987, p. 317)

Thus when analysing the re;ponses of students, care needs to be taken in not
confusing the ideas of 'experts' with that of 'novices', since both can offer the same
response. Only on extended explaation will the difference be apparent.

In summary, the neo-Piagetian studies offer hierarchies that have common

features. They consider response; that range from the simple to the complex, from
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poor conceptual backgrounds to those of the expert. There are as well an array of
features that can confuse attempts to categorise levels of cognitive development, such
as the type of question presented, the quality of response students choose to use, prior
learning and teaching, and the nun ber of variables used in the problem.

Strategies

Another fruitful area of cognitive development studies is that of the choice of
strategies that students use in solving problems (see Siegler 1989(a), 1989(b), 1990,
1991; Siegler, R. S. & Jenkins, E. A. 1989; McGilly & Siegler 1989). Another way
of deciding whether a response gien by a student was at one level or another was to
code the sophistication of the strat:gy that was employed by the student in solving the
problem. Some experimenters lave developed models that postulate that certain
strategies are used by children at a particular age or stage of development. Siegler's
work on children's strategies in Joing simple adding has called these models into
serious question. He found that ;tudents, who have the same age, use a variety of
strategies in solving the same prcblem. Even the same student working on similar
questions uses different strategies "vhen asked these questions at different times.

A view of development that depicts children as actively choosing among
multiple competing strategi>s may turn out to be more generally accurate
than the traditional view ir which a child of a given age is depicted as
invariably using a particular approzch.

(p. 94)

There is evidence that adults also seek alternative strategies when answering
questions (Reder 1987). The reason people choose different strategies is that

. strategies differ in their accuracy, in the amounts of time needed to
execute them, in their proc:ssing demands, and in the range of problems
to which they apply. Stritegy choices involve tradeoffs among these
properties.

(Siegler 1991, p. 90)

Each of these factors is important when considering quality of student responses
in attempting to ascertain levels of cognitive development. The tradeoffs that students
use among these properties determr ines the response that eventuates.
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"Piagetian and neo-Piaget an approaches have found unities . primarily in
structural similarities in reasoning across tasks" (Siegler 1991, p. 100). Siegler's
work has found other unities as w:ll.

Other cross task unities: urities in children's use of multiple strategies on
varied tasks; unities in the adaptive quality of their strategy choices from
quite young ages through adulthood; unities in individual difference
patterns across domains; ard most important, unities in the processes that
produce strategy choices ard strategy discoveries in different domains.
(p. 100)

Thus, in analysing students' results it is important to consider the strategies that
are employed and not to group intellectual levels based on any one particular strategy.
The variety of strategies that a student can call upon when solving similar questions is
indicative of the optimal level at v/hich they might function.

Conclusion
Case (1991) highlighted dilemmas that confront neo-Piagetian theories.

While neo-Piagetian theor’ provided a set of formalisms for analysing
children's intellectual processes across domains, it offered virtually no
guidance as to how to analyse the knowledge or other products to which
these processes might lead. ... A second and ultimately more formidable
problem was that the sort of results neo-Piagetian theory had led us to
expect in various domains of development were not always what we
discovered. In their place we often found phenomena that at first
appeared completely different, yet on closer inspection were not so
completely different as to warrant a rejection of the neo-Piagetian
framework entirely.

(p. x1v)

Thus the framework offerec by Piaget is resilient enough to be used as a base
for other research and the neo-Piagetian frameworks have been able to refine Piaget's
work in an effort to explain some issues. Sometimes this has been achieved
successfully and other times unsiccessfully but in the latter case it is not enough to

reject these new frameworks.

The few studies that have been mentioned above that attempt to categorise
students' concepts, all refer to similar characteristics in dealing with cognitive
development. These range from the simple and concrete levels of thinking to the
more formal and abstract levels of reasoning. These levels are usually based on at
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least two ideas: (i) the use, or lack of use, of relevant variables; and, (ii) the
operations that are used on those variables. Such operations also involve different
strategies that are applied to the sume problem by different students. Does this then
imply that there may be some broad framework from which to interpret the selection
or use of different strategies? By working within a set theoretical perspective that
considers, in a detailed way, stud:znts' responses it might be possible to answer this
question.

The SOLO Taxonomy of B ggs and Collis (1982, 1986, 1991) is one system
that has similar features to the above structures as it is within the broad Piagetian
framework but it addresses also many of the concerns raised previously. (The
acronym SOLO stands for Structure of the Observed Learning Qutcomes.) [t attempts
to combine and systematise these structures across curriculum areas in a way that is
internally consistent. The next section of this chapter considers the SOLO Taxonomy
in some detail.

THE SOLO TAXONOMY: A POST-PIAGETIAN FRAMEWORK

The SOLO Taxonomy (Bigzs & Collis 1982, 1986, 1991) provides a useful
framework to interpret student levels of understanding in various subject areas. The
taxonomy has grown as a reaction to many of the problems identified in the Piagetian
and neo-Piagetian literature. It has a similar broad structure to that of Piaget's
theory, but since its initial conceptions in 1982 the descriptions of the SOLO
Taxonomy have become more ref ned and sophisticated. The emphasis of the SOLO
Taxonomy (as it will be amplified later) is classifying the responses that students give,
rather than classifying the studen: at a particular level, as in Piaget's model. This
classification has two dimension;: first, in terms of five modes of thinking and

second, in terms of levels of undeistanding within each mode.

In the following sections consideration is first given to a brief description of the
taxonomy, followed by a discussion of its relevance as a suitable framework to this

study.
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THE MODES

The SOLO Taxonomy is c assifie¢ into five stages or modes of functioning:
sensori-motor, ikonic, concrete symbolic, formal, post-formal. Each mode is
progressively available to individ ials as they become older, such that the preceding

modes are always available for the person to use.

Sensori-motor

The sensori-motor mode is 1vailable from birth. It shares the same features as
described by Piaget in his first st:ge. As such, this mode is related to the movement
and co-ordination that is involvel in reacting to the physical environment. In the
earlier years this involves "skilled motor activity such as grasping, crawling, walking,
running and jumping" (Collis & Biggs 1991, p. 188). This mode is available in the
later years of development as mcre complex and practised actions take place, from
playing tennis to gymnastics. The sensori-motor mode incorporates actions that feel
right without having to describe t e details of the "how" and "why". Such knowledge
is "well described as facit knowle ige because it consists in knowing how to carry out
an act without necessarily being able to describe or explain it" (Collis & Romberg
1991, p. 89).

Ikonic

The ikonic mode is availab e from about 18 months and is similar to Piaget's
second stage, pre-operations. T'his mode is characterised by the imaging and
imagining of an action as an object; it is helped by language, and revealed through
oral communication. Words and images stand for objects and events. It is in this
mode of thinking in which Bruncr (1964) said that the individual was able to form
internal pictures, images or 'ikons' to aid in thought processes. Within the ikonic
mode of functioning, children develop verbal communication skills that reach adult
level in terms of its structure. These skills are then ready to be utilised for
propositional reasoning. There is also a heavy reliance on imaging, often affect-
laden, which lays a sound basis for much of the future development in both

cognitive and non-cognitive areas.

Not only is the ikonic mode of thinking used by young children but it is utilised
by adults in quite highly sophisticited forms such as that employed by mathematicians
and scientists to find new ways of displaying knowledge (Biggs & Collis 1991,
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p. 11). Such thinking is not to bz "confused with geometrical, graphical or pictorial
illustrations which form part of the concrete symbolic system of representing the
aspects of the environment" (Collis & Romberg 1989, p. 10). It is common for a
person to be able to find a solution for & problem using this mode, that is, by using
images and visualisation, then justifying this solution using a higher mode.

Ikonic thinking leads to 1 form of knowledge commonly known as
"intuitive’ which is highly valued by creative thinkers in both the
sciences and the arts.

(Collis & Romberg 1991, p. 89)

The ikonic mode "is the basic mode for intuitive thinking" (Collis & Biggs
1991, p. 7). Within the context >f elementary mathematics the ikonic mode has the
following major characteristics (Cbllis & Romberg 1991, p. 113):

1. Intuitive - provides qua itative insights into a problem structure.

2. Forming of images - allows for visualisation of situations, concrete

structures which leads to individuals making qualitative diagrammatic
representations of elemznts of the problem.

3. Communication - "tends to conform to the oral structure of everyday

language. Rather than being propositional, it is descriptive and closely tied
to expressing feelings and intuitive and aesthetic associations”.

4. Affective mode - includes "interest, perseverance, confidence, valuing”
which effect an "indiviluals willingness to pursue mathematics study".

5. Social variables - iriplies the "capacity to work with others on
mathematically related tasks".

Collis and Romberg added:

It is clear that the ikonic mode can be used alone or in conjunction with
other modes. It is also clear that it has been much neglected and
deserves considerable attention in its own right in the mathematics
classroom. Ability to use this mode is shown by a willingness to
approach a problem with a relaxed and interested attitude similar to that
of the preschool child's approach (Collis 1988). There should not be a
feeling that mathematics belongs to the concrete symbolic mode and that
a problem must be immediately translated into this form.

(1991, p. 114)

That 'real' mathematics can likewise take place in the ikonic mode is a salient
feature of the SOLO Taxonomy.
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Concrete symbolic

The concrete symbolic mode: is available to most students at about six years of
age. In this mode, concepts and operations are experienced through the medium of
symbols which are tied to the real world, for example, written language, mathematics
symbols, maps, musical notation. "These symbolic systems have a logic and an order
both within the system itself and between the symbol system and the world" (Collis &
Biggs 1991, p. 11). One of the major tasks of compulsory schooling is teaching
students the mastery of these systens.

Within the context of elementary mathematics the characteristics of the concrete

symbolic mode are:

1. This is the mode in which symbol systems such as elementary
mathematics are developed ... There is a logic and order in this
system that allow for both independent and interdependent
manipulation without treaking the essential direct link with the
empirical world...

2. Mathematical concepts are the elements of thought for the concrete-
symbolic mode. They are of a higher order of abstraction than the
signifiers of the ikonic mode but are still directly related to the
empirical world.

3. Communication is via propositional statements using the rules and
concepts of the system.
(Collis & Romberg 1991, p. 114)

A large part of school mathematics is concerned with developing this mode, but
often more than one mode is used in problem solving; that is, both the ikonic and the
concrete symbolic modes. Thus, in examining student responses one would possibly
expect to find a mixture of ikonic and concrete symbolic responses not only across
responses, from students of the sime age. but also within the responses of the same

student.

Formal

The formal mode becomes accessible for many students after sixteen years of
age. In this mode, abstract thinkiag is important where the elements of knowledge do
not necessarily refer to 'concrete’ reality. The student can relate, not only to what is
seen to be real but also, to what may be possible. Teachers in the upper secondary
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school and early university level are concerned with having students think in this

mode in specific content areas.

Post formal

This mode is the most difficult to describe. It is believed to be rarely attained,
and, if so, an individual would be in excess of twenty years of age. To do so students
"must have an overview of their discipline such that they can challenge its basic tenets
and conduct research to advance understanding in the area" (Collis & Biggs 1991,
p. 9). Thus, this mode is dealing with those who are doing research in a discipline in

restructuring knowledge at its very roots.

Overall, these five modes (or stages) define broad boundaries that are typically
reached; at any given age prior modes are still available. On any given topic or
question, therefore, individuals miy respond in any of the modes that are available to
them. This makes it difficult fo- an investigator to determine which is the highest
mode at which an individual can operate. The emphasis is not on the individuals'
level of performance, but rather on the level of response that is given for that topic at
that time. Children do not abandon the use of the ikonic mode upon entering the
concrete symbolic mode, but the former mode provides a necessary support for the
latter (Campbell, Watson & Collis 1992). Similarly, it would seem that it is possible
to identify ikonic and concrete syribolic support in formal responses.

THE CYCLES

[t will be noticed that the above modes are similar to Piaget's broad stages of
cognitive development. However, of great significance is that Biggs and Collis have
identified a series of levels which are not only associated with each mode but have the
same characteristics within each mode, that is, they have identified recurring cycles
which help classify responses as they become more complex as modes develop (Collis
1985). This learning cycle is referred to by a series of levels: Prestructural,
Unistructural, Multistructural, Relational and Extended abstract.

In the Concrete Symbolic Mode

The examples and descriptions given below are provided with respect to the
concrete symbolic mode, though tie general principles apply across all modes.
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Prestructural

Prestructural responses occiir when students have appeared to use very little
working memory. There is a laclk of logical or sequential thinking. The cues in the
question and the responses are likely to be confused and may be irrelevant to each
other leading to three types of coifused responses: 1. "Denial"- the response is likely
to be "I dunno" or simply a gue;s. 2. "Transduction" - more like a "guesstimate"
which is based on one cue that is nost likely perceptual or emotional. 3. "Tautology”
- a restatement of the question.

"The prestructural responsc. is marked by very high closure and very low
consistency" (Collis & Biggs 1973, p. 19). Quick closure is more likely to result in
an inconsistent response to the orizinal cues and lead to irrelevant answers.

Unistructural

Unistructural responses refresent the use of only one relevant aspect of the
mode; students "seize upon the fist relevant dimension that comes to mind - but it is
at least relevant” (Collis & Biggs 1979, p. 19). More working memory is required as
students have to focus on the question and choose one cue that is sufficient for them
to close on a response. As in th2 prestructural response, students closes quickly on
this one cue from the many that may be available.

Multistructural

Multistructural responses represent several disjoint aspects, often in sequence;
the closure to the answer is delayed while more information is received, but since the
different aspects of this information are not necessarily inter-related, inconsistencies
result. This type of response tak:s greater working memory since not only must the
question be kept in mind but i number of possible aspects of the answer are

considered as well.

Relational

Relational responses involv: several aspects related into an integrated whole;
there is "a definite answer (closurc) and while this may be an excellent answer for that
context, it will not do for other ccntexts - that is an over-generalisation may be made”
(Collis & Biggs 1979, p. 19). At this level students not only have to hold the cue and
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the relevant data in working menory but they must also interrelate and process these
data.

Extended abstract

Extended abstract respons¢s take the whole process into a new mode of
functioning. In this mode

. . . the student here needs not only to encode the given information, but
to comprehend its relevaice to over-riding abstract principles, from
which he can deduce a hypothesis, and apply it to a situation that is not
given: all of this obvious y requires a larger memory capacity than the
other SOLO levels.

(Collis & Biggs 1979, p. 17)

The relevant features of th: extended abstract level of the concrete symbolic
mode are that the student can consider an abstract principle; make deductions from
that principle; use analogies that zre compatible with that principle; and "the outcome
may be indeterminate, that is, there is an absence of closure (events might have been
different under different circums:ances)" (Collis & Biggs 1979, p. 18). Thus the
outcome is open and alternativ: possibilities exist, depending on the particular
context.

To determine at which level a response is likely to occur, within a mode, is
found by considering the followirg four main variables: Capacity or memory space
(M-space), this is related to the a nount of information that can be held and operated
with in the working memory; Reliting operations or organising dimensions, concerns
how information, such as cues and responses, are inter-related; Consistency and
closure includes how complete and consistent the processing of information is in the
response; and Structure, a diagrarimatic representation of the nature of the responses
showing the data that is used or not used for a particular response (Collis & Biggs
1979, Biggs & Collis 1980, 1982)

Conclusion

Figure 2.1 provides an ove-view of the SOLO model and response structure.
This figure is adapted from Bigg: and Collis (1982) and the symbols in the legend
have been altered from that given originally.
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SOLO Working Memory Legical opera- consistency Response Structure
description capacity required tions involved and closure Cue Response
Prestructural Minimal: cue Denial, No felt need x
and response tsutology, for consistency X
confused transduct:.on, Closes without x
bcund to even seeing the @
srecifics problem ¢
= & -
¢
(o]
[¢]
Uni-structural Low: Czn "generalize" No felt need for x
cue + orly in terms consistency, thus X
one relevant o! one aspect closes too quickly': x
datum jumps to conclusions ¢
/@\
= & =
¢
C
Multi- Median: Czn "generalize’ Although has a feeling b
structural cue + 1solated criy in terms of for consistency can be x
relevant data a few lim.ted inconsistent because x
ard independent closes to soon on basis //¢
atpects of isolated fixations //' ¢\\\\\
on data, and sc can *\\\\¢’/////-
come to different ¢
conclusions with c
same data.
Relational High: Irduction. Can No inconsistencies x
Cue + generalize within the given x
relevant data w:thin given system, but since x
+ interrelations or experienced closure is unique P
ccntext using inconsistencies éﬁﬁ:Q?\
related aspects may occur when *'——-¢>/-_-
going outside \\\\g
the system o)
Extended Maximal: De duction and Inconsistencies x
Abstract cue + relevant irduction. Can resolved. No felt x
data + generalize to need to give closed EXN
interrelations + s:tuations conclusions - )
hypotheses nct experienced conclusions held $ ®
open or qualified *, @ =
to allow logically \\ @
possible altermatives ;;O
(R1, R2 or R3) o}
(o]
LEGEND

x represents inappropriate or inccrrect data
~ data given with potential to cue a response
¢ concepts processes and/or strategies expected within the "Universe of discourse”

o abstract concepts, processes and/or strategies within "Universe of discourse” but

= responses - both intermediate a1d final

additional to those expecied as part of understanding of the question.

Figure 2.1 SOLO model and response ;tructur: (Adapted from Biggs & Collis 1982).
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"Perhaps the most outstancing feature of the above model is the marriage
between the cyclical nature of earning and the hierarchical nature of cognitive
development" (Collis 1985, p. 10.. For example, the prestructural level of the target
mode could be in the previous mode while the extended abstract level of the target
mode is reaching into the next mode.

Not all responses fit appropriately into these levels, transitional responses occur
when a student is "feeling" for the next level. A typical transitional response has
more information than the lower level requires but the student appears to get lost in
the argument without closing on an answer. Collis and Biggs (1979) warned that "a
well-formulated transitional response at a lower level can be mistaken for an extended
abstract response, which likewisz doesn't reach closure but for a very different
reason” (p. 20).

To illustrate the increasing complexity of responses as one proceeds through the
levels, Biggs and Collis (1980, pr. 21-22) provided an example of students solving a
simple equation. It was not the s>lution itself that shows the level but the method of
justification. The students were asked to solve the equation y + 4 = 9. Typical
responses were:

Prestructural. We have not learned those yet.

or

five, that is my favourite number.

[n such responses "the response o1 justification is irrelevant in the context”.

Unistructural.

Child: Five.

Experimenter: Why?

Child: Because five and four make nine.
Exper: Could you do it vy sayingy = 9 - 4?
Child: No. that's a different sum altogether.

The student has used a counting procedure and sees no relation between the
addition and subtraction operations.
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Multistructural.
Child: Five.
Exper: Why?

Child: Because four froin nine equals five.
But the child could not explain why 9-4 =5is

equivalenttoS + 4 =9
Child: That is what we are taught.

The child recognises the sters but there is no integration of operations.

Relational.
Child: Five.
Exper: Why?

Child: Because 9 - 4 = 3.

The child could recognize ttat 9 -4 = 5 was equivalentto 5 + 4 = 9 and saw
them as the same thing, that is, the child was able to see reversibility of operations
but was "unable to examine the abstract logical basis for the process".

Extended Abstract.
Child: Five.
Exper: Why?

Child: Because 9 - 4 = 5.

Exper: Why does that work? y + 4 = 9 does not look much likey = 9 - 4.

Child: Well, we have gct to keep things balanced all the way and so you
could think like this: y + 4 = 9, thereforey + 4 -4 = 9 - 4,
subtracting four ‘rom both sides.

The child responding at this level has a good understanding of the abstract
notion of the inverse operation. 'The child is prepared to consider relevant ideas that
are not specifically given, such as 'balance', as a general principle and to withhold
final commitment to a definite res 1lt until a formal logical rationale can be provided.

Cycles and Modes

The cycles encompass two aspects, namely, cycles that occur across modes and,
cycles that occur within modes.
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Cycles across modes

The levels of responses tha: have been described above, within the concrete
symbolic mode, occur within the other modes of functioning. As progress is made
from one mode to another, the uristructural, multistructural and relational levels are
encountered. The extended abstract level is equivalent to the unistructural level of the
next mode. With the focus of :he responses in each mode being related to the
characteristics of that mode. An overview of the modes and cycles of the SOLO
Taxonomy is provided in Figure Z..2. (An earlier model of the SOLO Taxonomy is
given in Appendix C which illustrztes the development that is continuing to occur.)

MODE FORM OF KNOWLEDGE
Postformal Theoretical
Formal R Theoretical

M
18}
Concrete 7R” Declarative
Symbolic LM
Ikonic LR’ Intuitive
M-
e
U
L Z
SR ' Tacit

Sensori- LM
Motor U

I T T T T >

0 1.5 6 16 21

AGI: (Years not to scale)

Figure 2.2 Modes, Learning cycles and forms of knowledge
(From Biggs & Collis 1991, p. 66).

Cycles within Modes

More recent studies concerniag the SOLO Taxonomy suggests that there may be
recurring cycles within each mode¢ that repeat before the next mode is reached (see,
for example Pegg 1992; Levins & Pegg 1993; Campbell, Watson & Collis 1992). For
example, in the concrete symboli: mode, the cycle of unistructural, multistructural

and relational repeat at different lcvels of complexity. Whether there is one cycle in
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the mode or many is dependent on the knowledge that is being examined. Campbell,
Watson and Collis (1992), in their study concerning the development of the concept
of volume measurements by studerts, suggested "... that a second such learning cycle
takes place in high school, with th: second building on the achievements of the first"
(p.- 291). They have developed an intra-modal development model (Figure 2.3) that
suggests that the unistructural level of one cycle is the same as or equivalent to the
relational level of the previous cycle (p. 296). Also, their work suggests that the
development of the ikonic mode ccntinues in parallel with corresponding development
of the concrete symbolic mode.

The model in Figure 2.3 also indicates that a number of unistructural responses
combine to give a multistructuril response within each cycle. Then different
multistructural responses related to zether yield a relational response.

A’] =
[
|
l = - u » = n
| / P
, n i ] / n
|
I u w — n n — = N
|
e

| = e -— n .
|-

/I

Rp Uz M; R,1=U Mo Ro=U3 M3 R3
KEY

U, Unistructural level of target mode

U Unistructural level of the following mode
M Multistructural level of target mode

R Relational level of target mode

R, Relational level of preceding mode

1, 2, 3 the number of cycle

Figure 2.3 A model for intra modal development as given in Campbell, Watson and
Collis (1992).
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Studies by Levins (1992), ard Levins and Pegg (1993a, 1993b) likewise indicate
that in the areas of science and riathematics at least two cycles within the concrete
symbolic mode can be identified in student responses. Of interest, was the question
that arose out of their work: "Are¢ responses categorised as R, and U, within a given
mode, equivalent or are there some qualitative differences in the answers which
reflect different understandings?" p. 11).

DISCUSSION

The preceding discussion has identified the basic parameters of the SOLO
Taxonomy. However, there are syme recent issues that add to a deeper understanding
of the Taxonomy. This discussior focuses on several of these.

The early work on the SOI.O Taxonomy (e.g., Biggs 1980) indicated a close
relationship between the levels ot Piaget and the levels within the concrete symbolic
mode of SOLO. Table 2.1 provides an overview of this relationship.

Table 2.1
Comparison of initia SOLO Taxonomy and Piaget's stages.

Early SOLO levels "Terms used by Collis
in the concrete & Biggs (1976) Piaget's Stages

symbolic mode (1980)

prestructural preoperational Stage |

unistructural carly concrete Stage IIA

multistructural ‘niddle concrete Stage I1IB

relational concrete Stage 111A

extended abstract ormal Stage I1IB

(Adapted from Biggs 1980, p. 106)

The relationship is not as .imple as it appears in the table since each model
approaches student understanding in a different way. Furthermore, the SOLO model
is an attempt to refine Piaget's thzory and bring out some of the fine structure that is
not included in Piaget's work. This table does, however, give a guide for a
comparison of the levels.
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SOLO is best described as arising out of the neo-Piagetian theories since it is
based on the ideas of Piaget but these 'deas are extended further and thus can be
thought of as post-Piagetian. Tle developmental modes are similar in structure to
those of Piaget, but with differin;; nomenclature and are considered from a different
perspective. Within each mode there is also structure that identifies growth. Another
important aspect is that,

[In SOLO], in direct contrist to Piagetian theory, the emergence of one
mode does not replace its predecessor. The modes in fact accrue, the
later developing modes existing alongside the earlier modes.

(Collis & Romberg 1991. p. 87)

As well as this link with Piaget's idea, the SOLO Taxonomy is associated with
other cognitive theories in educa:ion. This is valuable because these have already
influenced thinking and practice in education (see Collis & Biggs 1991, pp. 1, 3).
The SOLO Taxonomy is not an isolated theory in the claims that it is making, since
similar ideas have been proposec by many educational psychologists (for example,
Fischer 1980; Halford 1982; Fischer & Pipp 1984: Mounoud 1985) which regard
"cognitive development as a serie; of hierarchical skill structures that can be grouped

into sets of levels" which "incorporate skills of gradually increasing complexity”
(Collis & Romberg 1991, p. 86).

Most taxonomies provide a way of looking at levels of conceptual thinking that
are being used by students. This is a rather difficult approach, as an outside observer
can not hope to fully understand the thinking processes of another person and fully
classify the thinking level of that person. An additional complicating factor is that
people can perform at very hig1 levels of conceptual thinking in some areas of
knowledge but very poorly in others. This is affected by their backgrounds,
motivation and interests (Collis & Biggs 1979, p. 3).

The SOLO Taxonomy provides a different approach to analysing students’
concepts and this is done by otserving the learning outcomes and responses that
students are prepared to give to he observer. The focus is not on the person, but
rather on the responses that the person gives. It is a means of measuring quality of
responses from a theoretical persoective. By looking at the responses that students
give, one can then say that, for a particular time, the response given occurs at a
particular mode and/or level.
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Collis and Biggs (1979, p. 13) suggested that the modes do not refer to the
average capability of cognitive fuictioning, but to the optimum capability of thought
at a given period. The student may operate at or below this level. Better responses
have a more complex structure though both responses may be technically correct.
The SOLO response is related to an immediate and particular result.

One of the challenges of «nalysing students' responses is in identifying the
appropriate level. Some responscs are clearly identified with a particular level, but
with the wide range of responses that students provide it is often difficult to place
some of these responses exactly in one level. In new areas of knowledge a large
number of responses may be needed to get 'a feel' for the different levels, then an
investigation is needed to determine whether these levels reflect a suitable taxonomy
such as that offered by the SOLO model.

As students move through a mode, their responses becomes more complex,
incorporating more features of thz question, until they can move to the next mode.
Moving from the prestructural to the extended abstract level in both the ikonic and the
concrete symbolic modes is still being researched in a wide range of subject areas. In
general, however, it is thought tiat the extended abstract level of a lower mode is

similar to the unistructural level o the next mode.

In considering the concreie symbolic mode, the unistructural response is
observed in the response of stude its who provide one statement or idea in an answer
to a question. The statement is relevant but only focuses on one point and is not
usually sufficient as a full answer. Nevertheless, the student is usually quite happy
with this response as being an answer to the question. The transition from the
unistructural to the multistructural level requires practice and the ability to store these
'bits' of knowledge so that the student is able to integrate this knowledge. A typical
response at the multistructural leel is to give a list of statements or ideas that are
relevant to the question.

To make the transition from the multistructural to the relational level requires a
greater intellectual demand since here the student must not only have all the
knowledge elements but also und:rstand how they relate to one another. Collis and
Biggs (1991) suggested that in the concrere symbolic mode this level is not required in
all subjects by all students. Suct a decision depends on the demands of society and
the interests and motivation of the student. In making the transition from the
relational to the extended abstract level in the concrete symbolic mode does, however,

65
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depend on the special interests c¢f students in particular subject areas at the senior
secondary or early tertiary levels. In order to reach this level of thinking, it may be
necessary to pass through a number of cycles of such transitions until a total grasp of
the concept is apparent in the responses.

When students are faced v’ith mathematically related problems they need to
make a decision whether to solve it intuitively, in the ikonic mode, or use standard
procedures of mathematical langiage, the concrete symbolic mode. A schema for
students possible course of action on cognition tasks, devised by Collis and Romberg
(1991, p. 103), is reproduced in Figure 2.4.

[tem and question

Respondent: Read propositions and decide on course of action

o
-

L T s R
A Translate to ikonic riode Translate to concrete symbolic mode
B Create images, intui:ions Create statements/representations
in new system
e \ Y L
2 N |
O (i) . N .

C Process according to Process using techniques Process according to
criteria irrelevant to associared with concrete symbolic
mathematics of given workplace mathematics rules (may involve
problem criteria mapping to other

modes)

D Solution irrelevant for ~ Solution translated back Solution translated
mathematical to original context back to original
propositions given (logical mathematical context (logical

steps manipulative steps mathematical
neither readily nor manipulative steps
usually available) readily traced

Figure 2.4 Possible course of act on for cognition task.
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Students can choose to proceed down column L or column R. Column L is the
intuitive approach in the ikonic mode whereas column R represents a concrete
symbolic approach to the problem At row B, column L branches to C(i) to give "an
irrelevant conclusion or, in the case of C(ii), to an intuitive relevant solution. ... It is
rare that a student will stay purely on onz track (L(ii) or R) if the problem is novel.
In this case there is likely to be movement both ways at either rows B or C or both"
(Collis and Romberg 1991, p. 103).

Some research results indicate that whether a student will use the concrete
symbolic mode or the ikonic mod: strategies in doing a problem is often determined
by the nature of the problem. Collis, Watson and Campbell (1992) found that for
students of nine and ten years of a ze:

students tended to chinge modes significantly more often when
answering CS-type probleris |concrete symbolic] than when answering
IK-type problems [ikonic] ... When students are working on a CS
approach, and get stuck, they feel free to use their imagination to make
progress whereas when they use their imagination/intuition to solve the
problem they are typicall satisfied with the result, be it correct or

incorrect, and see no point in supporting it with mathematics.
(p. 13)

This suggests that students a e more likely to utilize ikonic strategies if they find
some degree of difficulty in solvirg concrete symbolic problems and are unable to use
concrete symbolic strategies effectively. [n the case of problems directed at the ikonic
mode, however, students are unli<ely to use concrete symbolic strategies to assist in
their problem solving.

In the conclusion of their peper Collis, Watson and Campbell (1992) stated that
the concrete symbolic mode is that which is taught at school and the ikonic mode
"appeals to common sense everyday life and visualisation, and the use of intuitive
reasoning"” (p. 14). Students whc use an ikonic approach "see little point in backing
up their solution by an appeal to mathematics" (p. 14). Students are able to move
between modes but most often they move from concrete symbolic to ikonic.

From the above, it would s:em that the SOLO Taxonomy is a valuable tool to
use in analysing students' understinding, in particular, it addresses the following four
issues: it has strong links with toth Piaget and neo-Piagetian formulations; it helps
explore other theoretical perspectives such as that provided by Bruner (Biggs & Collis
1991, p. 71); it overcomes many dentified criticisms of Piaget's work (i.e., décalage,
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by focusing on the response raher than the student); and finally, it offers two
measures to describe students' responses, namely the modes, which describe ways of
thinking, and levels, for the degrez of complexity that is exhibited within the modes.

The application of the Taxonomy to a given situation offers a broad external
validity to the process. However, its use is not without penalty. In order to use the
Taxonomy then it is important thet the elements of coding and analysis are made very
clear. One method to achieve this is to use the SOLO response structures (e.g.,
mappings, Collis & Watson 1991 to clearly indicate the processes, cues and data that
are used by the student. These mappings provide a concise overview of the structure
of the student's response showing possible logical pathways in cognition. The
'pattern’ of the structure gives an indication of the level of the response. There also
needs to be a logical sequence or path to the development, but these are required to be
consistent with previous work in this area. The key issue here is that applying a

known categorisation system to a 1ew area is fraught with difficulties.

CONCLUSION

Chapters one and two have introduced the literature relating to studies
concerned with students’ ideas on speed. and have surveyed the relevant theoretical
cognitive frameworks that provid: a basis for understanding student responses. The
major contribution to both these areas is found in the work of Piaget. He has
provided a detailed analysis of children's ideas concerning speed and furnished a
theory for students intellectual d¢velopment. Arising from Piaget's model comes a
post-Piagetian theory, the SOLO ""axonomny, which promises to offer a useful tool for

examining students responses in some detail.

From chapters one and tw»d, three themes provide general direction for the
present study:

1. To ascertain students iceas corcerning speed and the methods they employ
to solve problems on speed.

2. To examine the strategy choices' of students to determine any underlying
structure.

3. To provide a theoretica framework to interpret findings.
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The next chapter describes the initial qualitative investigation which gave
direction for the main study in addressing the above themes. It reports on the speed
questions that were developed and the Pilot study that was conducted to test these

questions.
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CHAPTER 3

DEVELOPING TEST QUESTIONS AND PILOT STUDY

All things began in orcer, so shall they end, and so shall they begin
again; according to the: ordainer of order and mystical mathematics
of the city of heaven.

Sir Thomas Browne The Garden of Cyrus Ch. 5.

Introduction to Chapter

Before proceeding with the nain investigation, several initial investigations were

undertaken to develop suitable questions and appropriate research strategies that
would give direction to building a stable research design. The research themes, listed

at the end of the previous chapter. provide a framework and direction for this work.

In particular, the following issues require investigation prior to the start of the

main study.

1. To explore the range of responses students offer when asked for a
description of the mear ing of speed.

2. To develop a series of straight-forward questions concerning speed that
could be viewed as fanm iliar to students in the secondary school.

3. To develop a comprehensive series of questions about speed that would test
students' understanding of variables.

4. To investigate implications of using subsets of the items on different
students.

5. To see if the items we e suitable to allow students to provide a variety of
responses.

6. To check basic assumpiions regarding suitability and difficulty of questions

in various question bands.
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3 - Pilot Study

This chapter consists of three sections. First, the initial outcomes are reported
of students' responses for a desc-iption of speed. Second, the speed questions are
developed, analysed and trialled >n a group of Year 10 students. Finally, a small
pilot study is described using the speed questions with students from Years 8 and 11.

DESCRIPTIONS OF SPEED

An initial study was carried out to investigate how students would respond, in
their own words, to the meanings of the terms speed and velocity. The senior
students (Years 11 and 12) were also asked to indicate the subjects that they were
studying in school as it was expecied that this may influence their responses.

A sample of one hundred students from Years 8 to 12, twelve science teachers
and three other adults were asked to give their best attempt at providing a description
for the meaning of the words spced and velocity. A clear explanation (verbal and
written) was given to the subjects describing the purpose of the study. In addition the
students were told that the results were not going to be used for any school-based
assessment. Each response for a description of speed was coded. Four students were
interviewed concerning their responses to give some indication of the reliability of the

questionnaire.

Results

Most students provided descriptiors that reflected some understanding of the
concept of speed. Only five responses could be classed as inappropriate or 'smart’

answers.

The responses of students concerning their meaning of speed were able to be
categorised successfully. It becaine clear that students' responses could be arranged
into two broad groups, and that, within these groups, different categories of
understanding were observed. Table 3.1 reports these categories with examples of

typical student responses.
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3 - Pilot Study

Table 3.2 provides the frequency of the different categories of response for
different groups of subjects. In attempting to interpret this information it is valuable
to note that: Some of the Year 12 students were studying physics and mathematics;
none of the Year 11 students we-e currently studying physics or mathematics; and,
according to their teachers, the Ycar 9 class was a low academic class and the Year 8

class was a high academic class.

Table 3.2
Summary of frequency of student responses
for different categories in speed

A B C D E F G total
adult 7 2 2 4 0 0 0 15
Year 12 8 3 0 2 0 0 0 13
Year 11 0 1 2 10 2 0 0 15
Year 10 1 2 3 15 0 i 0 22
Year 9 0 1 1 16 2 1 2 23
Year 8 0 2 2 20 2 1 0 27
total 16 11 10 67 6 3 2 115

The responses for velocity were not categorised but it was noted that most
students did not know what velocity meznt, with a large proportion saying that they
had never heard of it. The exceptions were those who had completed a full semester

of mechanics in Year 11 Mathematics Il or Physics.

Discussion

The above results show a raige of responses over the different age groups. The
categories seem to be secure and ¢re used for further discussion in this chapter.

Some brief informal interv ews w:th a few students indicated that they gave
similar verbal responses for a description of speed as they did in the test. If they were
prompted for more information b/ being presented with diagrams, they could expand
on their initial responses and provide more detail for a meaning of speed. For
example, one student wrote that 1peed "was how fast something went". Initially, in
the interview, he gave a similar response but, when he was provided with examples of
two objects going at different speeds, he could identify which one had the greater
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3 - Pilot Study

speed. When asked by what means he had arrived at this conclusion, he said it was
by comparing the distances the two objects went and "how fast [time] it took". Thus,
this student was able to use the fict that speed was related to distance and time but
could not spontaneously talk abou: the features. These ideas are explored further in
the main study.

The above statement, whict used 'fast’ as a synonym for time, was not an
isolated case. The word fast was used in two ways by students, namely, as speed and
also as the shortest time. For some students these two meanings could be the same,
whereas for others it would cause some confusion. This confusion is due to the way
these words are used in common e/eryday language.

Implications

One of the major implications that comes from the investigation, described
above, is that students need to be asked more about speed than just what they think it
is. When students are given siinple questions concerning speed they might also
provide responses that indicate their understanding of the relationship between
distance, time and speed. It is the purpose of the next section to address this
implication and describe questions that were developed to further investigate students'
understanding of speed.

Since the descriptions offersd by students were able to be categorised into
similar groupings, issue number one has been addressed. It is of interest to know
whether these categories can be identified for different students and their degree of
robustness, that is, how stable are the categories for individual students under probing
and prompting.

THE QUESTIONS AND THEIR ANALYSIS

To find how students uncerstood the relationships between the variables
distance, time and speed it was necessary to formulate a set of questions which would
reveal the concepts and ideas already held by students.

To achieve this a set of ques:ions was developed which needed to be of varying
difficulty, both conceptually and procedurally, in order to obtain a range of
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responses from students over different Year levels. As a result, three different types
of questions were devised. They can be summarised as questions:

1. which tested for straigh -forward ideas familiar to the students. These were
of two types: (a) thos: of a purely numerical nature; and (b) those that
would investigate how ;tudents perceived the variation of one variable with
another;

2. which included visual instances of motion where the students had to
compare the motion in >ne instance with the motion in another instance;

3. which were based on instances that would seek simple relationships

between the variables as well as more complicated ones.

This is not an exhaustive list of the types of questions that could be used. For
example, typical word questions, as found in physics textbooks, that specifically seek
students' understanding of the kirematic formulae in different and complex ways are
not included. It was not the purpose of the questions in this study to test physics,
although students were not hinde -ed from using the kinematic formulae if they had
access to them.

Each of the three types of questions are now discussed in detail.

SINGLE FOCUS QUESTIONS

In developing questions in this section it was intended to have simple questions,
in familiar contexts, as the first set of questions on the test (Part A). A number of
questions dealing with cars were used, with their speeds and distances over different
times being considered. The initial questions were tested on two primary school
children, three adults and six Yeer 10 students to check for inconsistency, ambiguity
and clarity. An effort was also made to use a vocabulary that was familiar to
students, not the technical jargon of teachers or physicists. After informal discussion
with these people a final set of questions was developed that covered all possibilities.
(All the questions developed are included in Appendix D.)

These simple speed questions in familiar contexts were of two types:
(a) Numerical (labeled M): These are of a numerical nature involving a
simple calculation based upon familiar situations. The aim was to see
if students could usc accepted concepts of speed.
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3 - Pilot Study

(b) Variation (labeled V): These questions are concerned with direct and
inverse variation of the variables associated with speed. It was hoped
to elicit students' perceptions on how they thought the variables
changed, i.e., if on: variable changed, what would happen to a second
variable, given that the third was kept constant?

Numerical Questions (N)

For the numerical questions, three 'real life' questions were developed, that
were expected to be familiar to tle students. Each question required that one of the
variables be found, i.e., the spced, the distance travelled, or the time taken for
vehicles to travel. For example, the first numerical question, N1, is:

If a car has a speed of 60 km/hr, how far will it go in three hours?
In this question the distance was required, the speed and time were provided.

Table 3.3 indicates the exyected operations that students would carry out on
each question to obtain the correct response. The coding for each question for the
variables used is provided also (sez the Key).

Table 3.3
Analysis >f Numerical Questions (N)
Operation Question Code
multiplication N1 VTD
N2 DTV
division
N3 VDT
The Key
Question Reference Code
upper cas¢ constant variable
Lower Case  changing variable
Bold variable to be found
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Question N1 for example would be coded as 'N1 VTD'. This means that N1 is
the question reference (Numerical Question 1), Speed (V) and Time (T) are given
and are constant, and it is required to find the Distance D (it is in bold type).

Variation Questions (V)

In the second type of question, six questions were developed to cover the six
possible ways of testing variation; of the three variables. For example, if speed (V)
is held constant then the time (t) can be found given a change in distance (d), (using
the key above this would be Vdt) or the distance could be found given a change in
time (Vdt).

As an example, the first question in Part A, Question V1, was coded Vdt.

A car goes on two journey.: at the same speed. The second journey was
twice as far as the first. How much more time would the second journey
take?

Table 3.4 provides a summary of an analysis of the questions which are
referenced by the code V. The key is the same as that provided for Table 3.3.

Table 3.4
Analysis of Variation Speed Questions (V)

Type of variation Question Code
Vi Vdt

Direct V4 Vdt

V3 vdT

V6 vdT

Inverse V2 vDt

V5 vDt

A series of different tests was administered to a group of Year 10 students
towards the end of the school yea-. The details of the method and results of this trial
using the Single Focus Questions Part A) are reported in Appendix E.
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Discussion

The different tests were an appropriate length as far as time was concerned.
From the responses, it was apparent that the questions were straight-forward for Year
10 students. For most of the questions, students were consistent in the methods that
they used. These results confi-med the assumptions regarding difficulty of the
questions and also that the various questions included in the different tests appeared to

show no particular problems.

DUAL FOCUS QUESTIONS

In preparing questions for tlis section it was decided to use a set of diagrams so
that each question was similar in ayout and easy to follow. This would allow for the
information to be displayed in a consistent manner on the diagram, and the student

would not be required to read large sections of written information.

Two differing types of questions were devised: the open comparison and the

closed comparison,

Closed Comparison

In these questions, includei in Part B, different instances are given of two
trolleys moving from left to right. The student had to select the trolley that had the
greater speed, or state whether they had the same speed. The questions were ordered
in a hierarchy from none of the variables being different to all the variables differing
between the two instances.

For speed, the variables ccnsidered were distance (d), time (t), speed (v) and
starting position (s). The variables d, t and v were included because they are related
by the relationship d = ¢ x v. Th: variable s was included because Piaget (1976) had
found that some students do not tike into account where the objects started and seem
to believe that the fastest one is tie one that is in front at the end of the journey. A
tree diagram (Figure 3.1) was constructed to show all the possibilities of combining
these variables. The numbers next to the final codes refer to the final question
number that is used to identify these questions in this thesis.

Not all possibilities on the tree diagram are physically attainable, these are
indicated by the brackets on the tree diagram. For example, if the speed of the two
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instances is different, then the distance and/or time must be different as well. Hence a
question with speed different and time and distance the same is impossible. From the
tree diagram ten questions of diffcrent instances were developed. These questions are
referred to as Dual Focus Closed “omparison.

———— Spap=SBR 1 VTDS
— —da=dp
| I——SA+SB 2 VTDs
ta=tg
| T————Sa=Ss (VTdS)
L dAZ*:dB
L——sa$sp (VTds)
VA=VR
—— sa-ss (VIDS)
[— — da=dg
| L —satsn (Vtds)
Cpf#:tB
| — caesn 3 VidS
L datde
l_“'—SA:i:SB 4 Vids
a=2=0
 saesh (vTDS)
— da=dg
| L-———SAZf:SB (VTDS)
Ca=Cg
| sy 5 VTdS
L— dadp
%——SA#SB 6 vTds
VA:*:VB
——— SaA=SBgp 7 VtDS
———— da=dgp
l————SA=i=SB 8 vtDs
taF tp
| e 9 vidS
L dAZ*:dB
|———SA=#SB 10 vids

Figure 3.1 Tree diagram for Specd: Dual Focus Closed Comparison questions
(coded B)

The ten questions that we-e developed are included in Appendix D. The
questions that were used in the main study are included in the insert at the back of this
thesis so that the reader can refer :asily to any question.

Two examples are now given of the type of questions that were developed (the
questions are coded with a B).

Example No. 1. Question 32 illus:rates trolleys that have started from different

positions. The student is given the time taken (two seconds for each trolley) and the
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starting and finishing points, giving the distance travelled as three units for each
trolley. Since the time taken and the distance travelled are the same, the speeds are
also the same. This question is o' type VTDs which means speed, time and distance
are kept constant and the starting position is different.

Question B2 VTDs

2 secs
1 1
Lo--o—-n lo--o-n
LE L L L b
I T f 1 1 T
0 1 2 3 4 5 6
Lo--o—B Llo--0—B
LLLL L L L L)
0 1 2 3 4 5 6

2 secs

Answer: A B same speed

Example No. 2. Question B8 represents two trolleys that start and finish at

different positions but have travelled the same distance of three units, However, the
time taken for each trolley is diff:rent (five seconds and three seconds). Hence, the
speeds are different with B having the greater speed. Since three variables are
different, only the distance D sta/ing the same, this question was coded vtDs. This
question demanded more memory capacity of the student than Question B2 as it
required more processing of infcrmation to obtain a correct response. If students
were aware of the relationship b:tween distance and time then they would have to
compare the two ratios 3:5 and 3:3 and decide which one was larger. (There was a
purposeful avoidance in asking v’hich one had the faster speed since students have
shown that 'fast' is often associated with time as well as speed).
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Question B8 vtDs
5 secs
—  —
Lo--0— A lo--o—1a
LUl L L L L L L L
0 1 2 3 4 5 6
| — 1
lo--0—B lo--o—B
LD L L L
0 1 2 3 4 5 6

3 secs

Answer: A B same speed

Table 3.5 provides an analysis of the Dual Focus Closed Comparison questions
in an attempt to categorise the qu:stions. Each cell shows the Question number and
the question code, for example B1 and TDS, respectively. The table also indicates
the questions in which the two insiances have the same speed and different speed.

Table 3.5
An analysis of the Dual Focus Closed
Comparison speed questions.

No. cf variables that differ

0 1 2 3

Ques. code|Ques. code|Ques. code |Ques. code

same Bl TDS B2 TDs B3 tdS B4 tds
speed
B6 Tds
different |no cases B5 TdS B8 tDs B10 tds
speed B7 tDS B9 tdS
Key:

t = time; s = start position; d = distance; v = speed
(lower case : = Vc¢riable is different in the two instances
Upper case : = Variable is held constant for the two instances)

81



3 - Pilot Study

Open Comparison

In these questions, included as Part C, different instances were given again of
two trolleys, but in this case the second trolley had one of the variables missing and
the student had to find the value of this variable. The variables that differed usually
did so by simple multiples of each other. Again, there is a hierarchical order of the
questions from only one variable teing different to all variables being different. This
type of question focused students' attention on how the variables relate when they are
changed.

By only displaying one var able changing and keeping the others constant in
both instances, six different questions were developed (coded with a C). These
questions with the coded variables are displayed in Table 3.6. The full set of
questions is given in Part C of Appendix D.

Table 3.6
Questions in Pzrt C with one variable changing.
Question code
C1 vdt
2 vDt
3 vdT
4 Vdt
5 vDt
6 vdT
KEY

Upper cise = > variables same

Lower case = > variables differ

bold = > varisble to be found
in the second instance.

An example of this type of questicn is the following:
[nstructions (at beginning of questions in Part C):

In the following questions the first diagram gives all the information but the
second diagram has things changed (in darker print) and one bit missing.
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By comparing diagrains or otherwise find the missing information
required. (Note: the speed of the trolley is on the 'speedo’ on the trolley)

[2
o--o—'A
This ‘rolley has a speed of 2 units/sec.

Question C2

2 secs
2— r2—
lo--o—a Lo--o-a
LI L L L L L
0 1 2 3 4 5 6
2 2
|:o--o B [o——o:lB
NENNENNEEN
] NN NN N NN NN RSN NS RN NN NN ENN NN NNRENN
0 1 2 3 4 5 6
1 sec

The time is halved. Find the speed?”

In this question students are required to find the speed of Trolley B given the
initial conditions of Trolley A. The new time for Trolley B was provided on the
diagram. Also the question stated that the time had been halved.

In the problems where two ‘ariables are displayed as changing on the diagram,

three further questions were developed, these are summarised in Table 3.7.

Table 3.7
Questions in Pert C with two variables changing

Question code
7. vdt
(28. dvt
9. tdv

The key to the codes are the same as that given in Table 3.6 above.
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An example of these questios is Question C7:

Question C7

L secs
1
r3— r3——
Llo--o—a Lo--o—-A
LLLLL L L L L L L LI
0 1 2 3 4 5 6
|
2 ?
|:ouo:]B |:o——o B
UL L L L L L L)
0 1 2 3 4 5 6

3 sec

The time has increased by 3 times and the distance has doubled.
Find the speed?

In this question, students arz required to find the speed of Trolley B given the
initial conditions for Trolley A. Ia this situation they are provided with new time and
distance for Trolley B.

Table 3.8 summarises the nature of these Dual Focus Open Comparison
questions with the number of variubles that are displayed on the diagrams as different.
The type of variation that student; could use to solve the question successfully is also
indicated.

Table 3.8
Analysis of the open comparison speed questions

Type of variation

One¢ Variable changing Two Variables
changing

Dircct Inverse Complex

Question No. | ClI C4 C3 Cé6 C2 (O] C8 C7 C9

Code vdt Vvdt vdT +vdT| vDt vDt dvt wvdt tdv
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Key for Table 3.8

lower case : = Variable is changed
Upper case : = Variable is held constant
Bold : = variable to be found

These questions, Dual Fo:us Open and Closed Comparison, were also
administered to a small group of “ear 10 students. The outcomes of their responses
are reported in Appendix E. Sinc: there were more questions to be asked than could
be reasonably completed in a class lesson, a series of different Speed Tests were
developed with eleven questions in each one.

Discussion

The method of using a series of speed tests allowed all Dual Focus Questions to

be tested on more than one student.

Most students were able to o>tain the correct response since:

1. the questions were not s2en to be particularly difficult;

2. the students had already covered recently the section on speed in Year 10
science classes, and soine were able to recall the relationships between the
variables.

It is interesting to note tha: there were a variety of responses given for the
different items. Some students, who had the correct response, gave explanations that
suggested that they obtained those resporses from invalid reasoning. Sometimes the
reason might have worked for a particular question but was not acceptable for the
general situation.

The strategy that focused on the trolley that was in front as having the greater
speed did occur a few times. Stucents frequently used the terms 'fast' or 'fastest' and
this might have referred to a number of things: the trolley with the shortest time; or
the one in front; or the one with tlie greatar speed.

In the Closed Comparison questions (Coded C) it appears that most students
used the direct variation or the ‘ormula to obtain a correct response. Those who
obtained the wrong response often ignored one of the variables.
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Implications

From this limited initial trial of the questions on Year 10 students, some items

of interest started to emerge. In perticular are the following:

- some students could prcvide the correct response, possibly with wrong
reasoning, it would be of interest to identify these responses in the main
study, and, during inter views, probe the reasoning that occurred;

- some students changed the methods they employed to solve similar questions.
This peculiarity needs td be explored further in the main study to identify
potential trends.

- how do the number of variables that differ within a question influence
students' performance?

- how do students perform on the questions which involve different types of
variation?

PILOT STUDY ON YEAR 8 AND YEAR 11 STUDENTS.

Before the main study was commenced a small pilot study was undertaken with
a group of Year 8 and 11 students A suitable test was constructed using the different
types of questions that had been developed. The method and results of this pilot study
are reported in Appendix F.

DISCUSSION

The Descriptions given by the Year 11 students showed that they had been
introduced to speed in some form in the past, most probably in Year 10 science and
mathematics classes. Only some :tudents, however, were able to recall the definition
for speed.

It was clear that the Year 8 students had not been formally introduced to speed
concepts by referring to common everyday ideas with which they were familiar, and
using such expressions as "how fast somathing goes". They performed satisfactorily
on only a few questions (N1, N3 and Bl). This was to be anticipated, and justifies
the previous assumptions concern ng the difficulty and levels of the questions. From
the Year 8 responses it became clear that at least three students used 'time' as a factor
to determine which Trolley had the greatest speed. They seemed to have the idea that
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"the shorter the time the greater the spced” but they ignored other factors. Two
students focused on the trolley that was in front as having the greater speed. Several
students did not give any explanaiion on some questions, though they provided some
correct answers. The reason for this was not always clear, some possible explanations
are: sometimes they did not knov’ the answer and guessed (if they had guessed, they
were told to say so); they knew 10w to obtain the answer but could not explain it;
they were not motivated and ansvsered the question by whim; or they felt as if time

was running out.

One student in Year 8 perfo'med extremely well with nearly all items explained
correctly. His responses showed that he had the correct ideas regarding the concept
of speed. The next ranking student in the class had about one half of the questions
correct.

The Year 11 students perfor ned satisfactorily on all questions. Their responses
showed a different trend compared to the Year 8 students, with at least eleven of the
twenty one students using some form of the formula (such as v = d/f) to work out the
speeds and comparing the results. Sorne students used proportion. One student
started his response by using ratios and eventually switched to equations in the Dual
Focus Open Comparison question:; of Part C. Another student who focused solely on
distances as the criteria for greater speed, ignored the time completely.

A direct comparison of the (ear 8§ and 11 results needs to be done cautiously as
each test had different questions at different levels of difficulty. It is clear, however,
that the Year 11 students perform:d better on the questions and with more confidence
than the Year 8 students.

Implications

Since some of the items :ppeared to be difficult for some students it was
decided to explain to the students (especially those in the lower classes) that some of
the questions might be difficult. They would need to be encouraged to do their best
with those questions that they thought they could do. This was done to remove some
of the stress which some students seemed to experience in test type conditions and
help them to progress through most of the questions.

The results showed that Ye:r 11 students performed better than Year 8 students

which was expected. A range of 'esponses were received from both groups, and there
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was no easily discernable indication that rote learning of ideas was apparent. This
implies that not only were the questions suitable but that the format did not trigger
some specific procedural approach

Since the students were able¢: to do the Single Focus Questions (Part A) with
confidence, pilot research issue number two was addressed, that is, the students were
tamiliar with these types of ideas.

Question N1, which only required multiplication, was answered confidently by
the Year 8 students, but with Question N2 they seemed to have more difficulty. Half
the students had Question N3 correct, but those who had it incorrect did so for a
variety of reasons. Some students multiplied instead of divided, others used direct
variation instead of inverse. However, a sufficient number of students were able to
approach the problems in an appropriate way, suggesting that these questions were not
totally unfamiliar to students at thi; level.

The Year 8 students did not »>erform well on the variation questions (coded with
V). This type of word question needed some skill in comprehension to understand
what was being asked, this may partly account for the poor performance. Only five
students gave explanations to Question V2.

These results address pilot research issues 3 and 5, in that the questions do seem
to be comprehensive in testing students' understanding of variables associated with
speed, and that a variety of responses werz provided.

SUMMARY

In the main study, considerition should be given to managing the time that is
required by students to answer the questions. One possible way would be to give the
different parts of the questions out at different times, and ask the students to start the
new set of questions immediaely. This approach would have problems in
organisation and student managem ent during the testing period. It would be better to
give all question types together and encourage the slower students to attempt the
different types and so obtain a mo-e complete coverage of questions attempted.

There were a variety of responses given for the different questions and these
tests did give an indication of the type of answers and responses to expect in the main
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study. It is expected that intervievws would help to clarify the way students view these
concepts which provides information relating to pilot research issue 5.

The Single Focus Questions appeared to be familiar to all the Year 11 students
and most of the Year 8 students, this satisfied pilot research issue 2. The questions
allowed students to use different zpproaches to the questions and to demonstrate their

understanding of the variables asscciated with speed.

THE RIEESEARCH QUESTIONS

The following research questions were devised as suitable to fulfil the research
themes listed at the end of Chapter 2, and were considered to be consistent with the
directions suggested by the pilot study.

The research questions are grouped under headings that reflect the structure of
the chapters that follow.

Descriptions (Chapter 5)
1. What are the main category groupings of students' descriptions of speed?
Are these findings consistent with trends identified in the pilot study?
2. During the interviews what additional categories emerge when students are
probed or prompted?
3. Are there broad bancs of student descriptions consistent with year
groupings? If so, what are their characteristics?

Speed Questions (Chapter 5)

4. What are the main identifiable features in students' performance on the
speed test? How is thic. influenced by Year level and question type?

5. When students solve sp:ed problems, what is the nature and consequences
of the strategies emplo/ed to solve these questions?

6. How do the interviews concerning speed problems enhance understanding of
strategies used by stude nts?
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Analysis (Chapter 6)

7. How do students refer ‘o variables in their explanations? What influences
the way these variables are used?

8. What differences in rzsponses are associated with direct and inverse
variation questions?

9. What role does intuit ve thinking have in solving problems? If so,
can these be identified? What methods do students use to explain their
answers?

Strategies (Chapter 7)

10. How do students' desc iptions of speed relate to strategies used in solving
problems?

11. What effect does question structure have on strategies?

12. How is the strategy cmployed by students affected by the number of
variables that differ?

SOLO Taxonomy (Chapter 8)

13. Does the SOLO Taxonomy provide a useful framework to explain the
results and analysis?

14. Do the results help to ilentify different aspects of the SOLO Taxonomy?

15. Can a 'SOLO model' be provided for students' responses to speed?

Student Profiles (Chapter 9)

16. Can the SOLO model developed in Chapter 8 provide an overview of a
students' performance on speed questions?

17. Can students' response; be understood and explained by the SOLO model?

These research questions provide a specific focus for the study. The next
chapter describes the context and research design that form a basis of the
investigation.
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