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CHAPTER 1

INTRODUCTION

The concept of the density of a material has an important role in
elementary and secondary school acience curricula. Teachers have reported,
however, that denaity is a difficult concept for even high achool students
to grasp. Our project explores why thia should be and whether there are
some simpler, more accessible notions which can serve as the basis for
building a concept of density in students’ minds during the later
elementary school years. 1In particular, we are exploring the affectiveness
of using computer models which visually depict asize, weight, and densaity as
distinct quantities, in helping atudentas build an understanding of density.
We have also extended the computer models to allow atudents to do
simulations of sinking and floating experiments in a microworld in which
the densities of materials are directly visible. Our long term goals are
to investigate whether a modeling approach helpa students build both a good
qualitative and a good quantitative underatanding of density as an
intensive property of material kindas. We are also concerned with
developing atudenta’ metaconceptual underatandings of the role of models in
science.

In our earlier work (Smith, Nov. 1984, June, 1985), we conducted two
pilot studies designed to inveatigate the feasibility of using computer
baged models with elementary achool children to build their understanding
of density. We developed two different computer models for representing
information about size, weight, and density. In the firast model, weight
was represented by the total number cf dots in a rectangular shape, density
was repreaented by the crowdedness of the dots, and size was represented by
the total area of the shape (see Figure la, next page). In the second
rodel, weight was represented by the total number of dots in a rectangular
shape, density by the number of dots in a cluster, and size by the total
number of clusters in a shape (note: the cluaters were evenly apaced, aee
Figure 1b). We then inveatigated whether children could mcre readily think
about the inter-relations among the three quantities depicted in the
computer model than the quantities of size, weight, and density inferred
from handling real materiala. We found both these computer models
encouraged children to think about the variables in quesation more
quantitatively. However, children had difficulty correctly quantifying
overall crowdedness, as presented in the firat model, making it doubtful
that it was a useful model for our purposea. The second computer model,
however, was readily understood, and children showed a more sophisticated
understanding of the inter-relationship among the quantitiéb when dealing
with this model rather than with real world objects. We concluded, then,
that building a full-scale teaching intervention around the second type of
computer model had genuine promise.

The work of the Weight/Density project this year has been in
tranaslating that promise into a reality. Several different types of work
had to be done in order to develop a full-scale teaching intervention.
Firat, the computer model itself had to be developed in order to make it
usable for inatruction. The model we had piloted had been static, with
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Figure 1

Three Successive Computer Drawn Models Used to
Depict Size, Weight, and Density in Our Studies
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la) First Pilot Study (Nov. 1984)

Figure 1b) Second Pilot Study (June 1985)

Figure lc) Model Used in Current Pilot and Teaching Study (July 1986)




limited interactive capability. Work at the beginning of the year
concentrated on making decisions about what the model should look like and
developing a acheme for the interactive process. A firat computer progran
waa developed which allowed children to build objects of different sizes
and materials, order the objects, change them and view or hide their
structure.l The new model portrayed objects with a grid and dots
representation (gza Figure 1c). In this model, size was represented as
number of squares in a grid, density as the number of dots per square, and
weight as the total number of dots in a grid. Subsequently, two additional
programs were developed which used the basic model to do simulations of
sinking and floating experimenta. Second, teaching activitiea and
naterials had to be developed to use in conjunction with the programs. 1In
our teaching intervention, we wanted children to have experience working
with real world objects as well as with the microworld, so that they could
gain a deeper understanding of the phenomena in question and of the meaning
of medeling. Third, we needed to pilot our teaching activities with a
group of students, in order to find out how they related to our new
computer programs and teaching activities and in order to select an age
group for our teaching intervention. Finally, there was the teaching atudy
itaelf, involving an entire 6th grade class in an elementary achool in
Watertown. Prior to this time, we worked one-to-one with students during
our piiot studies. In our teaching, we made the transition to working with
the class as a whole--an important step toward having an intervention which
can actually be used by classroom teachers.

In Part I of our Technical Report for thias year, we report on these
separate activities, culminating in our diascusasion of the teaching atudy
and its irplicationa for further work. Chapter 2 describes the rationale
and philosophy underlying the development of the computer programs and
models. Chapter 3 discusses the pilot teaching study and how it affected
our thinking in designing the teaching study. Chapter 4 is the main body
of the report and deacribes the teaching atudy. This chapter is a draft of
a manuacript we plan to submit for publication in the early fall.
Consequently it contains a more extenaive theoretical introduction to our
work than we have provided in this firat chapter. ~rinally, chapter S
diascusses how we plan to revise our teaching intervention in light of what
we learned from the present astudy. The Appendices give more detailed
descriptions of the teaching intervention itself and the stimuli used in
the interviews,

Part II of the report ia a working paper, prepared by Micheline
Frenette. In it, she repcrts the results of an extensive pilot study she
did this year designed to explore what features of the computer program may
make it effective in helping children apply a concept of denaity to the
phenomena of sinking and flioating.

1 paphna Kipman, Joseph Snir, and Judah Schwartz worked together in the
initial stageas of developing the software. Joseph Snir aubsequently
extended the asoftware to do aimulationa of sinking and floating
experiments.




CHAPTER 2

THE COMPUTER PROGRAN

The computer progrrams we have developed provide an environment where
children can manipulate the different elementa that play a role in the
notion of density and ita relation to the phenomena of sinking and
floating.

Sinking and floating are rich, interesting and puzzling phenomena.
Because they are governed by a limited number of independent variables, it
is posaible to build a compelling microworld in which children can
inveatigate and learn not only about the specific phenomena, but about
acientific inquiry and experirentation as well.

Because we wanted the program to react to user input from the keyboard
in a way that would truly aimulate the behavior of real objects and
liquids, the relevant principles were embedded into the program. In other
vords, the computer model ias acientifically accurate; the mathematical
rules that the computer uses in calculating and portraying experimental
results are the same rules that govern the phenomena of sinking and
floating. Thus the learner can become familiar with the underlying
principlea and abstract mathematica of the phenomena through interaction
with their dynamic numerical and viasual representationa on the acreen.

In thia chapter we deacribe the relevant concepts and variables, the
graphic representations we chose for these concepts, the ways of
interacting with these representationa on the acreen (the menu options),
and the basic activitiea that the computer program can support.

The Physical Concepts
and their Representation in the Computer Progranm

In devising a computer simulation, many decisions must be made about
what is relevant to represent, how information should be represented and
the kind of accuracy which is deairable. In what follows, we diascuss the
particular choices we made as well as our rationale for auch choices. We
believe some of these choices and assumptions are important to discuss with
students as well if they are to underastand how the rodel corresponds to the
real world.

The simulation program we devised deals only with objects in the solid
or liquid state, and it asgumes constant temperature. (The temperature
conatraint will be lifted in the future.) Under these conditions, onliy
three variablea--size, weight, and density--are relevant to the phenomena
of sinking and floating. Any two of these can be thought of as independent
variables, which then determine the third. Usually, we take size and
weight to be the independent variables. In the real world, we perceive and
take measurements on objects, i.e., their weight and size, and then deduce
or infer their density. These two extenaive parameters of weight and aize
define, through a mathematical relation, the intensive quantity of density,
which is the center and focus of our teaching effort.




When creating objects or building from materials, we use knowledge of
the density of a material to figure out how much an object will weigh. In
the computer program, the independent variables are denaity and size.
These are the variables that can be selected and modified. The weight is
deterained by manipulating these two quantities.

Size

When we aspeak of the size of an object, the pertinent physical
parameter is volume. As a three~dimensional quantity (length to the third
power), volume must be represented in a aymbolic way on the two-dimensional
screen. We decided against deaigning the program to show perapective and
three~dinmensionality because we wanted the model to depict only the
information that is directly relevant to the phenomena or topic at hand.

In the model, & unit of volume is represented by a two-dimensional
square. Hence, there is a simple relation between the volume of an object
and the abstracted represention of ita aize by the number of aquare unita
on the screen. This representation of volume can be used for an object of
any shape, 80 long as one bears in mind that it ias a aymbolic and not a
pictorial representation of size. We are concerned with volume and not
with shape. All shapes are reduced to their rectangular (or cuboid) volume
equivalents.

Since our main concern is to facilitate underatanding of the priuciples
and rules involved in sinking and floating and not to build a tool for
exploring every real-life posaibility, we have limited ouraselves to a
anbclaas of objects that are well-~suited to our current purpose. For the
time being, we have also limited the objecta to homogeneous rectangles in
their screen appearance; thease rectangles stand for three dimensional
objects, with the unseen dimension held conatant.

The sinking and floating program shows two-dimensional representations
of solid objecta as well aa of liquid in a container. The aasumption is
that both the object and the container of liquid, in three dimensions,
would extend back away from the acreen to the same extent. Of course, in
real life, the object and container could not be exactly equal in this
respect. We chose to ignore this discrepancy, however, because we wanted to
keep any and all measurable size (volume) quantities visible and to avoid
having hidden liquid or container volume behind the object. When the user
gets numerical data, it corresponds directly to what he or ahe sees in the
visual representation. Furthermore, thias numerical data remainas consonant
with abstract principles as well as with actual (physical) measurement
using suitable containers.

The idea of modeling and representationa should be introduced to those
involved in any attempt to use computer simulations as tools in sacience.
The model’s assumptions (what is relevant, how to beat to represent,
accuracy and compatibility with real phenomena) should be discussed and
nade explicit as well. Even if many of these ideas are not discussed with
students, the model builder and the teacher should be aware of them.
Clarity about the assumptions built into the model gives users the
possibility of modifying or giving up asome features as needed or desired.




In our pilot studies we discussed the meaning of size units a bit
during class, modeling cubes made of 8 icc blocks and discusaing what was
more relevant -- to portray shape or size (# of blocka). Although we
designed the computer program to count blocka but not necessarily to show
shape, we may change this or add more options to the program later. In any
case, the program can be useful even before the concept of volume is
discussed in claas.

Weight

From the user’s point of view, weight emerges from density, since the
user firat selects a kind of material and then determines an object’s size.
The weight of the object is represented visually (in a quantitative and
consistent way) by the total numbe: of dots diasplayed within the object’s
perimeter. This is not an atomiatic picture of the solid. It allows the
concepta of weight and density te be well-defined without any atomistic
theory of matter. This aymboljcs representation could, however, be
interpreted later in atomistili terms. As we now interpret it, each dot
represents one unit of weight. (Later we might interpret the number of
dots in a cluster as being proportional to the number of nucleons.) The
total weight of an object is thus represented by ti.2 total number of dots
that represent its weight in some arbitrary weight units.

Dernsit Yy

Density is represented as the number of dota in each size unit. This
visual representation helps connect the notions of increasing crowdednesas
with increasing denaity. Since, at the moment, all objects created in the
model are homogeneous, the number of dots per aize unit is conatant for any
given object, thus conveying the notion of density as an intensive property
of kinds of materials.

Katerial Kind

The computer allows users to define material kind in two independent
ways: by denaity shown as dots per size unit or by color. So far we have
deacribed the dots per size unit option. When chooasing the color option,
the representation of weight and denaity by dota and dots per size unit are
not viaible. The object is presented as a solid color within its
perimeter. Each material is a different color so that materials are
distinguished by color, rather than dots per size unit.

In this mode there is no visually accessiiile representation of the
variables of weight and density, but the apecificity of materials is
emphasized through another local property, color. The user can awitch
eagily from one mode of representation to the other.

Other Features of the Progranm

Numeric Representations

In an effort to give multiple representationa for the dimensions of
weight, size, and density and to show the link between the visual displays
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and the values of the variables for each conatructed object, the program
allows the usar to '"collect" data about the aize, weight, and density of
any object displayed on the acreen. When in the data mode, the data are

displayed and updated aa the user interacts with the progranm.

Process and Interaction

The program is divided into three parts. The user can move from one to
the other through a common menu at any time.

Part 1: Modeling With Dots / Weight and Lensity

The firat part is deaigned for manipulating the weight, denaity, size
and shape (as long as shape is rectangular) of up to three different
objects in three separate windows on the screen. Thia can be done in the
dots or color mode, with or without displaying the numerical data (see
Figure 2, next page). As seen in Figure 2, the atudent can *"Build" an
object (in one of three windows) and 'Change" its matericl and size. One
defines the object’as mode of presentation (dots or color) through the
"View/Hide" command. The "Collect data™ command allows the user to display
numeric information about the three variables independently. The user can
also "Exchange" objectsa between windowsa.

This part of the program thus lets students explore the relationship
among the three parameters and perform tasks that involve ordering,
huilding, or modeling real life objects according to their different
dimensions.

“Modeling with Dots" and 'Weight and Denaity" are actually two versions
of the same program. The only diatinction between them is found when
asking for data. The "Dotsa" progran gives data with the labels "dots",
“size units", and "dots per asize unit", while the other veraion givesa data
in terms of "weight", "size units" and ‘'weight per size unit." Thus the
Modeling with Dotas program afforda some flexibilit» in designing activities
which can deal with intensive quantities other than density (e.g., number
of beads in a cup, number of pennies in a - {le).

Part 2: Archimedes

In thias part of the program the acreen shows two distinct elements: an
object of fixed size and a tub of liquid, alao of fixed size. Students can
perforn "experiments" in which the object is immeraed in the liquid (aee
Figure 3). Thia is a continuation of the firat part of the program and
enablea tha student to choose and manipulate several elements: (1) the
object and the liquid in the container by changing the materials: (2) the
rodes of presentation; (3) data collection; and (4) when to perform
"experiments”.

The results of the experiments are shown visually on the acreen. The
object submerges to a depth that takes into account the relative densities
of the material and the liquid. Liquid displacement followas accordingly.
Numerical information about the level of submergence is also available.
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The experimenta can be done with both the object and the liquid
represented in solid colora or in the dots mode. Cnce an object is immersec
in liquid, however, it ia repreasented as a aolid color. This is to ensure
a clear dic’ inction between object and liguid borders. Even though the
object ias aeen aa & solid color, the "View" command enables the uaer to
view the dot distribution in a small subsection of the object (aee
Figure 4).

Additionally, once an object ias submerqed, the rise in the level of
the liquid ias portrayed ia & solid color. Siace, in moat cases, the
increase in liquid level will not be en integex number of units, we felt it
best not to complicate the acreen diaplay with partial or "open" squares
(size units).

“Archinedes' is designed to enable atudents to explore the roie of an
object’s and & liquid’a denaitiea in defining the outcome of a sinking and
floating experiment. The approach we adopted was to keep the asize
parareter conatant, thua concentrating atudent attention on the density
parameter only.

Part 3: Sink the Raft

In this part, students can repeat the experiments in the previous
section with one additional option. They can, in addition to all the other
actions, change the size of the subrerged objecta and obaerve the effect
such changea have on the outcome of the the aink-float experiments (aee
Figure 5). The data are continually updated, indicating the asize, weight,
denaity, and the portion of the object asubmerged as the user experimentsa.
All objects and liquida in this section are portrayed in asolid color.

In the future, we plan to gradually lift reastrictiona fron the syaten
and allow astudents to explore increaaingly complex situations with regard
to: akape, homogeneity of material, buat-like objecta, waffle~like objects
(with holes), and different aize containera. We are also considering games
which uase aubmarinea, mazea, canal locka, and balloona with weighted
baskets.




[}
]
-
g

SHT u
E 4

WHosS2d

Q)

E
I
T

L
=

[ J <X §Y)
[

17)
~ =M
M~
me
[Fo main
GO

o
RN
R
D
S M
N
iy

Vizws

m
Jc
L -
TJ =
100
g
3J
10
=
m
A
]
T
u
3
i
g
ox
[
oo
)0

Figure 2
Screen Dump of the Mudeling with Dots / Weight and Density Program
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CHAPTER 3

THE PILOT STUDY

Our previous pilot work (Smith, June, 1985) had shown that elementary
achool children could work effectively with a8 computer microworld
containing three quantitiea! the total number of dots in a rectangular
ahape, the number of dots per cluaster in & shape, and the general size or
total number of dot clusters in a shape, solving problems using information
about two dimensions to predict a third. We also had found that 4th and
6th grade children could solve analogous problems with real world
materisls, using information about relative gize differences of two objects
and relative density differences to predict relative weight differences.
Although children used more quantitative satrategies in solving the computer
problems than the real world problems, they showed a conceptual
understanding of both types of problems. Thia result argued that children
had at leaat some qualitative appreciation of relative denaity differences.
Consequently, before embarking on our present teaching study we needed to
pinpoint more exactly the limitations in young children’s conception of
density, and the age at which an intervention would be most timely. We
also needed to explore how they reacted to our modified computer modei,
since in developing our computer model for use in a teaching study, we had
made some changes in how the concepts of size and denaity were represented.
Shapes were now composed of a uniform grid of equal size squares; in making
a shape one could choose to work with building blocks which contained 1 to
S dots per aquare. Size was thus represented by the total number of unit
squares in a shape, while denaity was the number of dots per unit aquare.
Weight was atill represented as the total number of dota in a shape., These
changes were made to introduce the notion of a unit size more clearly and
to allow density to be represented as the number of weight units per size
unit. Finally, we needed to see how children reacted to a richer array of
problems with the computer microworld than we had originally piloted: ’
ordering objects according to different dimensions, explicitly using the
computer microworld as a model for real world phenomena, building objectsa
in the microworld which satiafied certain conatraintsa, using the microworld
to derive certain mathematicel rules and to experiment with sinking and
floating, and so on. Thus, prior to undertaking a full-ascale teaching
intervention, we initieally did some additional pilot work, working
one-on-one with 12 children in the 4th through 6th grade.

This new pilot study was conducted at the Countryaside School in
Newton, Masa. We worked with 12 studenta: 4 each from the 4th, Sth, and
6th gradea. The homeroon teachers for each grade selected four of their
students for us. We aaked them to aclect a diverse group of students
(e.g., boya and girls, high and low ability atudents) and not simply their
beat atudenta. The teachers complied with these suggestions, especially
regarding ability levels, although they tended to select studenta whom they
thought took some interest in acience. The children were all from & middle
to upper-middle class background.

Prior to inatruction, each student was interviewed to expiore
his/hes understanding of the weight, volume, and density of real world
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materials. The pre-interview also involved the child in constructing a
model to explain the weight differences among objecta. The teaching
seagsions involved the child in a tutorial with a teacher (a reaearch
asgistant), in which the child uaed the computer program and explored reai
world materiala. Each child received the same work and taaska, but the
pacing was tailored to the individual needas of the child. There were two
main activity asheets to be covered, which we initially thought would each
take a 30 minute seasion. As it turned out, we usually needed more time
to aspend with each child (the sessions lasted 45 minutes and asome children
needed & third aseaaion). We alao conducted one group seasion with all four
atudenta from each grade to diacuas the nature of mapas and the kindas of
models they had conatructed. Finally, half the atudenta at each grade level
received a poat-teat aimilar in content to the initial pre-interview, but
with some modificationa in how the tasks were presented. The other half
went on to try the Archimedes program concerned with sinking and floating.
In general, we selected thoae atudents who had felt moat comfortable with
the weight and denaity modeling program for trying out the Archimedea
progranm.

The Interviews

The pre-inatruction interview waas deaigned to cover various aspectsa
of children’s knowledge about the concepta of weight, volume, denaity, and
natter/material kind. Because the interview waa exploratory in nature, we
probed for children’s understanding of particular worda, their ability to
order by the varioua dimensiona, and their understanding of how to measure
the various dimensions and to uase relevant unita for measurement. We
wanted to identify both the atrengtha and limitationas in their
understanding of these varioua concepta, 80 we could better identify what
should be the focus for the interviewa and the teaching in the main
teaching atudy.

We began by asking children about the weight of objecta. Included in
our taaks were! (1) judging whether a range of objecta, including certain
very light objecta like a piece of cork and a grain of rice, had any weight
and exzplaining how they knew whether something had weight; (2) ordering a
group of objects by weight and explaining the baaia for their ordering;
and, (3) determining the weight of a particular object, to probe their
ability to think about weight quantitatively and their ideas about unita of
weight.

We next aaked children a series of queations about volume. We began
by investigating whether they had heard of the word '"volume' and if so what
they thought it meant. Ve then gave them & brief definition of volume, and
asked them to order a group of objecta by their volume or "total aize".
This was followed by: (1) asking them to find the volume of a particular
object, to probe their quantitative underastanding of volume and their ideasa
about unita of volume; (2) probing their underatanding of water
diaplacement as a measure of volume; and, (3) giving them some conservation
of volum2 problems, uaing an abbreviated variant of Piaget’s procedure of
changing the shape of a piece of plasticens and aaking them whether its
volunre had changed.
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Questions about the density of materials followed the questions about
waight and volume. We began by showing children two objects that were the
same gize but different weighta (one made of aluminum and one made of
steel) and asking them to explain how that could be. We asked them to
“pretend we could look inside a small piece of each object, or take a
powerful magnifying glass to see how these thinga are made inside" and then
make a drawing of what they thought pieces of steel and aluminum might look
like inside. After that, we asked children if they had heard of the word
"density" and what they thought it meant. We gave them & brief definition
of density, explaining that different kinds of materials have different
densities, and if one material were denser than another, it meant that
objects made of that material were heavier for their size than objects made
of another material. This is clearly not the acientist’s definition, but
we thought it corresponded to the way they already thought about the
denaity differences of materials. Thus it was a way of relating a new word
to their exiasting conceptual structure. Students were then asked to order
four same size objects made of different materials (atyrofoam, wax,
aluminum, and steel) according to their density, and then to add two new
objects of different sizes but the same materialas (asteel and aluminum) to
the order. Thia was one way of testing whether they thought that the
density of a material did not vary as a function of the amount of material,
Their underatanding of the intenaive nature of denaity was also probed in
another way: students were shown a steel cylinder and were asked if it were
cut in half, would the denasity of the half size piece be the same as the
density of the full piece. Finally, children’s ability to think about
denaity differences quantitatively was probed. Children were shown an
object made of steel that was one pound and a same size object made of
aluminum that waa one-third of a pound, and were asked how much denser
steel was than aluminum. Two new objects made of ateel and aluminum were
then produced, and the question was repeated. Of apecial intereat was
whether students began by weighing the objects or whether they felt they
immediately knew the anawer from the previous demonstration.

The pre-interview concluded with some questions about matter and
material kinda., Children were asked: whether objects were made of the sane
kinds of materials, whether if we cut up a piece of aluminum, it would
still be aluminum, and whether we would ever get to & amallest piece of
aluminum. Similar questions were poased about steel. For children who
thought there was a smalleat piece cf ateel and aluminum, we asked in what
waya the amallest piece of steel would differ from the smallest piece of
aluminum. These questions were designed to probe whether they could think
about material kindas at a micro level. We also showed them two objects
which were the same asize, but made of different materials, and asked then
whether the two objects had the asame “amount of matter" in them. The same
question was repeated for two objecta of different sizes but equal in
weight. These queationas probed whether they had a clear way of
conceptualizing the quantity "“amount of matter" in their theory and/or
recognized the amibiguity in this phrase. Given an atomistic conception of
mnatter, one can distinguish the amount of maass in an object (which is
proportional to the weight) from the number of particles of a given kind
(which is more closely related to the overall volume of the object).
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The post-interview was modified in several ways because, in the course
of our working with children, we thought of new ways of probing children’s
understanding of density and modeling. These modificationa, of ccurse,
make strict comparimons with the pre-interview impossible. However, our
main purpose in the pilot study was to explore ways of asking childrea
questions rather than strictly a~sessing the effectiveness of our teaching.
One set of modificationa involved the atimuli used for the ordering tasks.
In the post-interview, we included objectas of different sizes constructed
out of 1 cc cubes of different materials. These new stimuli allowed us to
see if children could use the strategy of comparing equal size pieces when
making inferences about relative densities. This was a more difficult way
of presenting the density ordering task than we had used in the
pre-interview. In the pre-interview, children had first been given same
size objects of different materials and then had to insert different size
objects into their ordering. We wanted to test whether children now had a
clear enough concept of density to succeed with this harder task. The
other modifications were in how the modeling problems were posed.

Children were given several modeling problems. First, they were asked

to draw a picture which would "explain" how a 1 cc cube of copper,
aluminum, and wood could all have different weights even though they were
the same size. Then they were asked to draw a picture which would show how
three different size objects all made of copper (a copper cube, a copper
rod, and a copper penny) could have different weights but the same density.
Finally, we explicitly asked them to use the notation of the computer model
to represent similar situations.

The Teaching Sessions

The first teaching session focussed on their understanding of the
three quantities in the computer program--total number of dots, total
number of squares, and number of dotas per square--and with developing their
facility at controlling the commands of the program. We constructed some
objects in the windows and asked children to order them in some way and to
explain the basis for their ordering. We then pushed to see if they could
find two other ways of ordering them. Finally, we introduced the three
dimensions we had in mind and the data option of the program. Now children
explicitly had tc order objects according to the three dimensions, and
construct objects which would meet certain specifications (e.g., make an
object with the same number of size units as this, but with a different
number of total dots, or make an object which has the same total number of
dots as this object but which uses a different kind of building block).
Finally, children were introduced to using the computer as a modeling tool.
We first posed some intensive quantity problems for children in ing real
world materials (beads per cup or pennies per pile) and asked chi¥dren to
model these problems on the computer and explain the correspondence they
used.

The next session was a group session to discuss the nature of maps and
. models. Children were shown four kinds of maps of Boston (& subway map, a
stroat, map, & road map, and a souvenir map) and were asked what each nrap
represented, how it represented it, and whether one map was a "better" nmap
of Boston. Then children were introduced to the idea of modeling in
science where it was noted that models were in sonme ways like maps. A
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chart had been drawn depicting some of the modela they had produced, as
well as a model more consistent with the assumptions of the computer model
(although it did not look exactly like it), and we discussed the strengths
and limitations of the variocus models with children. Children were
encouraged to think of ways of tiésting some of the asasumptiona of each
model. For example, if a model explained the lightneas of aluminum in
terms of the object iade of aluminum being hollow inaside, children might
auggest cutting the object in half in order to look. Or, if a model
explained the heaviness of steel in terms of its dark color, one could
investigate whether there were some dark materiala (such as hard rubber)
which were leas dense than a lighter colored material like aluminum. The
sesasion generally concluded with student’s seeing the limitations of some
of the models they had proposed, although definitive tesats of more
atomistic modeis were not done. We did point out, however, that one
strength of the atonistic modela was that they allowed for quantitative
predictions in ways that the other more qualitative models did not.

The third aession was again an individual session in which atudents
worked with the computer. The seasion began with a review of the three
basic dimensions of the computer model. We then made a tranasition by
focuasing on the crowdedneas of the constructed objects, seeing what
parameters (if any) would affect crowdedness. (For example: Does
crowdedness change when the asize of the object chaugea?) HModeling of real
world materials was finally introduced. Children were shown steel and
aluminum cubes and aasked to make an object out of ateel cubes which
balanced an object made out of aluminum cubeas on the balance scale. After
they asw that they needed three aluminum cubes to balance one steel cube,
they were asked to represent these objects uasing the computer.- - With
prompta they were led to make the two objects have the same number of dots
(portraying their equivalent. weights) while preserving the size unit
relationshipa. Studentas were asked if it made sense to have dots atand for
weight. They were then given the reverse task: selecting from a range of
real world materials, the ones which had been represented on the sacreen.
Finally, we asked some quantitative questiona esbout the ralative densities
of materials, and pushed children to develop an explicit mathematical rule
relating size, weight, and density.

From a pedagogical point of view, the teaching sessions invoived
presenting students with a series of structured problems, and helping then
with a series of increasingly guided prompta to come up with the correct
anawer rather than directly telling them the anawer. The whole situation
was highly satructured, involving problems that had been selected by us,
rather than allowing students to explore the program in an open ended
fashion.

Our approach in using the Archimedes program was considerably leas
atructured and more open-ended. Here children were preasented with the
computer microworld and were eassentially told to play with it to see if
they could find a rule which would allow them to predict which objects
would sink and which would float. There was some preliminary discussion of
the meaning of the words '"sink" and float". After children had formulated
their rule, they were encouraged to test it out with real world objects.
They were shown a small piece of wax which floated, and were asked to
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predict whether a large piece of wax would sink or float, based on their
computer rule. Similarly, they were shown that a large piece of aluminum
sank and then were asked to predict whether an aluminum paper clip would
sink or float. After they made their predictions, they were allowed to
teat them. In some interviews, the seasion concluded with an informal
discussion of the problem faced by Archimedes in determing whether the
king’s crown was genuine gold as,well as some historical discussion of the
v&n hinzelf. Some studenta were given a modified version of this problenm
and were asked if they could tell the real material (clay) from an imposter
(ciay with cork hidden inside) by the way it behaved in water.

OCbservationas and Conclusions

Based on our experience working with students in the pilot study, we
discovered that studenta did not have even a good qualitative understanding
of density as an intensive property of matter. Thua, we decided to focus
out attention in our subsequent teaching study on building a gcod
qualitative understanding of density, rather than focusing as heavily on
understanding specific unita of measurement and mathematical relationships.
We alao found that students could understand the computer ss a modeling
tool, and work their way through moat of the activities we posed, although
solving number based problems did not always generate good qualitative
understanding .of the phenomena. Fourth and fifth graders generally had
leas general knowlege of relevant phenomenc (as will be elaborated shortly)
and the math 2kills of fourth graders with multiplication and diviaion
could be pretty shaky, so we decided to begin our teaching study working
with 6th graders. Finally, we were highly encouraged by children’s
enthusieatic reaponse to the Archimedes program and their capacity to
formulate a rule for sinking and floating in terma of density, and hence
decided to make it & rzjular part of our teaching unit.

Looking more specifically at children’s reasponsesa in the
pre~interview, we found evidence of age differences in the following
beliefs:! weight is a property of matter, the volume of an object is not
affected by a shape change, the smalleat piece of steel and aluminum differ
in weight, and matter is particulate and the spacing between particles can
explain density differences of materials. In general, there was a steady
increase with age in the proportion of children holding aach of these
beliefs. In our small sample, only 25% of the 4th graders thought that
the atyrofoam, cork and grain of rice all weighed something (and none of
thea justified their anaswera by asserting it had to weigh something because
it was made of matter), while all of the 6th graders thought theae objects
had weight and explained their Judgment in terms of their belief that all
natter had weight. Similarly, only 25% of the 4th graders clearly
understood that changing the shape of plasticene did not affect its volume,
while all of the 6th gradera did. 25% of the 4th graders believed that the
smallest piece of steel and aluminum would differ in weight, while all of
the 6th gradera did. Finally, none of the 4th graders used atonmisatic
explanations of the weight differences of objecta. while half of the 6th
graders did. In regard to this last point, it should be noted that the 6th
graders had received some explicit inatruction in the atomic theory of
matter already in achool, which may account for this age shift. The
regponges of children at the earlier ages were quite various and
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inventive, including:! the aluminum object is hollow inaide while the ateel
object is full or has a&a weight in it, differences in the aurface markings
of the two objects accountas for the weight difference, differences in the
hardness/aoftness or dullnesa/shininess of objecta accounta for their
weight differenceas, the steel has magnets inside which pulla it to earth
while the aluminum is more free floating, the ateel haa ainking cella
inside which aink to the bottom and presa down on the hand while the
aluminum has floating cells which rise to the top and push up, and ao on.
One atriking feature of the models produced by mosat of the fourth and fifth
graders was that they did not presuppose that materiala were homogenous and
uniformly distributed throughout the object.

In one reapect, however, children at all agea were the aame: very few
realiZzed that two different aize pieces of steel (or aluminum) have the
same density. We probed children’s underatanding of denaity as an intensaive
quantity in two waya:! by asking thema to insert two new pieces of steel and
aluminum into their ordering of the denasity of the materiala (they had
already ordered sare size pieces of wax, steel, and aluminum) and by aaking
thea to compare the density of a large piece of aluminum with a piece
created by cutting it in half. Only 25X of the 4th and 5th gradera
combined responded by consiastently asserting that the denaity of objects
rade of the same materials was the same, while none of the 6th gradera had
thia basic inaight. Thus, coming to underatand the intensive nature of
denaity as a quantity waa not an aspect of children’a underatanding that

- was spontaneously improving during these yeara (or improving aa a result of
whatever science instruction children had),

Finally, there was another respect in which there were no uniform age
trenda: in children’s developing a clear way of conceptualizing the
quantity "amount of matter." No child reaponded by saying that it waa an
ambiguous quesation, and that there were two diatinct ways of conatruing
“"amount of matter." Half the 4th and 6th graders aimply used the sizea of
the objecta to infer the amount of matter in them while half the 5th
graders conaistently used the weights of objects to make this inference and
two children (one Sth and one 6th grader) always choocae the ateel object as
having more matter. The reat of the children picked the heavier object as
having more matter when they were the aame asize and the larger object as
having more matter when they were the same weight (or were unsure what to
do in the latter case).

During the teaching aesaions, we learned that children could order
objects in the computer microworld by the three dimenaions. They could
also solve simple problems requiring them to think about the
interrelations among the three quantities, although some of the 4th
gradera were very shaky in working with multiplication, and thought the
problema through by counting or using addition and aubtraction. All the
children had a pretty clear understanding of maps and agreed that no map
was better than the others, but juat served different uses. All the
children were also comfortable with uaing the computer as a modeling tool
for the beads and penniea problems, and able to uae it in a qualitative

. fashion to repreaent the density differencea between ateel and aluminun.
However, they did not think about the density differences in a preciae
quantitative terms without further prompting--i.e., they aimply wanted to
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show that steel had more dots per size unit than aluminum and did not worry
that it has three timea more. Some of the better and older students were
able to understand denaity more quantitatively and to use the computer
model to work their way up to a mathematical formulation of density in
terms of weight per unit volume. Here it genuinely seemed that the
computer representation helped them. When we asked them to formulate a
general rule relating the different quantitiea, they at first looked lost,
but then were able to understand the question working with the computer
representation and tranasfer their solution to the real world objects.

Half of the students at each grade received the post-interview. All
the children’s aspontanecus models had changed from the pre-interview in
ways that showed a better grasp of density, but no child directly made use
of the computer model in the form we had presented it. The two fourth
graders moved from depicting dense objects as full or having a weight in
them and less dense objects as hollow, to showing objects as uniformly
filled with matter of varying shades of gray. Objects made of the densest
naterial were depicted as darkest; while objects made of the least dense
material were depicted as lighteat. Further, objects of different sizes but
the same density were depicted as having the same intensity of shading.
While these drawings made no attempt to deal with the dimensions of size,
weight, or density quantitatively (by depicting explicit size and weight
unita), they had shown a grasp of the fact that pure materials are
uniformly distributed and they had, at least implicitly, depicted density
as an intenaive property of materials. The older children all made more
attempt to consider explicit units, but not always completely successfully.
For example, one Sth grader when given the problem of modeling how the
different aize pieces of copper could have the same density explicit’y
argued that if you took an equal aize piece from each they would weigh the
same (note: he actually developed this insight in the course of working
through this problem in the post-interview; he was initially somewhat
perplexed by it and had not been able to model the three objects of the
same size but with different densities). And both the sixth graders, in
nodeling the three same size pileces of different densities, explicitly
noted that denser materials had more astuff (particulately represented)
packed into the same size piece. One also went on to successfully model the
sitution of same density but different sizes; the other became confused.
When we asked children to use the computer notation to depict objects of
varying sizes (and weights) but made of the same material, now ali of the
older children and some of the younger children as well correctly portrayed
the objects as made of the same building blocks (and hence having the sanme
density), but differing in numbers of size units. Thus, moat children had
asgimilated how to use the model correctly.

Turning to the ordering tasks, children were in general less
successful. Here only one of the students (a 6th grader) was able to order
the objects correctly by the density of materials and one 4th grader
succeeded with some prompting (none had done it correctly in the
pre-interview). O0f course, the ordering tasks came first in the
post-interview, and children might have done better if we had asked then
this question after they had worked on the modeling problems. Nonethless,
it revealed how shaky students were in understanding density as an
intensive quantity. We suspected that in our concern for having satudents
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deal with quantitative aapects of the inter-relation of the three
quantitiea, we had not stressed building a qualitative sense of density as
an intensive quantity-- that is, a quantity which is defined locally and is
not affected by the total amount of matter in an object. We concluded that
in our subsequent teaching efforts we should put greater stress on
qualitative understanding of the model and expiicitly teach procedures for
ordering by relative density (which can be understood in terms of the
model). In addition, we decided to change the way we asked students to
construct their own models. Rather than ask them to invent an explanation
of why sane size objects have different weights (with an emphasis on
thinking about materials at a microscopic lavel), we decided to elicit
their ideas about some of the factors that affect weight and then ask then
to draw a picture which represents those ideas. We made this change
primarily because we had decided not to interpret our mddel in atomastic
terns at present. Since most children did not spontaneously believe in
atomistic conceptions, and since it would be too complicated to present a
range of experimental support for such a wide-ranging theoretical
assumption, we thought it might promote greater assimilation of our model
to present it on a level more compatible with their conceptual framework.
In our fuller teaching unit we planned to introduce students to a range of
models to emphasize the dynamic and changing quality of models rather than
their being construed ea truth.

The results with the children who were given the Archimedes program
were more encouraging. With this subgroup, all but one (a 4th grader) were
able to formulate a general rule in terma of denaity and understood what
the rule would imply for real world objecta. Alao, the children greatly
enjoyed this session and worked easily with the program. Since
understanding the program depended upon their understanding our underlying
nodel, this result provided some evidence that thias group of children had
underatood some of the previous lessona. They alao were some of the
students who had shown greater facility with the model during the teaching
sessions,

Overall, we were able to pinpoint from the pilot study those
qualitative aspects of underatanding density on which to focus in the
teaching study. We decided to work with 6th grade children because
although they did not yet have these qualitative understandings, they did
have much knowledge relevant to understanding our model. We aiso decided
to make the teaching excercisea less quantitative in nature since facility
with number problems did not always yield qualitative insights, and to
include the Archiredes program in the basic unit asince it was so
motivating. Finally, we decided that it would be more useful to begin with
a non-atomistic interpretation of our model, since many atudents do not yet
have atomistic conceptiona, and that it was important to atress evaluation
of models as useful or not useful for some specific purpose rather than to
present them as "truth'.
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CHAPTER 4

THE TEACHING STUDY

Introduction

The purpose of the present study waas to determine whether we could
bring 6th grade students to underatand more clearly the distinction betwaen
weight and density and to apply a concept of density to situations of
sinking and floating. In keeping with the recent literature on students’
alternative conceptual frameworks in acience (Driver & Easley, 1978; Driver
& Erickson, 1983; Novax, 1978, 1982; Thampagne & Klopfer, 1984), we assune
that children come to ascience class with existing conceptual frameworks
whisz need to be engaged and modified in the course of science inatruction.
The challenge is to understand what (if anything) studenta alreuady know
about denaity, how this knowledge is organized, and how to use this
information about student starting points to create a succeasful teaching
intervention.

At first glance, previous research supports differing conclusions
about the age when children are "ready" for instruction in density. Piaget
and Inhelder censidered the conatruction of a concept of denaity and the
formulation of the law of floating bodies to require the development of
formal orerational thcught in adolescence. In their pioneering work, The
Child’s Construction of Quantities (1974), they trace the development of
the child’s concepts of aizel, weight, and density and relate the
concepts both to the development of children’s atomistic thaories of matter
and to the development of logical thought. They argue that initially, in
the presci.nol years, the pre-operational child has an undifferentiated
concept of welqht, size, and amount of atuff. At this point, the child
cannot quantify this intuitive concept and hence is unable to realize that
the size, weight, and amount of stuff in an object remains the same when
aimply the shape of the object is altered. Wi : the development of the
quantifying operations of concrete operations in the early elementary
school yeara, the child firat differentiates a notion of amount of stuff
from weight and size. He now aasumes, for exanmple, that the amount of clay
in a ball remaina the same when the ball is rolled into a sausage shape,
although he atill believes that theae tranaformation change the aize and
weight. Subsequently, he comes to quantify (and conserve) weight as well as
amount of stuff. At thia point, he makes a clear differentiation bet. ien
weight and aize. tHowever, the child does not yet clearly distinguish
between weight and denaity, and doea not assume the underlying stuff to be
atonistic in form. Finally, with the onset ot formal operationa, the child
constructs a formal concept of volume (which he can now conserve), relates
weight to volume in conatructing a concept of density (using proportional

1 We use size here and throughout to indicate the volume of an object
(children might be aware of the aize of an object before knowing the
definition of its volume) and density for ita apecific te2ight (i.e.. the
weight of a unit volume).
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reasoning schemes), and formulates an atoriatic conception of matter in
which density is understood in ternas of achemas of compression ard
decompression.,

In related work about the development of the child’a understanding
of ainking and floating, Inhelder and Piaget (1958) also show that it is
only at adoleascence when children can formulate the law of floating bodies
by stating that objects float if their density iz leas than that of water,
and sink if their density is greater than watesr. They argue that the
formulation of this law requires formal operational thinking because it
involves density (a formal operational concept) and because it involves
imagining a hypothetical entity (the amount of water equal in volume to the
volume of the object). Earlier, children invoke multiple explanations for
why things sin) and float (because of itas weight, size, shape, etc.) and
are unable to come up with a single formulation. Gradually, they come to
have some intuitive notion that different materials have different apecific
weights, but are unable to use this notion to come up with a coherent and
unified explanation.

More recent work within the Piagetian tradition has put greater
emphasis on concrete operational 'precursors" of the density zoncept than
Piaget and Inhelder did. For example, Emerick (1982) writea: '"Data from
the present research indicate that density is a concept that is constructed
by a child over a period of years, probably beginning as early as when he
or she is able to aqueeze objectas and to recognize that objects are made of
different substances."(p. 177) These data included the fact that asome
subjects had the intuition that what an object is made of affected whether
it would sink or float, and that if an object sinks or floats, then an
object made of the same material will react that same way regarc._.ss of the
size or weight of the object. Further, the child has asome intuitive notion
of apecific weight. In fact, Emerick’s data are not that different from
Piaget’a original data; Piaget too noted that in the late concrete
operational stage children had these intuitions. But he explicitly clained
that the child atill did not differentiate weight and denaity; thus, Piaget
felt that formal operations were essential in making this differentiation.
Bovat et al (1982) made modificationsa to the traditional volume and density
conservation tasks and argued that concrete operational children can in
fact conserve volume and can conserve an intuitive density concept at
arcund the same age that they conserve weight (i.e., ages 8 -10). These
resultas are more novel, and were not clearly anticipated in Piaget’s
earlier work. Nonetheleas, what Bovet et al call an intuitive denaity
concept is the child’s realizing that different substances have different
specific weights and that the differencea are preserved with asucceasive
halvings. They provide no evidence that the child differentiates this
notion from absolute weight. Thua, it is still unclear from this more
recent vwork whether the child’s intuitive density concept is part of his
weight concept or distinct from it.

Smith, Csrey, and Wiser (1985) were specifically concerned with
testing Piaget’s claima that concepts of size and weight and weight and
denasity undergo differentiation during middle childhood and early
adolescence. Like Piaget, they felt that conceptual differentiation was an
important kind of change that occurred in cognitive development and needed

_7




-19-

to be studied in the overall context of theory change. Unlike Piaget,
however, they did not attempt to study differentiation within the framework
of hia logical stage theory, and they used a different range of tasks to
atudy children’s ability to uase theae concepta. They also piaced greater
enphasis on earlier developrents within children’s matter theories than
atomiam--children’s formulation of a clear notion of material kind.

In their work, they found that even preachoolers clearly distinguished
between size and weight as dimensions; further, although there was evidence
that children had an undifferentiated weight/density concept in the late
preachool and early elementary achool years, they found that by ages 8-10,
children do develop a precursor of a more formal density concept which is
distinct from their weight concept. At thia age, moat of the children in
their sample had two distinct senses of weight available to them--heavy and
heavy for size--and use heavy for size in generalizations about materials
and heavy when considering the weight of the total object. They realized
that a large aluminum object can equal a smaller steel object in weight,
while at the same time noting that the aluminum is a lighter material than
the steel. They realized that an object made of & heavier kind of material
caa be lighter than an object made of a lighter kind of material. And they
correctly sorted objectas into steel and aluminum families by making weight
judgments relativized to size (the objects were covered with contact paper
so that visual cues could not be used). Further, their understanding of
naterial kinds had advanced to the point that they now thought of objects
aa conatituted of materials at every point (and noct just as constructed
from materials) and they were beginning to distinguish between some of the
propertieas of materiala which only emerge whan they are in bulk quantities
(e.g., some of the surface markings and characteristicas) and properties of
materials which hold at a micro level (e.g., having weight and size). Froa
their data, Smith et al argue that children are beginning to develop a
sophiaticated matter theory during the middle elementary years--albeit not
yet an atomistic theory--which calls for children to distinguish between
two senses of weight. Thus, the differentiation between weight and density
begins well before adolescence and does not require an undersatanding of
atomiam.

0f course it should be noted that the density concept posseased by
elementary achool children is still quite limited and different from that
of acientists. Nonetheless, it is significant that such a precursor
concept seems to develop naturally, without formal instruction, since the
topic of denaity is not broached in the curriculum until grades 5 and 6 at
the earlieat (and frequently not even until grades 7 ,8, or 9). Piaget and
Inhelder were concerned with the child’s ability to formulate a density
concept, mathematically, more like the acientista. The fact that children
typically achieve such an understanding in adoleacence, at a point where
they have been taught such a concept in achools, raises a number of
important questions. To what extent is inatruction necessary for children
to progress beyond their intuitive denasity concept? What are some of the
steps they take in assimilating the scientist’s conception of density? How
can instruction best enhance such further development? How far can
elementary children progress in conatructing a formal concept of density
and in formulating a law to explaining sinking and floating?
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We would argue that without some explicit instruction it would be
difficult for most children and adults to go beyond their intuitive density
concept and to understand sinking and floating in terms of relative
density. A number of researchers have found that adolescents with little
prior science instructio &nd adults whose science instruction came a while
ago did not initially formulate the law of sinking and floating in terms of
a concept of density (Rowell & Dawson, 1977a and 1977b, 1983: Duckworth,
1985); Cole & Raven, 186S)., For example, Rowell & Dawson (1977a and b)
report that only one ninthk grade student explained sinking and floating in
terns of density prior to inatruction. And Eleanor Duckworth (19857
reported that it took over 8 weeks of extensive experience experimenting
with sinking and floating for a group of adults to formulate an
understanding of sinking and floating using a concept of density. Further,
Rowell and Dawson found that even with explicit instruction 9th grade
students had difficulty learning to accept that the densities of pure
naterials defines a constant for those materials (1977a) and many students
failed to understand sinking and floating in terms of density (1983).

they suggest one way in which student’s intuitive density concept may be
deficient: density may not yet be clearly conceptualized as an intensive
property of materials--one which does not vary as a function of the amount
of material in the object. In our pilot work with 6th grade students, we
also found evidence that studentas did not yet have this understanding about
density. Second, the results suggest that students may have important.
conceptual resistances to learning the contemporary scientific concept. of
density and applying thia understanding to the phenomena of sinking and
floating.

These results are particularly interesting for two reasons. First,

A copsideration of some of the difficulties scientists had
historically in understanding sinking and floating highlights the
complexity of the problem of asking students "why certain things sink and
other things float". It also points to the importance of distinguishing
among several elements and stagea that compose such an understanding. One
element ia the understanding of the concept of density per se as an
intensive specific property of matter. This can be dones, as was done in
ancient times, by merely reccanizing the existence of such a properiy of
matter, without relying on an atomistic theory as an explanation for the
density differences of different materials. Students, unlike the ancients,
gseem to have difficulty even at this level. A completely separate 1ssue is
whether one can use this recognized property as an indicator for predicting
if a certain object will float or sink. Here it is important to
distinguish formulating a predictive rule which uses density as an
indicator and thus enables them to know when an object will float in a
given liquid from explaining why and constructing a theory to explain the
phenonena. Such a theory will have to rely on concepts and laws of
hydrostatics or on energy considerations. It is interesting to note that
Archimedes in his work tried to formulate an understanding of sinking and
floating without using a concept of density explicitly (instead he thought
in terms of balances and the relation between the weight of the whole

. object and the weight of the amount of water displaced by that object).
Further, his famous rule only covers limited aspects of the phenomena of
sinking and floating (see The Works of Archimedes, translated by T. L.
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Heath, Cambridge Univeraity Press, England, 1897). Galileo attended to
thia problem in his work ("”On bodies that stay atop water or move in 1t,"
1612, in Cause, Experiment and Science translated by Stillman Drake,
University of Chicago Press), enlarging the law to a more general case, but
again was not able to give a complete explanation (see Snir, in
preparation, for further details about the hiatorical development of the
concept of denasity and the law of sinking and floating). This historical
perapective reveals that these scientists did not look for predictive rules
relating sinking and floating to denaity in their work (or even mention
such rules). Further, it reveals how hard it was for some of the best
scientiasts ¢f the day to give & complete explanation of these phenonmrena,
and how such explanations require use of many other physical laws and
concepta. Certainly, then, we cannot expect students to construct such
complete explanations on their own.

How, then, should instruction about density proceed? Previous work
has found that highly formal approaches are not well understood by many
average 9th grade students (Rowell & Dawson, 1577a). For example, Rowell
and Dawaon had students weigh and measure the volume of many different
pieces made of the same material and graph the results. Fromr this
experience, many children had difficulty formulating the generalization
from this experience that the densitieas of specific materials were consatant
(under standard conditions). Further, Cole & Raven (1969) found that,
among their older group of studenta (&8th graders and adults), direct
instruction in the correct principle for understanding sinking and floating
was not nearly as effective as instruction which engaged and challenged
studenta’ prior beliefs about ainking and floating (i.e., involved students
in excluding irrelevant principlea which they previously had thought were
relevant). Significantly, there was no evidence that the younger children
in their sample (7th gradera) benefited from any form of inatruction about
sinking and floating, but thia may have been because they made no attempt
to teach children an explicit concept of density, in a way that built on
their natural concept of density, prior to having them explore the
phenomena of sinking and floating. The knowledge level of the 7th graders
about related phenomena waa considerably lesas than the knowledge level of
the older students.

We believe that younger children are ready to understand density as an
intenaive quantity diatinct from weight and apply this understanding to
ainking and floating, if they are taught about density in a way that puilds
on their natural concept and their understandinga of material kinds. Their
natural concept of denaity is articulated in terms of heavy for size--an
imprecisze notion (not yet weight per unit volume)-~which does not lend
itself to ready quantification. Because students have no clear notion of a
unit size, heavy for size cannot define a gquantity which is distinct from
weight--it remaina a more qualitative notion. Thus, children do not have
two distinct quantities--and in tasks which call for them to think about
density in a more quantitative fashion, they may revert to using weight.
Second, although children have an intuitive way of conceptualizing the
density of materials, they do not have an atomistic conception of nmatter
and may not yet be able to generate models of materials which aliow them to
separately portray size, weight, and density as quantities. For example,
many children conceptualize denser materialas as "thicker" rather than as
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"more crowded with particleas" or as having "heavier particles, uniformly
packed". Their visual model in terms of thickness may serve to confound
the distinction between size, weight, and density, rather than sharpen it,
aince thicker materials are often thought to be wider then less thick
materiala. Providing children with an alternative visual model of density
(which portrays density, size, and weight as diatinct quantities but which
is not yet presented in terms of atomistic conceptions) may help them to
asee denaity as a diatinct quantity from size and weight.

In our work we try to develop 6th grade children’s understanding of
density as an intensive quantity through teaching activitiea which involve
them in conatructing their own models and working with a presented model.
Viaual models are concrete and can depict the interrelations among size,
weight, and denaity directly rather than solely in an algebraic or
numerical way. They also allow us to present ideas about standard units
which are conceptual in nature and do not presuppose a fuli understanding
of volume. Thus, models can be used to build & quaiitative as well as
quantitative underatanding of some of the important properties of density.
In addition, modeling is an important activity for scientists, but one
which has been little used in science teaching. MNodeling is of central
concern to any attempt to use computer simulation in acience education,
since such simulations are, after all, modela. Students may misinterpret
the complex relation between the computer model and the real world unless
they have some awareneas of the process of modeling. Therefore, quite
apart from the need to teach about density, the curriculum needs to develop
in children an explicit understanding of the nature of models and how they
function aa a tool in acience. Working with modelas of density is a good
place to atart such inatruction, precisely because it is such a limited and
sinple physical situation.

In our present teaching, we begin with a simple computer model
representing only three quantities: the size of objects, the weight of
objectsa, and the denaity of the materiala the objects are made of.

Children build objectas on the computer screen where variation in the size
of the objects is represented by the number of standard sized building
blocks that are used in itas construction, variation in the weight of the
objects is represented by the total number of dots in all the building
blocks of which the object is composed, and variation in the density of the
saterial is represented by the number of dota per building block (there are
five types of building blocka, ranging from 1 dot per block to S dots per
block). The computer program is also reatricted to constructing only
objects of uniform density and rectilinear shape to avoid the problems of
introducing objects of mixed density at this time (e.g., objects with holes
in the middle, objects made of different materiala). The model representa
objects aa continuous (all the building blocka are flush with one another)
and no attempt is made to interpret the model in atomistic terms (dots
aimply portray the amount of weight packed into a certain size unit; they
are not deacribed as nucleons). At this point, the idea is simply to show
students (visually) that some materials have 2, 3, 4, or 5 times the weight
per unit volume as other materials, since a deeper explanation is not
needed for an accurate deacription of the concept of denaity. The program
alaso directly diaplaya data about the size, weight, and density of objects
that have been constructed and permits students to conduct simulations of
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simple experiments in which they can visually perceive the quantities of
density, weight, and size, as well,

In summary, the twin purposes of the present atudy are: (1) to see if
we can help 6th grade astudents build a good qualitative understanding of
density as an intenaive quantity using a modeling approach and teach thenm
to apply this concept to the phenomena of sinking and floating; and (2) to
inveatigate how 6th graders spontaneously model density and how ready they
are for metaconceptual inastruction about the nature of modeling.

Methods -

Subjects

This teaching astudy was done with a sixth grade class at the
West-Marshall School in Watertown, MA. There were 19 students in the class:
7 girla and 12 boys ranging in age from 11 to 13 years. 0One girl was
absent from school during the week the pre-interviews were done.
Therefore, although she participated in the teaching experiences and the
post-interview, her data could not be included in the main analyses.

Watertown is a auburb of Boston and the students of the Weat-Marshall
school are mostly from families of low to middle income. The achool is
both an elementary and junior high achool and ita population is ethnically
diverse (e.g. Greek, Armenian, Irish-American, Italian-American,
Scottish-Canadian, French-Canadian).

Procedures
Overview

We worked directly with studenta in three stages: firat conducting
individual interviews; then presenting instructional material to the entire
group in a series of eight leassons; and finally conducting individual
interviewa once again. We present hers & brief overview of this work; 1in
sections that follow, we will deacribe each stage in greater detail.

Each student was interviewed privately before the teaching sessions
began. The interviews laated 45 minutes to one hour. There were usually 2
adults present - one interviewer and one recorder. Occasionally an observer
was present and on two occasions the interviewer also acted as recorder.
(These interviews will hereafter be refered to as "“pre-interviews")

Questions were designed to gather information about the students’
ability to: distinguish among the dimensions of size, weight, and density:
order objects according to these dimenaionas; describe and explain
similarities and differerices among objects relative to these dimensions and
to represent these aspects graphically; and give explanations for the
ainking or floating behavior of various solid objects in liquid.

The teaching sessions involved the claas as a group. There were eight

inastructional periods and each lasted from 1 to 1 and 1/2 hours. They were
held twice a week on the average, and were presented by the research tean.
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The students’ regular teacher was usuaily present during class, observing,
overseeing the smooth running of class, and assisting with the handling of
astudent questions.,

Central to the teaching sessiona was the use of our computer prograns
which offer & visually accessible and mathematically accurate model of
size, weight and density, and a microworld in which to investigate sinking
and floating phenomena. Students also handled real materials, witnessed
demonstrations, participated in discussions, and filled out worksheets
which at times called for them to copy their computer generated images onto
paper.

Classes took place in the school’s computer lab. Students either sat
in a semi~circle with their backs to the computers - facing the teacher,
blackboard and demonstration desk - or worked at the computers in pairs,
each pair having its own Apple Ile. Occasionally, some pairs preferred and
were able to break up and work alone. When ‘activity worksheets were given,
pairs worked through the exercises together, with each student filling out
his or her sheet separately.

There was one exception to this general format. One lesson was given
to only two students at a time, using a computer set up in the library.
The purpose of this was to give more individualized attention to students
about mid-way through the intervention.

Students were again interviewed individually after the intervention
("post-interviews"). The questions were the sawe as those on the
pre-interview with just a few exceptions. The time between pre- and
post-interviews was approximately 5 weeks.

The Pre-interview

The pre-interview was divided into 3 parts:! ordering objects along the
dimensions of weight, size, and density; exploring ideas about what makes
various objects weigh what they do and representing these ideas
graphically; and articulating some rules, predictions, and expianations
concerning the sinking or floating behavior of objects,

The Ordering Tasks. In this part of the interview, students were
firat given a very amall rubber cube and asked i1f it had any weight at all.
This was intended to elicit whether or not students believed that matter
aust have some weight or mass, even if the object’s felt and/or scaled
weight was insignificant. 1If a student did not think the object had any
weight at all, he or she was given 10 such cubes and asked whether these
had any weight.

We then proceeded to ask for three separate orderings of various
objects! by weight; by size; and by "the heaviness of the kind of naterial
objects were made of, that is by the density of the material.” Objects
were selected so that the three correct orderings would be quite different.
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Based on the pilot data, we did not assume that students knew the
reaning of the word "volume', so we described volume in terms of “total
size", "size all around', and "the amcunt of space it takes up.*

Students were asked if they had heard of density as a separate
question. Since most students had not heard of density, we offered the
following clarification: 'Some objects are made of a heavier kind of
raterial then others. I would like you to place these objects according to
the heaviness of the kind of material they are made of, that is according
to the density of the material."”

Prior to the density ordering task, students were asked to group
objects according to the materials of which they were made. This was one
place in the interview where correct answers were supplied if students made
nistakes. We also went over the actual names of each kind of materiai.
Since density is conatant for a giveu material, we felt that clarifying
material kind groups would help us avoid some confusion when diagnosing
reaponses. (For example, if students did not put objects made of the same
material together as having the same density, it could not be because they
were not aware that they were made of the same material).

The stimuli for the ordering tasks were grouped into two sets. The
first set consisted of small equal size (1 cc.) cubes made of rubber,
steel, aluminum, and copper. Objects were constructed out of these cubes
by placing them side by side or on top of one another. The objects were: a
single aluminum cube; a group of 5 aluminum cubes laid flat in a line; S
aluminum cubes srranged as a modified rectangle standing vertically; 3
steel cubes laid flat in a line; and 7 rubber cubes laid flat in the shape
of a modified rectangle. Students were told to conasider the arranged cubes
as distinct objects, but that they could take them apart if that would help
them complete the task. We also provided a balance scale, a postage scale
with a S 1b. capacity and a tape measure for their use.

The second set of stimuli consisted of 3 cylinders, 1 1/2 inches in
diameter. Two were of aluminum (3 and 6 inches tall) and one was of steel
(2 inches tall ).

Students were asked to produce orderings of the first set (cubes) and
then to add the second set (cylinders) to the order. In this way, the
nunber of objects students would have to order at one time was reduced.
Furthermore, the cube-type objects afforded ordering strategies that could
not be used for the solid cylinders. (For example, equal size cube sanmples
could be taken from each object and weighed in order to determine their
raterial kinds’ relative densities.

Questions About Weight and Modeling Tasks. Students were given a set
of 5 cylinders - 1 made of wax, 2 made of aluminum, and 2 made of steel.
Included in this set were: objects of equal size but different weights and
materials (1 aluminum, 1 steel, 1 wax); objects of the same material, but
different sizes and weights (2 steel, 2 aluminum); objects of equal weight,
but different materials and sizes (1 aluminum, 1 steel).
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Students’ ideas about factors which might affect an ¢.ject’s weight
vere first elicited verbally. They were then asked to represent these
ideas on paper, using their own "picture code". We specifically tried to
concentrate attention on material and size as relevant factors by asking
such questicns as! "These two steel objects weigh different amounts. How
could “hat be?"; "These objects are the same size, but weigh different
amounts. How could that be?": "These two are different sizes, yet they
weigh the same amount. How could that be?"

After they handled the objects and answered the questions, the
students were given a piece of paper and 8 colored pencils and asked to
produce a drawing. They were told that their drawings did not have to look
exactly like the objects, but rather they should just try to represent the
information as they saw fit, using their own cocde, focussing on the ideas
we had just talked about. Students were reminded that we had taiked abouz
similarities and differences with regard to the objects’ size, weight, and
naterial.

When finished, we asked them what information they had represented,
how they had represented that information, and if they thought their code
was useful.

Questions About Sinking and Fioating. The third part of the interview
entailed making predictions about whether objects would sink or flioat and

explaining how the same object (a piece of lucite) could sink in one iiquid
(water) and float in another (salt water).

Student. were first given a set of eight objects made of four
different materials. There were two sinking materials (plasticine and
lignam vitae wood) and two floating materials (hardened glue and pine
wood). One large and one small object composed of each material were
given. Included in this range of objects were two pieces of wood with equal
size dimensions (one sinking and one floating), relatively heavy floating
objects, and relatively light sinking objects.

Students were given a tub of water and asked to investigate how they
would behave in water. They were asked to comment on what kinds of things
sink and what kinds float, and then to come up with a general "rule" wnich
could be used to predict whether something would sink or float.

We then asked students to predict whether a particular object would
aink or float based on their experience with a different size object made
of the same material.

Finally, students were presented with a small piece of lucite and two
plastic cups filled with equal amounts of liquid. One cup had red liquid
(colored water) and the other, biue liquid (colored salt water). They were
to place the lucite first in one liquid, then in the other, and offer an
explanation as to why it floated in one liquid and sank in tne other.




The Teaching Intervention

The Software. During the course of the teaching, three computer
programs that we designed were used: Modeling with Dota/Weight and Densaity,
Archimedes, and Sink the Raft (see chapter 2 for a description of these
programs) .,

Real World Materiala. A number of real objects and materiais were
used during the teaching sessions.

A range of steel and aluminum pieces were used that included: equal
size cylinders of each weighing 1 1lb. and 1/3 lbs.; several 1 cc. cubes of
each; a very large aluminum cylinder, weighing approx. S lbs.; amalier
cylinders (approx. 1/4" diam. by 2" tall) which were equal in size with
nore cylinders made of wood, hard rubber (vulcanite), and brass. 3rasas
cubes, cork, other wood pieces, and clay were also used.

Students had rulera and pencila. We provided two scales (balance and
postage) and various containers for holding and measuring liquidas. We used
three liquids: oil, water and mercury. Students niever handled the mercury,
but were allowed to 1lift a securely contained and wrapped amount of it (one
pound) during one of the teaching sessions.

Organization of Class Sessions. The following is an account of the
clasas seasions held after the intial interviews:

(1) Firast class (Introduction to the Computer Program): During the
firat class atudents became acquainted with the " Modeling with Dota"
prograa, following the worksheet entitled "How to Use This Program" (see
Appendix). When they finished this firat sheet, they were given another
which had a screen~dump picture of 3 objecta. They were asked to conatruct
these objects on their screens and then to order them by "size," '"total
number of dots," and "dots per asize unit." They were then to build 3 more
objecta, thia time getting the specifications from a acreen-dump of the
data.

(2) Second class (Using the Progrsm to Order and to Model): In the
second clasa, we reviewed the commands and the meaning of the data. We

discussed the two ways the word “dots" could be uased - clarifying the
difference between “total number of dota" and ‘dota per unit size." We then
had a diacuassion about what it means to order. We found several ways to
order the members of the class as examples. ( e.g., height, weight, age).
Studenta were then asked to complete & workasheet thet had ordering tasks
based on computer drawn objecta. Anawers were discussed and put on the
board. The next activity was to model groups of pennies and groups of beads
with the computer. Simple intensive quantity word problems were given ana
atudenta conatructed solutions on the acreen. We then gave students steel
and aluminum cylinders of equal aize, and told them how much they weighed
(1 1b. and 1/3 1b.). We let them examine the cylinders and chen had then
represent the cylinders on the computer screen,

(3) Third claaa (Discussion of Modeling): After looking over the
studenta’ drawings of copied ascreen images, we made posters which typified
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their ways of representing the groups of beads and pennies. The posters
were taped to the blackboard and we discussed how information was
represented. We articulated the "code" used and what we did and didn’t
include in the representation. Students realized it was important to be
accurate and consistent in the mode of representing. We then broke the
class up into 4 groups and handed each group a different map of the Boston
area. One was a subway map, one a road map of Boston and surrounding
auburba, one a streetmap of the city, and one & souvenir map with drawings
of Boston’s buildings and boats in the harbor. Each group was to report on
what was represented and the way it was represented. We concluded that one
mrap was not better than another, but that each was consistent and served a
different purpose.

(4) Fourth Class (Modeling Real Materials): We discussed the language
of the computer and how to represent real objects, including the issue of

size vs, shape. We then presented, discussed, and tried out a step by step
way of modeling the size, density, and weight of real objects. We started
with individual cubes of different materials, progressed to groups of

cubes, and finally to solid cylinders.

(S) Fifth Class (Review): We reviewed the code used to represent
material objects. Poaters were made to compare the computer repressentations
of size, weight and density (heaviness of material) to those used by
students in the pre-interview. We concluded with some discussion of the

- relationships of the three quantities and some problems were given on the
blackboard for studente to try.

- (6) Sixth Class (Small Group Sessions):! We worked with two students at
a time. Students were to select from a range of real materials, the ones
which corresponded to picturea on the screen. We discussed some ways of
extending the model, i.e. increasing the number of dota/size unit necassary
to represent a certain material, Paper and pencil were used here as well.
Attention was paid to representing quantitative relationships of the
densities of several materisls accurately. Several samples of differently
tinted water were used to demonstrate the idea of intensity of color, and
to relate this notion to the density of materisls. Other analogies or
examples of intensive quantities were generated (e.g., price, sweetness).

(7) Seventh Class (Sink and Floet, part 1): There was a demonstration
and discussion about ordering objects according to the density of their
naterials and whether we could order liquids according to their density.
Emphasis was placed on developing a procedure for finding relative
densities: take equal size portions of materials and weigh them. The
heavier portion will be made of denser material. Later in working with
mercury and steel we considered an alternative procedure: take portions of
two materials which are equal in weight and compare their sizes. The
smaller object is made of the denser material. Using these procedures, we
established a density ordering for the following materials: brass, steel,
alurinum, wood, oil, water, mercury. Many students thought that oil is
denser than water because it is thicker. Weighing equal size portions of

. these liquids praved water to be denser than oil. The high density of
mercury showed that solids are not always denser than liquida. The
Archimedes program was then introduced. A brief demonstration was given 1in
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front of the class and then students were allowed to experiment and piay
with the program for about 10 minutes. The object of this sesssion was for
atudents to come up with a rule that states when an object w:ll sink and
when it will float.

(8) Eighth Claas (Sink and Float, part 2): We had a 3nort discuasion
on the meaning of making & general rule based on observationa and
experimenta. We preaented some of the rule ideaa generated by the class
during the previoua mession (They had written these down.) We included a
demonsatration that color and weight were not generally good criteria for
deciding whether an object will a&ink or float. Students were given another
vworksheet and inatructed to reatrict their inveatigationsa uaing the
Archimedea program to finding csaea of ainking objecta; we aaked them to
come up with & rule about ainking objectas. We went over the worksheets ana
diacovered that denaity or dota/aize unit of the liquid compared to the
object waa the relevant factor. The Sink the Raft program was then
inatalled on the computera and &atudenta were given another worksheet. The
rain purpose of thia part of the leasson waa to find out 1f the size (and
thereby the weight) of an object influencea whether or not it will aink or
float. We concluded the claaa by noting that neither size or weight are
crucial factora; rather it is the denaity of the object compared to the
liquid that ia crucial. A couple of final puzzles were posed: 1) Why do
balloona filled with helium float? 2) Here ia a large piece of clay. It
sinka. Here are two amall equal size pieces of clay. One sinks and one
floata. Ia one a&a fake? Why?

The Post-interview

The post-interview differed from the pre-interview only in the
following ways:?

(1) In the post-interview, it was assumed that all students were
familiar with the word "“denaity." Hence, students were not aasked "Have you
heard of density?" Further, when we wanted them to order by density, we
simply =aid, '"Order these by the denasity of their materials" instead of by
the "heaviness of their materiala, that is the density of their mater :ls."
Finally, after they had finiahed the ordering taaks, we asked, "Do you
think there is a difference between waight and denaity? What is the
difference?"

(2) During the modeling task, in addition to their apontaneous models,
students were aasked to produce another drawing of the five objects using
the computer notation.

(3) Studenta were shown a drawing which depicted a modified version of
tha computer model. That ia, in this picture, dots stood for empty spaces
ao that ateel was repreasented with 1 dot per block while wax had S dots per
block. Studenta were asked tc react to this model. ("...Useful? Like it?
Good? Can you imagine the small spaces?*)

(4) Finally, following the interview, studentas were queried informaily
about their reactions to the teaching seaasiona and the computer prograns.
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They were asked to comment frankly on what the liked best and ieast. We
also invited their suggeations. :

Results

Results are presented below for each of the two goais of our teaching
interventicn: (1) to help students create a concept of density which is
distinct from weight and volume and (2) to help build students”’
retaconceptual awareneas of modeling as a tool of acience. At present most
of our teaching efforts were targeted at the former goal and moat of our
questions in the pre- and post-interview assessed the degree of our success
in achieving this goal. Hence, we will report moat <xtensively on changes
in students’ conceptualization of density. However, the interview also
bears on children’s spontaneous modeling abilities, which would be
important to underatand in designing a curriculum to build greater
netaconceptual awarzneas of modeling.

Students’ understandinag of density

There were three main contexts in which we aasessed children’s
underatanding of density in the individual interviews: (1) in questioning
them about why same size objects made of different materiais did not weigh
the same and about why objects could weigh the same even though they were
different sizes and made of different materials; (2) in requiring them to
order a set of objecta by weight, size, and density; and (3) in probing
their understanding of the phenomena of sinking and floating. Within each
contaxt, children were queationed in & variety of ways: they answered
direct queations, they were asked to do something (weigh objects of
different sizea and made of different materials, sort and order objects,
put objecta in water to see how they behave), explain what they did, make
predictiona, formulate general rules or definitions, and make a model which
expreszsed their ideas. For each tesk within a problem context, we analyzed
children’s pattern Gf reaponding and categorized children’s patterns in
two kinds of ways: firat according the the apecific rule or strategy the
child used for the task (e.g., & rule based on weight, on heaviness of kind
of material, etc.) and then according to whether such a rule showed no
underatanding of density, partial understanding of density or a clear
understanding of density. In making these categorizations, all the data
were independently scored by both a paychologist and a physicist. 1In
general, we agreed on both types of categorization; any disagreements were
discussed until we reached concensus. We alao looked at children’s patterns
of understanding within an entire centext, and acroas contexts, to get a
sengse of the larger patterna of change within children’s thinking.

Questiona about the factors that affect the weight of objects

Children’s understanding of the weight of objects. There were three
questions that probed children’s understanding of some of the factors that
affect the weight of objects” (1) the question about why two pieces of
steel (one big and one small) did not weigh the same; (2) the question
about why three sane size objects (one made of wax, one macde of aliuainua,
and one made of steel) did not weigh the same; and (3) the question about:
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why objects made of different materials and of different sizes (a large
aiuminum cylinder and a much amaller ateel cylinder) weighed the sare. .

In the pre-interview, all the children showed that they unders.ood
that the aize of an object affected itas we¢ ght. They said that one ateel -
piece weighed more than the other because it was bigger, tailer, etc.
Indeed, moat also commented that because it waa bigger it had more material
in it.

In the pre-interview, all the children also showed that they thought
the kind of material of which an object was made affected its weight.
None was surprised that aane aize objects could have different
weights--they felt that they weighed different amounts because they were
nade of different materials and different materiala had different weights.
However, children were not very clear about tha aspect of the materials
that was different. A few children could be no mere specific <han to say
the materials were somehow different. Because of the vagueness of their
remarks, these children wera categorized as showing no ability to
articulate a concept of density (see Table 1). The majority of the
children were able to say that asome materials are heavier )inds than
others. They went on to explain this fact in & variety of ways: sor=a
materials may be solid while others are empty or iiquid, some materials nay
be ~tronger, and some materials may have more matarial in them because taey
are thicker, Fuxther, these children did not exvect heavier kinds «f
naterials to always be heavier. They were not p.zzled or surprised, for
exanple, to learn that the large aluminun weighed the same as the smailer
piece of ateel, and could explain that although the piece of aluminum was
larger, the smaller piece was made of a heavier material so they could adé
up to be the same. Taken together, these data suggest tha+ this group of
children had at least begun to develop two differant senses of weight, and
to distinguiah between heavy objects and heavy materials. Thus, they werc
credited with a partial ability to articulate a concept of density.
Finally, two children. explicitly said materials differ in their density,
and were credited with a clear articulation of the notion of density. One
of thease children suggested this meant their atoma are more ciosely packed.

The major charqe in the post-interview was that more children could
clearly articulate the density of materials as a factor affecting the
weight of objects (see Table 1). Now the majority of the children either
explicitly said it waa the denaity of the materiais that was relevant (with
nost children accompanying their use of the word density with talk of the
material being more packed or having nore dots per size unit) or explasned
the relevant variable as how packe ! the different meterials were. These
childvren were credited with a cle.. articulation of density. The rest of
the children talked simply about some materiala being heavier kinds or
being different. None of the children who persisted in talking about
materials aas being heavier and lighter kinds coutinued to explain these
differences as resulting from the material being hollow/full, solid/liquid,
or stronger/weaker, altl.sugh some did persist in explaining the weight
differencea of materials in terms of the thicknesa of the nateriai.
Significantly, the latter explanation can be (on some interpretations)
compatible with explanations in terms of packednesa, while the foraer types -
of explanations are not.
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Tablie 1

Changes in children’s ability to articulate that the density of
materials is one factor which affects an object’s weight

Post-interview

None (3)

Partial (13

Clear (20

None (1) Partiali (&) Ciear (i)
1 i X
5 8
2
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Children’s representations of objects: Svontaneous models. After
children were asked to explain why different objects weighed what thev did -
(five objects: large and small steel; three objects the same size aa the
large steel made of steel, aluminum, and wax; and a larger aluninum object
which weighed the same as the smaller steel), they were asked to represent -
what they had been talking about using a picture code. It was emphasized
that it was not important that the picture be realistic, just that it
communicated in some fashion the ideas they had been talking about.
Children were given some paper and colored pencils to work with. After
they had completed their drawing they were asked to explain what they had
represented in their drawing and to describe how they represented it. Of
particular intereat to ua hare is what attributes of the objects children
choose to represent (in a later section we will explors the types of codea
used and the consistency with which these codes were used). This task thus
aliowa us to judge whether children have a way of visually representing the
density differences of materials.

In the pre-interview, most of the children attempted to represent the
differences in size and weight of the objects (see Table 2). However,
fewer children said they represented the meterials the objects were made
of, and only 2 of the children explicitly said they depicted the heaviness
or density of materials in their drawings. Inastead, five children said
they represented the color of the objectas as a relevant variable (this
response was not counted as a representation of material).

Moat typically, outlines of whole objects were shown of varying
heights to indicate size differences (the objects were all cylinders with a
common diameter). Children indicated by numbers what the weight of the
whole object weas (they had weighed the objects on a postage acale). And
children indicated by using different colored outlines for the whoie object
what color or material they were. For these children, then, the weight of
the material is not explicitly depicted as & local or separate property
from the weight of the whole object. Thus, although most children taiked
about heavier kinda of materials in the questions preceding the modeling
task, most did not know how to represent this notion in a model.

0f the two cnildren who did attempt to depict the heaviness or density
of the materials in the pre-interview, one said he was depicting the
heaviness of the material (and did not separately represent weight) whi:e
the other said he was representing the density of the material (and did
have a separ-‘ea representation of weight). Both adopted a similar
representation for the density of materiala: they filled the objects with
varying shades of color (ranging from lighter to darker:): the dariker coior
stood for the heavier or denser material. The child who talked of densaity
used shades of gray which stood for how packed the atoma were. The chiid
who talked of the heaviness of materials used layers of color: the steel
was purple and the wax was yellcw, while the intermediate aluminun was
purple streaked with yellow.

Finally, it should be noted that children varied in the total number
of relevant dimensions they attempted to represent. The maximum number of
relevant dimrensions to represent was four (2ize, weight, materiail, and




Tabie 2

Children’s Modeis:
Changes in what dimensions children attempt to represent from the
pre-interview to post-interview

Dinension Pre-interview Post-interview Post-interview
Spontaneous Spontaneous Computer
Model Model Modei
Size 15 18 16
Weight i2 i3 i2
Material 8 i4 13
- ' Density 2 8 i3
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A

density). In the pre-interview, children typically represented one, two or
three (see Tabie 3).

By the post-interview, more children were expiicitly representing the
material kinds and the densities of the materiais than in the
pre-interview, although the numbers representing size and weight remained
the aame (see Table 2). In representing the heaviness or density of
raterials in the post-interview, 3 used shades of color to stand for
increasing density (as used in the pre-interview), 3 used dots/size units,
1 used words, and 1 incorrectly used inverse order of size. Overail, 6
children moved from making no attempt to represent the density of the
raterial to making such an attempt, with five of these six now attempting
to represent both weight and density in their models. Tabie 3 shcws that
cnildren in the post-interview also attempted to represent more reievant
dimensions in their model. Now chiidren ranged from representing two to
four dimensions, with nine children increasing the number of dimensions
represented from the pre-interview, and six children attempting to
represent all four dimensions.

Thus, prior to teaching, most children did not spontaneously attempt
to represent either the heaviness or density of materials in their nmodels;
indeed, many did not even spontaneously represent the different kinds of
materials. Teaching resulted in more children being able to do so. At the
aame time, it should be noted that many still did not represent density and
only four used variants of the computer model in their spontaneous models.

Children’s representions of obiects: Compuier models. In the
post-interview we also asked children to draw a model of the five objects
using the computer model. They were asked to draw a representation of the
five objects on paper, using the notation of the computer nodel, not
literally to model the objects using the computer. These instructions
brought about an even greater attempt to represent the density of
raterials. As Table 2 reveals, now most children attenmpted to represent
the density of the materials. (All but one used the standard convention of
dots per size unit; the other used an invented code of number of squares
per row.) Further, these children (with two exceptions) consistentliy
expressed the important features about the densities of the five objects:
correctly portraying the two steel objects as having the same density
despite their difference in size and weight, correctly portraying the two
different size aluminum objects as having the same density, and correctiy
ahowing the wax to be less dense than the aluminum and the aluminum to be
less dense than the steel. than the steel. The two children who were
exceptions were able to achieve local consistency in expressing density
relations: among the same size objects, they correctly portrayed steel as
denser then aluminum and aluminum as denser than wax, and among the equail
weight objects, they correctly portrayed the small steel object as being
nade of a denser material than the larger aluminum object. However, they
did not show the two aluminum objects to be made of materiai of the same
density, or show the two steel objects to be made of material of the same
denaity. Only one child worried about the exact quantitative reiations
anong the objects in depicting their densities. He said that steel was
three times denser than aiuminum, and aluminum was three times denser than
wax, and noted he couldn’t represent ail three using the limited types of
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raterial (1 to S5 dots/size unit) of the computer model. The other chiidren
were only concerned with showing that steel was denser than aluminum and
alurinum was denser than wax, and picked specific numbers for their
densities more arbitrarily.

A few of the children made no explicit attempt to represent the
densities of the nmaterials. Instead, they simply tried to represent the
weighta of the objects. Significantly, some of these children erroneously
used dots/size unit as a representation of weight. In addition, one child
who consiatently used number of squares per row as a representation of
density, then chose to represent weight a2s number of dots per size unit.

In the post-interview, children attempted to represent apprcximately
the same numper of dimensions in both their spontaneous modeis and their
modeis using the computer notation (see Table 3). However, children were
more likely to represent density when instructed to use the computer
notation (see Table 2). Significantly, even some children who represented
only one or two dimensions, chose to represent the density of the materiais
when using the computer notation. This never occurred in their sporntaneous
nodels where density was represented only by those attempting three or four
dimensions. Thus the computer notation seems to make the dimension of
density more salient to children.

Summary. In the pre-interview, most children used the expression

- "heavier kind of material, which may label a precursor density concept.
However, they did not spontaneously represent this quantity when asked to
construct models. By the post-intzrview, approximately two-thirds of the
children now had sepsrate language for talking about density and weight and
could accurately portray some qualitative information about the densities
of materials when instructed to use the computer model. Children were also
more likely to represent density in their spontaneous modeis, although the
sophistication of their apontaneous models in this regard lagged behind
their skill in using the computer models. At no point did students simply
incorporate the computer model wholesale; instead they assimilated it to
their own beiiefs, often modifying or adapting it in unique ways.

The ordering tasks

Children’s understanding of the word "density”. A first question
concerns whether children had heard of the word ''density" prior to the
pre~-interview and could explain what it meant. We found that 10 of the 18
children had never heard of the word "density" and had no idea what it
meant. Four children had heard of it but thought it referred to the
object’s weight, size or shape. Both groups of children were categorized
as having no understanding of the word "density" or of the difference
between density and weight (see Table 4). Thus, the majority of the
children did not know or correctly understand the word "density"” in the
pre~interview. A few children gave evidence of he@ing some partial
understanding of density--two said it had to do with whether someth:ng
sinks or flioats, and one said it had to do with what a substance contains.

. Finally, one student was credited with having a clear understanding of
density (at least at a beginning level)! he said density referred to how
packed a substance is .
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Children’s Modeis:
Changes in the number of reievant dimensions chiidren attempted
to represent from the pre- to post-interview

Number oI

Pre-interview

Dimensions Spontaneous
Model
1 6
2 S
3 6
4 1

Post-interview

Post-interview

Spontaneous Computer
Model Hodel

0 2

7 S

S 4

6 7
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Changes in children’s understanding of the word "density"
petween the pre-interview and the post-interview

Post-interview

Pre-interview None (7) Partial (2) Clear (9

None (14) 7 1 6

[y
N

Partial (3)

Clear (1) 1
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By the post-interview, we knew that children had heard of the word
“density" since we used it extensively in the teaching sessions. Thus, -
instead of asking them "Have you heard of density? What is density?" we
rephrased the question as "Do you think there is & difference between
weight. and density? If so, what is it?" Now half of the students couid
clearly articulate a correct difference between weight and density (see
Table 4). They expressed their inaight that weight was a property of the
whole object while density was a local property in & variety of ways:
weight refers to the whole thing while density refers to a part: weight
refers to the total number of dots while density refers to the number of
dots per siza unit; the size of an object affects its weight, but not its
density; weight refers to how much something weighs while density refers
to the weight per size unit or how packed something is. A few students
thought of weight and density as different, but had only a partial
understanding of density. They both said that smailer objects were denser
(and more packed) than larger objects, but could be lighter. These
children were credited with having only a partial understanding of the
difference between weight and density, because they did not articulate the
pait/whole distinction. Finally, the rest of the children stili could not
articulate a difference between weight and density. 1t should be noted,
however, that some of themthought there was a difference althovgh they
could not articulete it, while the others explicitly =2aid there was no
difference.

Table 4 thus shows the change in children’s ability to articuiate what
density is and how it differs from weight between the pre~ and
poat-interview. Whereas only 1 child could clearly explain what "density"
meant in the pre-interview, half the children could do so by the time of
the post-~interview.

Ordering the cubes. Children were asked to order a set of five objects
by their weight and by the density of the material each object was made of.
The objects were made of varying materials and varying numbers of 1 cm
cubes arranged in different shapes. The set of objects was selected so
that an ordering by density was quite different from an ordering by weight.
In particular, there were three objects made of aluminum: a very light
zluminum piece and two much heavier aluminum pizces. 1In a weight ordering
these pieces would be put at almost opposite ends of the order, while they
would be grouped tagether in a density order. 1In addition, there was a
small copper piece which was lighter than the larger steel object. Thus,
the coppexr object would be placed before the steel object in a weight
ordering, but after the steel object in ordering of the density of the
materials., A balance scale was available so that children could compare
the weights of objects or individual cubes if they wished; indezd ithey
couid manipuiate the objects in any way they desired to help them with the
task.

Because we could not assume that children knew the word drnsity in the
pre-interview wa introduced the density ordering task in the following way.
We firat had children sort the objects by the material they were made oZ.
Any errors in identifying materials were corrected at this time and the
nanes for the four different materials were introduced. Although sone
children initially made some errors in sorting by material (they were not
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always sure that the small alluminum or steei cubes were made of the sanme
aaterial as the large cylinders), all children seemed to readily understand
this part and any corrections we made. Then we asked children to order the
objects "“according to the heaviness of the kind of material they are nade
of, that is according to the density of the materiasl." In the
post-interview, this phrasing was not necessary and we simply asked them so
order the objects by the density of the msterial they were made of.

The critical question was to what extent children ordered the objects
in different, relevant ways when asked to order by density than they had
when aaked to order by weight. Most all of the children were able to order
the objects by weight in both the pre and post-interview when the
instructions were to order by weight, and articulated a relevant procedure
for deternining the weights of objects (1.e., lifting whole objects in
aeparate hands and feeling the differences, putting two objects on a
bpalance scale and combaring the differences). There were some errors 1in
their weight orderings, but these errors seemed attributable either to
their relying on felt weight (and being subject to, for example, the
size/weight illusion for particular items) or their forgetting to check a
particular comparison when inserting an object into the order (i.e., not
being completely systenatic in their procedure for ordering), rather than
their misunderstanding what weight was. We thus used their ordering
produced when the instructions were to order by weight as a baseline for
interpreting the ordering they produced when the instructions were tc order
by density.

In the pre-interview, half the children simply ordered the objects in
the same way they had with sinple “weight" instructions, and are
categorized as showing no understanding of density as a distinct quantity
(see Table S). One-third of the children showed the insight that all the
aluminum pieces should be grouped together regazdleas of weight when asked
to order the objects by density. However, theae children faile! to order
the four groupa of materials correctly by density. The most common error
was to judge copper to be less dense than steel, because the smaii copper
piece was lighter than the larger steel piece. These children were
credited with a partial understanding of density asince they seemed to
realize that objects made of the same material have the sanme denaity, but
they did not yet have a systematic procedure for determining which objects
are denser than others (e.g., compare one cube of copper to one same aize
cube of steel)., Only a few children were able to order the materials
correctly by density:! rubber, aluminum, steel, copper. These children not
only put all the aluminum objects together in their order, but also
realized that copper was a denser material than steel even though they had
judged the copper object to be a lighter object than the steel object in
their weight ordering.

Table S5 also shows the prograess children made in the density oxrdering
task by the post-interview. Now the least typical response was orderind by
weight, and the most typical response was ordering by density . Ten of the
15 children who did not order by density in the pre-interview made some
progress in their ordering: 4 progressing to a partial understanding of
density (grouping material kinds together, although not ordering the kinds
completely correctly) and 6 progressing tc ordering by density. Not
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Changes in children’s ability to order the cubes by
denaity between the pre-interview and post-interview

Post-interview
Pre-interview None (3) Partial (6) Clear (9)
None (9) 3 4 2
Partiai (6) 2 4
Clear (3) 3




surprisingly, many of those who initially ordered by weight moved to
grouping materials together, while those who were already grouping iike
naterials together progressed to a full ordering by density.

Students’ descriptions of their strategies in ordering the cubes.
Immediately after children ordered the first set of objects, they were
asked to explain how they had known how to order them. 1In generai, tneir
verbal explanation of their strategy was consistent with the strategy we
had inferred on the basis of their ordering and supports the categorization
of the children into three groups! those who use the same strategy for the
weight and density questions, those who use a different, partially correct
strategy for ordering by density, and those who use a different and fuily
correct strategy for ordering by density.

Table & shows how children’s explanations changed from the pre- tc
poat-interview. 1In the pre-interview, the dominant atrategy for the
density task was to weigh whole objects on the balance scale or conpare
their weights proprioceptively. These children thus articulated the sane
strategy for the weight and density tasks, and are categorized as showing
no underatanding of densaity. MNost of the reat of t..2 children said they
could tell by looking at the materials, or by putting together the
materials with the same name. Since they implied that objects made of the
sane materials had the same density, they were credited with a partial
understanding of denaity. However, they did not articulate an expiicit
procedure for ordering by density: such as, comparing the weights oz equal
size pieces. Finally, one child was able to articulate such an explicitc
procedure for determining the density of materisls, and was thus
categorized as having a clear underatanding of density. By the
post-interview many more children articulated a clear strategy for
inferring relative densitiea (see Table 6) and the majority of children at
least articulated & partially correct strategy for determining densities.

In general, there was a strong relation between children’s pattern
inferred from their behavior in ordering and their explicit explanation or
their ordering. Twelve out of 18 children gave an explanation consistent
with their inferred pattern in the pre-interview; 13 out of 18 in the
post~interview. In 10 of the i1 cases where there was a mismatch, their
explanation of their atrategy was l-step below their inferred pattern
(children who ordered by material, simply referred to the weights of
objects; children who ordered by density, simply referred to the
materials). Thus, it seems children’s ability to use a strategy mnay
precede their ability to verbalize it.

Ordering the cylinders. After children had ordered the first set of
objects, they were presented with three new objects (a small steel
cylinder, a slightly taller aluminum cylinder, and & very tall aluminun
cylinder) and aasked to insert these objects into the order they had just
produced. When ordering by weight, all three objects come at the end of
the order because they are clearly much heavier than the objects made of
cubes, and the amall ateel cylinder is equal in weight to the iarger
aluminum cyiinder. However, when ordering by the density of materials,
these objects need to be placed with the objects made of the same materials
in the earlier ordera. This portion of the task thus tests how strongly
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Changes in children’s ability to describe a distinct atrategy
for ordering by density between the pre-interview and
post-interview

Post—-interview

Pre-interview None (6)

None (11) S

Partial (6)

Clear (1)
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children believe that objects made of the same materials have the sane
density. Because the objecta cannot be decomposed into littie cubea there
is no way they can directly test or compare these cylinders with the other
objecta.

In the pre-interview, children overwhelmingly ordered the cylinders by
weight for both the weight and density ordering tasks; thus the majority of
children are categorized aa showing no understanding of denaity on this
subtask in the pre-interview (see Table 7). Only 4 children put the
cylinders with cubes made of the same material. Since 3 of these 4
children had ordered the cubes simply on the basis of kind of material (and
not density) it ias likely that their succeas reflects simply a strategy to
put like materials together rather than an ability to imagine that an equail
size piece of the cylinder would weigh the same as a small piece of the
cube. They are thus credited with only a partial understanding of censity.
Only the one child who both sorted the cubes by density and placed the
cylinders with like cubes made of like materials is credited with a clear
underatanding of density.

By the post-interview, the majority of children showed at ieast a
partial understanding of density in their ordering of the cylinders. Seven
not only sorted the cubes by density but put the cylinders with their
respective material kinda. Four other children had also progreased to
showing a partial understanding of density in this task: two initialiy
started to order by weight but then when the experimenter reminded them of
the queation they were able to think their way through to the correct
anawer; and two who had formulated a partially correct understanding of
denaity in the cubea task (the amaller objects are denser because they are
more packed) proceeded to apply this rule to the cylinders as well.

Summary of the ordering taska. In all, there were four ways
children’s underatanding of the difference between weight and denaity were
probed in the ordering taska: (1) asking children to order the firat set oz
objects by weiahi and denaity; (2) asking children to explain how they had
ordered them; (3) aasking children to insert three cylinders into the order:
and (4) asking children to explain the meaning of denaity (in the
pre-interview) and to explain the difference between weight and density (in
the post-interview). Looking at children’s anawers to these questions as a
whole allows ua to asee some of the ways their underatanding of density
changed from the pre- to poat-interview.

In the pre-interview, the majority of children (12) showed no
underatanding of density in the ordering taska. They ordered the cubes and
cylinderas easentially by weight with both density and weight inatructions,
explained their atrategy for ordering solely in terms of weight, and showed
no underatanding of the meaning of the word '"density". Some chiidren (3)
showed a partial underatanding of denaity in the ordering taska: they
ordered the cubes and cylinders consistently by material, or vacaiilated
between ordering the cubea by density and the cylinders by material. Given
that they did not have a ciear understanding of the word '"density', the
locution "heavier kinds of material" wis sufficient to at least focus thenm
on materials, Only one child clearly - leratood the word "“density'. He
also correctly ordered both the ci and cylinders by density and
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Table 7

changes in children’s ability to order the cylinders as well as
the cubes by density between the pre-interviewand post-interview

Post-interview

Pre-ir ~—view None (6) Partial (6) Clear (8)
None (14) 6 4 4
Partial (3) 2 1
Ciear (1) i
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articulated a correct strategy for inferring the relative densities of
materials.

By the post-interview, haif the children showed a fairly ciear
understanding of density by ordering the cubes according to density and
then either explicitly articulating their strategy and clearly explaining
the difference betweer weight and density or correctly inserting the
cylindars into the order. Some other children now had a partial
understanding of density! two could clearly articulate the difference
between weight and density but did not fully apply this understanding to
the ordering; and two had formulated an explicit (but incomplete)
understanding of density which they consistently applied in the ordering
tasks (they knew denser materials were more packed and incorrectliy assumed
spaller objects were therefore denser). Thus, in contrast with the
pre-interview where the majority of children revealed no understanding of
density in the ordering tasks, the majority now had at ieast a partiai
understanding of density in these tasks.

The sinking and floating tasks.

Children’s ability to formuiate a general rule about what sinks and
what _floats. Children were first given eight objects to see how they
behaved in water. The objects were made of four different materials:! two
materials that were denser than water and two materials that were less
dense than water. The objects were also of varying sizes, so that for each
type of material, one object made of that material was heavy and one was
light. After trying each object in the water and noting which ones sank and
which ones floated, children were asked:! "“What kinds of things sink and
what kinds of things float?" "Can you make a general rule that will alliow
us to predict what things will sink and what things will float?"

In the pre-interview, all but three children attempted to formuiate a
rule for why things sink and float. These rules were of two general types:
(1) rules based on weight (heavy things sink and light things float) ana
(2) ruies based on kind of material (heavy materials sink and lighter
raterials float). Children who were unable to formulate any ruie or who
only came up with a rule based on weight were categorized as not yvet
understanding the role of den: .ty in sinking and floating, while the
children who expressed the rule in terms of kind of material were credited
with a partial understanding. No child formulated a rule strictiy in ternms
of density, although three mentioned density along with the factor of
weight. These children were credited with having only a partial
understanding because they had not yet focused on density as the soie
integrating variable. Thus, overall in the pre-interview chiidren were
fairly evenly aplit between having no understanding of the roie of density
in sinking and floating and having a partial understanding (see Table 8).

Table 8 shows that, by the post-interview, children’s rules for
sinking and floating had become more sophisticated. Now oniy a few
children could not formuiate any rule or fornulated a ruie only in terms of
weight (the no understanding of density category). The rest formulated a
rule either based on heaviness of kind of material or explicitly in terns
of density. Among the children who focused explicitly on density as the
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Changes in children’s ability to formulate a general ruie for
sinking and fioating between the pre-interview and the
post-interview

Post-interview

Pre-interview None (4> Partial (7 Clear (7

None (10}

Partial (8)

Ciear (O




-40-

key factor, three simply said that dense materiais sink and less dense
materiais float, while four fully explained that materiais denser than
water sank and leas dense than water fioated. Thus, the majority or

. children cleariy improved in their apility to state a general rule about
sinking and flosting between the pretesat and posttest.

Predictions about the sinking and floating of objects. Children might,
of course, have correct intuitiona about what types of things would sink
and float without being able to formulate a general rule verbally. Thus, a
different way to assesa their understanding of sinking and floating 1s to
show them one object made of a certain material (which ainka or floats) and
then ask them to predict whether another object made of the gsame material,
but radically different size, would sink or float. Children were shown a
srall piece of wax which floated and were then asked whether a iarge wax
piece would asink or fioat and to explain their prediction. Similariy, they
were shown a medium sized aluminum cylinder which sank and were then asked
to predict whether a small aluminum paper clip would sink or float and to
explain how they knew.

Table 9 shows children’s ability to predict whether the liarge wax
piece and small aluminum paper clip would sink or float and to explain
their prediction by invoking the idea that the two wax (or aluminum) pieces
were made of the same materials (and/or had the same density). Again,
there was a shift from the pre-interview to post-interview in the dominant

. category of response. In the pre-interview a large group of children made
at leaat one incorrect prediction and gave at least one justification in
terns of the weight of the object (the large wax object will sink because
its heavy; the amall aluminum object will float because its light). These
children clearly did not even have the correct intuitions about the
problen, and were categorized as having no underatanding of the role of
density in sinking and floating. & asecond group of children made correct
predictions but could not explain their predictions in terms of sansness of
material or density. Thus, they correctly predicted that hoth the large
wax object would float and the paper clip would sink, but then explained
their predictiona by invoking the weight of the object, or the fact that
the paper clip had holes in it, or offered no explanation at all. Zecause
their correct predictions were not accompanied by a ciear expianation in
terns of sameness in denasity or material, they were credited with only a
partial underatanding of the relevance of density in sinking and floating.
Only one child in the pre-interview was able to give both predictions and
explanationa which indicated she clearly undersatood the relevance of
denaity. By the poat-interview, half the children now gave ciear
predictions and explanations cf their predictions using the notion of
comnon material or density.

Children’s descrintions of why an object sinks in one :ijgu:d anc
floats in another. The final phenomenon chidren were shown was that a
piece of lucite floata in one liquid (salt water, colored w:th blue focd
coloring) and sinka in another (plain water, colored with red focd
coloring). Children were asked to explain how this could be.

In the pre-interview, many children had no idea why this couid be,
talked looasely about there being different chemricalas in the water, or had
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Tabple 9

Changes in children’s ability to predict and explain the
+  sinking and floating of wax and aluminum between the
pre-interview and the post-interview

Post-interview

Pre-interview None (8) Partial (1) Clear

None (14)

Partial (3

Clear (1D
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the wrong intuitions about the phenomena (i.e., they talked in terms of :he
thickness/thinness of the water, but then argued the water in which the
object sank must be thicker because it exerted more force on the object to
push it down). These children were categorized as not understanding of the
role of density in this situation (see Table 10). The res: of the children
also gave intuitive answers, put their intuitions were basically correct.
That is, they talked in terms of the thickness or thinness of the liquid
(or the amount of air in it, or its strength), and then argqued that thicker
liquids could support objects that thinner liquids could not. These
children were categorized as having a partial understanding of the role of
the relative densities of objects and liquids in sinking and fioating. ¥No
child in the pre-interview explicitly discussed the situation in terms of
relative densities.

Table 10 shows that by the post-interview & number of children had
increased their understanding of this situation: some progressed to having
clear intuitions about the situation while others moved to bheing abie zo
talk about the phenomenon in terms of relative densities.

Summary of sinking and floating tasks, Children’s understanding of
the role of density in sinking and floating was assessed in three ways: (1)
by their ability to formulate a general rule governing sinking and
floating; (2) by their ability to predict and explain whether wax and
aluminum would sink or float, using the idea of same material and/or
density; and (3) by their ability to explain why an object sank in one
liquid but floated in another. Agzin. we looked at individual children’s
patterns of responding across these questions to see how well they
understood the phenomena of sinking and floating, and in what ways their
understanding developed fro= the pre-interview to the post-interview.

In the pre-interview, children were split into two main groups: those
who had no intuitions about the role of density and materials in sinxking
and floating (7 chilidren), and those who may have had some beginning
intuitions (i0 children). Children were categorized as having no intuitions
apout the role of density in sinking and floating if they were unablie to
formulate a ruile which referred to material kinds and if they did not make
correct predictions aiout the wax and aluminum objects. Children were
categorized as having some beginning intuitions if they were able to either
(1) refer to material kinds in their general ruie about what thinas sink
and float and give intuitive explanations about why the lucite couid float
in one liquid and sink in another; or (2) make correct predictions aboux
whether the wax and aluminum would sink or float (without being able to
consistently explain their predictions). At this stadge, children’s ability
to appeal to material kinds in their general ruie was highly correlaied
with their ability to have correct intuitions about why the lucite sinks or
floats in the red and blue liquids. However, children’a verbaiizations
were not predictive of their ability to give conaistent predictions abou:
the wax and alurinum. Oniy one child was able to show such consistency :n
the pre-interview.

By the post-~interview, haif the children showed consistency in
understanding of sinking and floating. Not only couid these chiidren
correctly predict whether the wax and aluminum would sink and float, they




Table 10

Changes in children’s ability to explain why the lucite fioats in
the blue liquid but not the red liquid between the pre-interview
and the post-interview

Post-interview

Pre-interview None (4) Partiai (8) Ciear (6)

None (8) 3 3 2

Partial (10)

b—l
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could explain their predictions in terms of the materials or densities, and
had formulated a general rule consistent with their predictiona. Seven of
these nine children also used the word density in their verbal
formulations, while the others talked simply in terms of heavier kinds of
naterisla.

Sumpary: children’s understanding of density

Overall, children were elaborating a distinct concept of density as a
result of the teaching in a variety of wsys: learning a richer modei for
representing density and a new language for talking about denaity, iearning
how to order objects by relative denzities, and learning how to apply a
concept of denaity to predict the sinking and floating of objects. A final
question concerns the interrelations among these deveiopments: (1} ~o what
extent was asuccess at ordering dependent upon the child’s correc:
assimilation of the computer model and acquiring an ability to verbaiize
the difference between weight and density? and (2) to what extant was
auccess at understanding the roie of density in sinking and floating
dependent upon the child’a success with ordering objects by density? Tabies
11 and 12 show that performance on the various tasks was highly
inter-related.

Consider first the relation between ordering the cubes by censity and
being abie to represent density correctly with the computer model or
articulate the difference between weight and density (Table 11).
Understanding the differance between weight and density (as reflected by
proper depiction of denaity using the computer model or verbal articulation
of the differences between weight and denaity) appears to be necesasary but
not sufficient for successful ordering of the cubes by density. Every
child who was succesaful at ordering the cubes by density gave evidence of
underatanding the distinction between weight end density in one of these
two waya. However, a few children who gave evidence of such understanding,
still failed to order correctly. The reat of the children who had/
difficulty with ordering had given no svidence ofa basic understanding of
the distinction between weight and density.

Tabie 12 aiso showa there is a relation between being able to order
the cubes by c¢z2nsity and being able to articulate a rule for sinking and
floating explicitly in terms of density and then use this ruie to make
correct predictions about wax and aluminum. Six of the seven chiidren who
formulated a rule for sinking and floating in terms of density also
succeaafully ordered the cubea by denasity; but there were a number who
successfully ordered the cubes by denasity who did not apply this
understsnding to sinking and floating. Thus, having a clear concept of
density may be necessary but not sufficient to ensure application to the
area of sinking and floating.

Children’s undersranding of modeling

Ultimately, we are interested in developing children’s meta-conceptuai
understanding of modeiing as a tool of science and of criteria Zor
evaluating good models. In such teaching, we are interested in conveying
to children that modela can be abatract (depicting ideas, and not




Table i1

The relationship between children’s ability to order the cubes by density
and their uncerstanding of density as an intensive quantity
(post-interview only)

Ordering of cubes
Understanding of the
intensive nature of
density Use density Do not use censaty

Articulate explicit

difference between

weight and density 9 3

and/or represent

density correctly with

computer model .

Do not show such
understanding o] 5 -
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. Tablie i2

The relationship between children’s ability to formuiate and use density in
a rule about sinking and floating and their ability to order the cunas oy
density (post-interview oniy)

Sinking and flioating

Ordering cubes Use density Do not use density

Use density 5} 3

Dc not use density 1 &




necessarily concrete objects); that good modeis need to be consistent and
accurate, and qQuantitative where appropriate; and finally that modeis
shouid be evaluated for their usefulness for specific purposes and no: for
underlying truth. At this point, however, we only began to broach these
subjects with students in our teaching; and through our individual
interviews we were able to asseas oniy the extent to which student’s may
have understood these points intuitively while constructing their own
apontaneoua model.

In an earlier section, we reported what dimensions children attempted
to represent in their apontaneoua modela and noted that children increased
in the number of dimenaions they represented and in their likelihood of
repregenting density from the pre- to post-interview. In this section,
however, we report on two aspects which bear on the overall quality of the
representations: the consistency with which children were able to represent
a particular dimension (for the five obj)ects in question) and the
sophistication of the type of code. Let us consider each in turn.

Conaider first children’s ability to represent & dimension
conaiatently in their models. For each dimension that children attempted
to represent, they were scored as being either partially or fully
congistent in their representation. There were several ways the child could
be credited with only partial consistency. First, sometimes the chiid
represented a dimension for only a subset of items: for example,
representing the weights for the three same size items, put then not
representing the weighta for the two equal weight items. Or, children
right be conaistent in their representation of a particular dimension only
locally, but not across all five items. For example, the child might show
the three same aize items to be the same size, and the two equal weight
items to differ in size, but not correctly show that the size relation
between these two subsets of items. Or sometimes the choice of
representation captured only some of the important properties of a
dimension. In contrast, full consistency required that one be able to tell
the relationship among all five items on the dimension in question.

Table 13 shows the degree to which children represent a dimension
consistently in their pre- and post-interview spontaneous mocels and in
their post-interview computer based models. The striking aspect of the
results is that whiie more children are able to represent material and
density in the post-interview models in a consistent fashion, children
decrease in the consistency of their representations of size and weight in
the post-interview. 0Of course, overall the number of dimensions
consistently represented remains the same, while the number of dimensions
attenpted (albeit inconsistently) increases. Since children were
attempting to represent more dimensions, they may have been too overioaded
to represent them ail consistently. Further, it may be an initial
consequence of strengthening their density concept, that their size and
weight concepts are correspondingly weakened. Since our teaching focused
primarily on underatanding density and our computer model makes density
the most transparent quantity (with more calculation neeced to represent
s1Ze and weight correctly), we may simply need to pay more attention to the
concepts of size and weight in our future teaching.
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Teble 13

Number of Children Showing Consistency in
Representing Different Dimensions
in the Pre- and Post-Interviews

] Dimension
Level of ¢ Size | Weight 1 Maceriai | Demsicy
Consistency 1 | i i
"""""""" \bre Post Conpl br Pst C 1pr Pet C i Pr pac C
Full 129 417 4 171 1012 5 5
Partial : 3 9 12 : 3 3 9 : 1 4 1 : 0 3 4
None : 3 0 2 : 6 S 6 :10 4 7 :16 i0 35
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Consider next the type of picture code children used in their models.
Children were scored as using one of four types of codea: verbai code (in
which they deacribe a dimenaion in words), pictorial code (in waica cthey
represent a dimension as they see it), numeric code (in which they
represent a dimension as a summary number), and symbolic (in which they
represent & dimension in some abstract way). Table 14 shouas the number of
children using each type of code for each dimension. There is a big
increase in the number of children using symbolic type codes from the
pre-interview to the post-interview, with the number using the other types
of codes remaining fairly constant. 8y the posat-interview, this is the
dominant type of code for each dimension. At the same time, there is some
variation from dimension to dimension in tyrpe >f code typically elicited
(eapecially in the pre-interview). Size bringas out a tendency to represent
pictorially, with many children using perapective to depict the cylinger
shape of the objects. These children may nct have fully distinguished
petween a picture and a more abatract rendering of objecta (two children
even put in a repreaentation of the circular tops of the objects in their
drawing with the computer model--although the experience with the computer
model had always been with squares). And weight seemed the one dimension
that initially brought out uase of numeric codes. Perhapa this reflecta the
fact that it ia the only dimension which ia eaay to measure directly (put
it on a scale and read a number). MNeasuring size and density is much nore
indirect. '

Overall, however, it was clear that most children were confortable
with using some abatract and symbolic representations in their models.
This was shown not only by the fact that they ignored the shape of the
object in depicting the asize, but alao by the fact that when they used
color codes for material, or heaviness, they frequently used colors that
were different from the actual colors of the objects (e.g., they had green
or blue stand for aluminum), or used the dots per sizZe unit code zfor
denaity.

Discussion and Conclusion

In general, our teaching strategy proved to be moderately successiui
with this group of 6th graders. Our ain was to help consoiidate their
understanding of the distinction between weight and density by helping then
understand that weight was an extensive quantity and density an intensive
one., We provided a visual model in which the quantities of aize, weight,
and denaity were all salient, to help them see that adding material to an
object changed itas size and weight but not its denaity, and gave them an
explicit language for talking about densities in terms of the modeil.
Ffurther, we explicitly taught them & procedure for ordering objects by
relative densities, embedding the teaching of this procedure with
ingtruction in the basic model which wouid allow them to understand why
this procedure makes sense. Finally, we involved students in experinenting
with computer simulationa of ainking and floating, and directed then
towards extracting a predictive rule involving the relative densities oz
objects and liquids in understanding this phenomena. We found that the
majority of children did correctly aasimilate this model 1a & way that
supported their unaerstanding of denaity as an intensive quantity, and were
able to articulate sorie relevant differences between weight and densaty.
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Tabie 14

Number of Children Using a Particular Type of Code in
Representing Different Dimensions in the Pre- and Post-Interviews

i Dimension
j et e m et ccmr e e e e m—m e e —— - ———
Type ot : Size ] Weignt { Materiali t Densaty
Code ! i i 1
----------- R R et B el Bt B el ettt ettt
i Pre Post | Pre Poat i Pre Poat 1 Pre Poart
jemr—mm e rmmmrr e [ il R L E T
Symbolic 1 8 13 1 2 7 1 6 11 i 2 6
i | i i
Numeric i 0 O | 8 S i 0 0o i 0 1
| | | [
Pictorial i 9 7 0 o i 1 2 i 0 0
i | I 1
Verbal i 0 i1 3 3 1 1 2 | 0 i
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Further, there waa evidence that distinguishing weight as an extensive

quantity and density as an intensive quantity heiped them to understand why .
in ordering objects by relativ~ densities, it is necessary to compar» equal

size pieces. Oniy the chiidren wno had correctly internalized the

difference between weight and denaity were able to remember the ordering .
procedure we had taught. Finaily, a ciear understanding of the distincticn

between weight and density was important in being able to apply such an

understanding to the phenomena of sinking and floating.

At the same time, we found that not all the children were abie to
correctly assimilate the model, or to verbally articulate the difference
betwean weight and density. Further, we suapect that many of the chiléren
who correctly assimilated the model were not yet abie to deepiy understand
the theory underlying it (that is, they did not spontaneously extract the
mathermaticai reiations depicting the relationa among the three quantities).
Thua, it ia important to consider what kindas of difficuities arise in
assinmilating/understanding the model and how thnese difficulties can be
addressed in future teaching efforts.

There were two main types of errors children made in assimilating the
nodel: (1) some seemed to remember only that number of size units
represented aize, and totsl number of dots represents: total weight,
ignoring how the aodel represented density; and (2) cther children again
focused only on the representations of size and wei;rl (ijnoring density),
but these children incorrectly assumed number of dcc4d per aize unit was a
repregentation of weight. We had thought that the three distinct variabies
in the computer model would be obvious to the children, and given that
children have at least three distinct dimensions iy their intuitive
theory--size, weight, and heavy for size, they could make the mapping
between these concepts and the modal. Both types of errors, however, reveal
children’s failure to make any mappi..; between their precursor density
concept. and the model. There are ai least two distinct explanations for
this difficulty. Perhaps these children did not have a well enougn
developed precursor density concept to make even this initial mapp:ing.
Since we did not give an extensive battery of tasks designed to a=sess such
an early concept (as did Smith, Carey, and Wiser), it is hard to test this
possibility with cur own data. But we suspect tl.i3 is not th= compiete
explanation since most of these children did taly of materiais as neiny
heavier kinds and were able to invoke a compensec:ion argu.ent to expiain
why the large aiuminum object could equal the asmall ateel object in weight.
Another more plausible explanation is that the way that the computer modei
is introduced to children with teaching activities could be improved. Ir
our teaching, modeling was introducad at the very beginning, with very
little explanation or motivating context. 1t may be important that
children are first introduced to activities which invoke their pre-existing
concepts of size, weight, and density, and then a situation could be
presented where modeiing is seen as helping children soive some prodien
(see chapter S5 for a fuller discussion of what “hese changes in teaching
approach might invoive). This would ensure thaz more students were
thinking about the modeiing task in a conceptual manner rather than as an
arbitrary jumble of symbols to be learned in a rote fashion. We suspec:
that those children who made the error of mapping dots per size unit with .
weight were simply approaching the mapping task in a superficial »anner.
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In the real world, weight is a moras salient quantity than density since we
can feel the weights of objects simply by hefting them. In the computer
simulation, however, dots per size unit is more salient than totail nunmber
of dots--both because it 1s more imnediateiy quantif:able (without recourse
to tedious counting) and because it is a variable the child can directly
manipulate. Thus, the child may be simply mapping the *"j0 most salient
variables without thinking deeply about underlying meaning. Providiwg a
mnore meaningful context for doing the initial modeling activities may be
enough to help these chiidren understand the computer model correctly.

Our experience with teaching also helped us identify other places
where our approach to teaching could be extended and improved. We found
that even the children who correctly assimilated the model, spontaneous.y
assimilated it oniy in a qualitative way. They were concernec with
portraying which materials were denser than others, but were not yet
concerned with issues about how much denser. This in turn ied them to have
problena with correctly representing weight (in particuiar, objects mace oi
materiais of different densities which were equal in weight), although nost
children were not too concerned with these problems. Indeed thay
represented the size and weight of objects in very rough anc approximate
ways, This is probably fine and appropriate for a beginning: indeed, we
explicitly tried to build only a qualitative understanding of the model in
our present teaching. Howeve:, uitimately, we would like them to expioit
the model’s quantitative potential and to think more preciseiy about ail
three quantities. Our experience suggests that explicit teaching
activities will need to be developed to motivate students to see the
relevance of greater precision, and to grasp the mathematical
inter-relations among the quantities. This level of understanding of the
rodel does not occur simply spontaneously.

Another area where the teaching unit should be expanded concerns the
unit on sinking and floating. We suspect that the reason that not all
children who were able to develop a concept of density couid apply it in
understanding sinking and floating was that we did not give them enough
time to explore these phenomena. It was the shortest aspect of the
teaching (2 sessions), even though it was one of the most naturaily
intriguing and motivating to the students. Indeed chiildren uniforaly
reported that they liked this aspect of the whole ‘- 2aching unit the best.
Further, although there was nuch they did not understand about this
aituation, it was one of the few areas where they often had good initial
intuitions. Thus, in the future, we plan to begin by posing some puzzies
about sinking and floating before introducing the problem of modeling as a
way of setting a context for those activities and aliowing them to have
rore time to explore the phenomena both with resal worid materials ana the
computer program. Indeed, we can organize the whoie tsaching unit more
centrally around these phenonena.

Finaily, our teaching experience sugagested some ways that we migat
expand the range of modelis presented to chiidren for thear consideration.
One of the striking aspects of the data waa that although the major:ty of
children understood the modei and could use i1t appropriateiy when
explicitly asked to, few spontaneously chose to use the model when
initially asked to represent the five objects presented in the
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post-interview. Children commented that they found the model usefui, and
sone who did not use its visual aspects spontaneously, did use tire language
of the model to expreas tnemselves and clarify their thoughts.

Nonetheless, we had the impression that there were severai respects in
waich the model may not yet be a '“natural" one for children and that it nay
be important to motivate the need for such a model by contrasting it with
some more natural models. Further, some ideas of what modeis they find
more '"natural' come from an examinaticn of their spontaneous drawings. Zin
particular, in the pre-interview, the two children who attempted to
represent the density of materials did so by showing materials ol varying
shadea of gray or with varying layers of color. Such a model has the
advantage that it portrays materials as well as densities as being
essentially continuouas--which seems closer to what children encounter in
everyday life, Further, it adopts only a qualitative depiction of densizy,
which is in Keoping with the chiid’s level of concern. And in many
respects it is a very good modei, one that can be used to geveiop their
qualitative understanding of density as an intensive property. Gur modei,
in contrast, may seem to have too much unmotivated baggage. Thus, it nay
be useful to begin with a model more like the ones developed by some of the
children; we could then discuss the model’s strengths and limitations. One
obvious limitation is that the model does not aliow one to represenc
information about size, weight, and density quantitatively. We could taen
present a problem which calls for quantification so that children become
aware of this weakness in their model and then introduce our model as one
way of portraying these dimensions more quantitatively.

Overall, we remain convinced that our approach to introducing upper
elenentary school children to density by involving them with modeling is a
very sound, as well as a very rich one pedagogically. The children looked
forward to the claasea and showed some abilities to appreciate the use of
computer as a modeling device. Next year we plan to build on what we have
learned and develop a more extended unit that wiil not oniy give thex
greater time to build a concept of density but more time to appreciate at a
metaconceptual level the role of models in science.
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CHAPTER S

SOME THOUGHTS ON NEXT YEAR’S TEACHING

From our experience this year, we have learned several liessons that
can help us reshape our plana for the teaching experiment next year.

(1) Moat atudents have a very good conception of material. They know
how to diatinguish among different materiala, and they perceive eech
material as having diatinct and specific propertiea auch as hardnessa or
color. Therefore, in promoting understanding of denaity as a local
property, we wiil build on the notion of material kind.

(2) From a motivational point of view, the sinking and fioating
programs seem much more compelling to the students than the Weight/ Density
program. Aiter the post~intervention interviewa, we asked students to
comrent on what they liked most about the teaching sessiona. They agreed
nearly unanimoualy that the sinking and floating programs and activities
were the beat part. Consequently, we will try to use this phenomenon as a
franing context for introducing density and modeling, rather than
developing thease concepts separately or in isolation.

(3) We found that not all students had a2 clear underatanding of
metaconcepts. When atudenta are given a task that requires them to
implement metaconcepts such as ordering, or finding a general rule, we
think it will be helpful to support the task, not only with expianation,
but with a set of related activitiea. Theae should be arranged in
increasing order of difficulty from very simple to more compiicated and
pegged to different contexts, starting close to the studenta’ every day
experienceas and gradually guiding them to our subject. For inatance :if
atudenta have to order, we might atart with 3 objecta and then move to
more. Or, if we ask them to look for rvlea, we might start with ruies they
use in gamea. These techniques will help estabiish terminology and make
concepts explicit.

(4) So far, our lessons have avoided discussion of voiume Dy using zhe
"ajze" variable inatead. However, many students do not assume that size
means volume, and we now think it will be i1mpossibie to continue in zth:s
way without risking confusion about what we mean by size. This probiem 1s
rost pronounced in the ordering taskas and in relation to floating boats
where atudents need to deal directly with volume. Next year we will
introduce the concept of volume in more explicit ways, perhaps by using a
variation of the asinking and floating programs to do water displacement.

(5) Although most studenta understood density as dots per size unit in
our model, some also confused weight with dota per aize unit. In helping
them shift attention to the concept of density, we should aiso reinforce
weight as a separate dimension, one that they are already famiiiar with.

We will therefore also give proplems that highiight weight. rfor exampie,
we might have students build or change objects on the acreen, so that their
weights are equal, even though they are made of different mater:als.
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Since students will have to think about density more quantitatively in
order to soive this type of probiem, we could institute a more flexibie
range of material kinds in the program. This would make it possibie to
change the number of dots/size unit of availabie materiais beyond the
current range of one to tive, and in different ratio if needed. Because it
is difficult te find real materiais with densities specificaliy in the
1:2:3:4:5 v .10, this modificaton would also afford greater fliexibility and
accuracy in representing real materials.

(6) This year’s teaching also showed that students needed more workX on
modeling. Their 'picture codes" were sometimes inconsistent and/or
indistinguishable from ordinary pictures. We would iike to spend more time
working on the criteria for a good model and how models might differ f{rom
pictures.

(7) This year we found ourseives “"preseuting"” the models andé mater:als
to atudents more than we think is desirable. In the future, we will strive
to create a classroom environment in which we raise some 1initial questions,
while leaving as much room as possible for students to do their own
investigating, exploring of materials, and question raising. The 1ssue of
finding a middle ground between a lot of structure or constraints and
unstructured free diacovery is an important one to address. We wiil be as
well prepared as possible to conduct or facilitate unstructureé and
unexpected inquiries. The few cases in which this happened this year were
the livelieat and most exciting. We also learned about some of students’
spontaneous models for representing density that can be incorporated into
our lesson plans.

REVISED PLANS FOR NEXT YEAR (UNITS i & 2)

To integrate all this learning into our lesson pians, we plan to start
fron some phenomena of sinking and floating and raise a reali-worlid
question: What sinks and what floats?

Each child will have a kit with a tub of water so that he or she can
do experimentation and collect data with all kinds of objects and
rateriais. We will ask students to find all the "sinkers" and "flioaters."
We can also asit chiidren to bring objects and materiais that they finé
(limited to homogeneous, bulky objects) and divide ther or classify then
according to the "sink or float" criterion. We would want to include
objects made of the same material in different sizes.

Once they have accumulated some information about the behavior of reai
naterials, we will encoursge students to look for a ruie. In a way, what
we are trying to teach, from a scientific point of view, is not the theory
of sinking/floating, which includes an explanation of the phenomena.
Rather, we are trying to find an indicator; that is, we want to find the
relevant property of materials that will enable us to predict what wi:l
sink and what wili float, without expiaining why. We want to answer the
question, “when do things sink or float?" and not, "why?" The basic process
for doing this is sorting and clucsifying, and the process has two
interdependent elements: the search for the criterion itself; and the very
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process of classification once we know the criterion. Both elements are on
the metaconceptual level and deserve special attention.

As they search for a rule, children will expreas their ideas adout
what rules are, what they mean, and how one checks whether or not a
perticular rule is correct. The meaning of contradiction or conflicting
evidence will come up in these discussions. We may be able to use ganes,
sports, the legal/courtroom environment, or other metaphors to develiop
these ideas.

This part of the unit should be developed fully to ensure that
students have a good preliminary understanding of the meaning of a ruie.
Since the rule we are looking for is a '"sorting-rule" for nature, we will
look for simple activities and exampies from students’ immediate
environnent where one appiies sorting-ciassification rules, and chen turn
attention to the problem of sinking and floating.

Once students have suggested some rules for sinking and floating, the
next atep will be to check them experimentaliy. They should suggest
experinents, which they will perform themselves, to validate or invalicate
each suggestion. These experiments will generate more data that will be
et lected in the students’ notebooks. The materials for the Elementary
Science Study "Clay Boats" unit include a scaie and other components that
right be adapted to our purposes.

During this process of answering the question, what sinks and fioats,
we will collect students’ ideas in written form, sort them, and present
ther to the class. This procedure -- collecting atudent responsea and
presenting them, or having atudenis debate their positions -- will be
reneated several times during our entire series of lessons. Students nay
draw a tentative conclusion at this point that the sinking/floating
critericn has something to do with materiai kind.

We know that children perform best when working with a limitec number
of variables. In our case, there are many variables which could all be
checked among different kinds of materials and within materials (of
different sizes, weights, colors, and so on). To avoid confusion, we wili:l
proceed in a structured way.

To provide siructure we will propose to students an additional
systematic process of classification, not dividing the objects into sinkers
and flosters, but reorganizing them into families according to their
material kind (for example, placing all pieces of aluminum or steel in one
group). At this point, we can use sink-float in a different way, to see
whether it can help us distinguiash materials. If two materials look the
same (for exzample, two pieces of painted wood, or & lump of wax and a lunmp
of clay that are the same color) can sink-float help us ciazsiiy then?

After reorganizing objects intc families, we will use experinentat:ion
to eliminate size, weight, and shape as factors in predicting what wiil
sink and what will float within a family. It will not bs necesaary yst o
define volume because when comparing two objecta of differsnt size, ao
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matter what definition of size is used, the experiments will show that the
result (aink or float) is independent of size (within the family).

Once everyone agrees that materiai kind aione defines an object’s
behavior, we will 1ave another example of a "liocal property" that is
diacovered and demonstrated in experiments: that is, “sinkingness" or
"floatingne3s."” We will then have a working theory: materials can be
divided into families of material kind where some families are sinkers and
gome are floatera. Once students find out from booka or experiments which
family a given object belongs to, they will know about all its relatives,
that is, other samples of the same material. This rule works perfectly in
a constant liquid. (We have not yet introduced the role of the liquid: we
suspect it will be best to postpone this discussion until a iater stage anc
to examine ail the phenomena in one ligquid: water.)

Next, we will want to see whether this ruile can be genera.:izef across
families. First, from a ciassification point of view, we wiii now fora two
tribea: the sink tribe and the float tribe. Tribes are mace of famiiies,
and families are made of members. We want to help students discover
whether all the families that belong to one tribe share a common
characteristic.

what is it about a gspecific materiai that makes it a floater or a
sinker? Qur intuition is that chances are very low that a student wiii coae
up with density as the parameter. Nevertheless, we will be prepared to
handle questions and anawera about the heaviness of a materiai. We wiil
introduce the idea of crowdedneaa in preparation for density ané apend aome
time clarifying crowdedness as an intensive property that is a function of
the two elements, weight and size.

Assuming that density will not be a readily available crizerion, we
might also raise the question: What if we don’t know ail the information
needed to make a judgment? Sometimes special tools are needed to naie
hidden things clear. X-raya help us see inside suitcases at the airpor:.
Sometines we nead to use imagination to expiain or deacribe nature and
eventa. We might suggest that students already have a feeling for wha:
distinguishes sinking and floating material Kinds, but that they don’:c as
yet have a name for it. Indeed, there may be properties of materiais they
have never discussed or taought about before.

We might start this phase by asking students to represent those
properties of a tribe membher that make it belong to the tribe. At th:is
point we will introduce the idea of building visual models that cepict or
represent some of the properties that they come up with as characteristic
of different tribes, including the concept of crowdedness that we
introduced.

Again at this point we will repeat the process of asking for s:tudents’
suggestions, (his time about how to represent crowdedness, and we will
connect this to discussions about represencations in general. We wiil draw
on other contexts where representations and crowdecdness piay a roie. We
can move gradually from icons that are used on the highways, for examp-e,
to maps, and to more abatract forms. This concept must be very carefull
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developed. We will spend time on the meaning of crowdedness as an intensive
quantity and on modeling crowdedness in real iife situations: hotels, their
homes, stores, grocery atore shelves, concert haiis, and beache=. We wan:

to make sure that students distinguish petween total amount and amount per

size unit,

We can use also nmulti-sensory approaches to develop the concept of
crowdedness ~-- feeling it (arrangement of people in the room), hearing it
(beads in a box, like a maraca), seeing it (intenaity of color in tinted
water), tasting it (degrees of asweetness or saitinessa). We can talk about
"packedness" and relate this to weight. We might al_o look at and use
powders, sawdust, and/or sand to see how materiais keep or liose their
properties as they are qround or observed in differing amounts.

Oniy after these discussions and experimentation with real materia:is
can we present the computer model as a tool to soive probiems that dezl
with the two dimenaions of total amount and amount per size unit, for
exanple, candies and candies per bag. Now, we can use candies and bags of
different sizes or other devices with which students can build physicai
representations for crowdednesa. We may be able to do this cubically, wizh
a cubic size unit or other three-dimensional unit standing for the
two-dimensional asquare on the acreen.

After this preparation, we may approach the aspecific question of the
“crowdedness" of materials. This concept can be liniked to the idea of
“fairness'” that children are already familiar with: if we are going to
compare the crowdedneas of two fields, we would want the fields to be the
same size; then we could count the people. If we are comparing the number
of chips in chocolate chip cookies, we need to use equal size cookies and
then count the chipa. For the time being, in order to be fair, we nusi
compare the weights of aqual size pieces. Later we will learn a fair way
to compare when the pieces are not of equal size.

This discussion wiil introduce the idea of controiiing a variable.
This is an important concept, and it is crucial that students recognize and
underatand the variable (asize, in this case) being controiied. 1In this
year’s teaching, we found the computer model to be us=ful in heiping zhen
underatand why we hoid some parameter conatant. Students readily grasped
the idea of comparing individual squares to figure out densicy.

By this point we expect to be abie to introduce the idea of density of
materials (homogeneous and bulky) and liquidas and to look for ways to
define the density of the materiala students have gathered. We wiii be
trying to help them discover whether this is an intrinsic property too. We
will concentrate on finding some methods or procedure to cdetermine density.
The computer representation wiil help them understand why these procecures
are valid.

Depending on students’ grasp of the concepte up o this juncturs, we
may cr may not be able to move on to the process o:i comparing the number of
times a size unit can be inciuded inside an object. in general, wa w:ish TO
puild from a solid qualitative underatanding of density TO 3 mora
quantitative one. To motivate the transition, we might pose the prooiem of
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what happens when we cannot compare equal portions of materials? Studencts
are already familiar with the mat.ematicai operation, division, that ailows
us to break the physical barriers.

Now we will return to the floating puzzlie and reformuiate the ruile.
What is it about the materials that makes them sinkers or fioaters? By now,
students will have an answer: the density of the materials. To complete
the picture. we will now introduce the role of the liquid, first as an
experimental fact, and then as a way to show how we nmust somerimes nmodify a
rule to accommodate new facts. Here we can use the computer wiation to
summarize and reinforce the leassons and to increase students’ understanding
of the quantitative aspects of the phenomena.

We can conclude the unit with some related historical stories anc
episodes -- for exar le, Archimedes’s puzzle, or special materiais that are
extremely dense or the opposite, perhaps sinking and floating bpaliloona. The
3-2~1i Contact television series aiso contains some segments (one on
neasurement, for example) that wouid provide an appropriate conciusion to
thigs unit.
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A-1

INTERVIEW

NAME__ M/F DATE

Ordering py weight, size and density

Yaterials

FIRST SET:(All pieces are 1 cubic cm) 1. AL cube/ 2. (5)AL cubes in a
’‘square’/ 3. (5)AL cubes in & tower / 4., (3)steel cubes/ S. Copper cube/ 6.
(7) rubber cubes. On balance scale, 1 wood = 2 rubber, 1 AL = 2 wood, 1
steel = 3 AL, 1 copper = <1 >2 steel.

2ND SET: (Cylinders are 1.5 " in diameter) 6. 2" steel cylinder (i
ib) / 7. 6" AL cylinder (i 1lb) / 8. 3" AL cyiinder (.5 1lb).

YOU’LL BE ASKED TO ORDER THINGS IN DIFFERENT WAYS. reEL FREZ TO HANDLZ
THE OBJECTS IN ANY WAY YOU LIKE. HERE IS A SCALE AND A MEASURING TAPE
THAT YOU MIGHT WANT TO USE TO HELP YOU DECIDE WHERE TO PUT THE
OBJECTS.

R
A

wn

A) WEIGHT
DOES THIS RUBBER CUBE HAVE WEIGHT? HOW DO YOU KNOW?

If no: DOES THIS GROUP OF 10 RUBBER CUBES HAVE WEIGHT? HOW DO
YOU KNOW THAT?

I WOULD LIKE YOU TO PLACE THESE OBJECTS (first set) IN ORDER ACCORDING
TO THEIR WEIGHT. PUT THE HEAVIEST ONE HERE AND THE LIiGHTEST ONZ THERE:
IF TWO THINGS ARE THE SAME, PUT THEM ONE IN FRONT COF THE OTHER. (Note
strategy)

NOW I WOuiD LIKE YOU TO ADD THESE OBJECTS (gsecond set) TO THE
GROUP ACCORDING TO THEIR WEIGHT. (Note strategy)

50




C)
D)

Si2E
i WOULD LIKE YOU TO ORDER THESE OBJECTS (first set) ACCORDING TO THEIR
SI2E. PUT THE BIGGEST ONE HERE AND THE SMALLEST ONE HKEREZ:; IF TWO
THINGS ARE THE SAME, PUT THEM ONE IN FRONT OF THE GTHER.

NOW I WOULD LIKE YOU TO ADD THESE UBJECTS (geconc setz) TG ThE GRIUP
ACCORDING TO THEIR SIZE

MATERIAL KINDS

NOW I WOULD LI¥E YOU TO GROUP THESE OBJECTS BY THE KIND OF XATERIAL THEY
ARE MADE OF

HOW DID YOU DECIDE WHICH OBJECTS ARE MADE OF THE SAME MATERIAL?

(Provide names & correct sorting)
DENSIT

(Pre-interview oniy)
HAVE YOU HEARD OF THE WORD DENSITY?

(Pre-interview veraion)
SOME OBJECTS ARE HADE OF A HEAVIER KIND OF MATERIAL THAN OTHERS. I
WOULD LIKE YOU TO PLACE THESE OBJECTS (firatr set) ACCORDING TO TEE
HEAVINESS OF THE KIND OF MATERIAL THEY ARE MADE OF, THAT IS, ACCORDING
TO THE DENSITY OF THE MATERIAL. PUT THE ONE WITH THE HEAVIEST (DENSEST)
K;VD OF MATERIAL HERE AND THE ONE WiTHd THE LIGHTEST (LEZAST DENSE) RIND
¥ MATERIAL HERE:IF TWO THINGS ARE THE SAME, PUT THEM ONE IN FRONT OF
THE OTHER.
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A-3

(Pogt-interview version)

i WOULD LIKE YOU TO PLACE THESE OBJECTS (£first set) ACCORDING 75 ThE
DENSITY OF THEIR MATERIALS. PUT THE ONE MADE OF THE DENSEST MATERZAL
HERE, AND TEE ONE MADE OF THE LEAST DENSE MATERIAL HERE. IF TwO ARE MADE
OF MATERIAL WITH THE SAME DENSITY, PUT THEM TOGETHER.

- Y @ o 0 - o P - ot S0 P BO P ek e S e e G e WD U e TP G e S R O e P e G e e R G G nt o PP G et e 00

NOW I WOULD LIKE YOU 75 ADD THESE OBJECTS (second ser) TO THE GRGUP
{(Pre-int. only)
#ACCORDING TO THE HEAVINESS OF THE MATERIALS THEY ARZ MADZ OF, THAT

TS»]
ACCORDING TO THE DENSITY OF THEIK MATERIAL.

- o o e e v S et o S S e ot Gt S 0 T S et B0 S e Gt e e e S et Gt S e e e v G
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{Poat-interview only]
DO YOU THINK THERE IS A DIFFERENCE BETWEEN WEIGHT AND DENSITV?
WHAT IS THE DIFFERENCE?

. v . TP o > e St s Gk S G e N A N e s e e e e e S e et v e o e e e e G S T e G O S e =

Modeis of size, weight and dens:ty

¥aterials:
Three same size cylinders (5 * nignh): one wax(5 oz), one AL (i4 oz),
one ateel(2.5 1b); one ateel cyliinder (2 ") equal in weight to AL on=2,

LET’S SXPLORE SOME OF YOUR IDEAS ABOUT WHAT MAKZS OBJECTS WZIUH
WHAT THEY DO. THIS OBJECT (iarge at‘el) WEIGHS MORE THAN THIS
ONE (smail steel). HOW CAN THAT BE?

- e e et o St S e v ke A7 G S Gt St s S ot S e b e e Y S e P S T e et e e Y e e S Gt O e

THESE OBJECTE (same size wax. AL & steei) ARE ALL THE SAME SiZ&E
BUT THEY HAVE DIFFERENT WET3HTS. HOW CAN THAT BE?

- S 0 0 et et e b S v e Pt S o et ot 6 s o e e o T e A T e b ot S S et e e et et S S P MO S G 0P 0P
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WHAT ABOUT THE DIFFERENT MATERIALS MAKES THEN HAVE DIFFERENT WziIGHTS?
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THESE OBJECTS (steei & AL of ecuai weight) ARE

DIFF
YADE OF DIFFERENT MATERIALS, BUT HAVE THE SAME WEIGH
BE?

- ——— — — ——————— " ———————— ———— —— - — - ——— - ——————— —— - ——— —— = ————

WE HAVE BEEN TALKING ABOUT SOME OF THE WAYS IN WHICH THESE 4 OBJEZCTS
ARE DIFFERENT AND SOME OF THE WAYS IN WHICH THEY ARE THE SAME. MAKE ©P
A PICTURE CODE THAT SHOWS WHAT WE’VE BEEN TALKING A.JUT (SOME OF THE
PROPERTIES OF THESE OBJECTS). USING YOUR PICTURE CODE, DRAW A P

OF THESE 4 OBJECTS.

- - ———— - —— - — ———— - — = — - - - = - -

- - —— — ————— " - ——— — —— - —————————— —————————— - ——————

- - = ———— = —— = = == = = = = = =

" o = ————————— = ————— = = = = = = -

{Pogt-interview onlyl

NOW I’D LIKE YOU TO DRAW ANOTHER PICTURE OF THE FIVE 9OBJECTS, WITH THE
SAHE KINDS OF INFORMATION WE’VE BEEN TALKING ABOUT, BUT THIS TIME I
WANT YOUR PICTURE TO LOOK AS THOUGH YOU HAD USED THE COMPUTER PROGRAM
TO DRAW IT.

DESCRIBE PICTURE: WHAT INFO?

HOW REPRESENTED?

DO YOU THINK THAT IS A USEFUL WAY? WHY?

{Post-int. only - DO YOU THINK THESE ARE USEFUL? WHY? DO YOG THINK
ONE WAY IS MORE USEFUL THAN THE OTHER? WHY?]




A-5

Sink and fioaz

Materigis:

Tub of water / Floating obijects: a) pine (1" thicd)? big piece, 7" 2
4" & small piece, 1.5" x 4"); b) asolidified glue: big piece, irregular,
approx. 2.5" x 3.5" & tiny piece) / Sinking objects: c) iignum vitae (1"
thick): big piece, 7" % 4" & amali piece, 1.5" x 4"; d) pieces of ciay: 219
one, Circular 2" & tiny one.

YOU MAY LOOK AT THESE OBJECTS AND SEE H0W THEY BEHAVE IN THE WATER

- - - ——— " —— " o - - - = - - ———

i — e e e e e e e e b b e b M o e

- - - = - 0 = = = = = - -

- — ————— i — ———— — — e = -

CAN YOU COME UP WITH A RULE THAT WOULD ALLOW US TO PREDICT WHAT WILL
FLOAT AND WHAT WILL SINK

- - — - — — — o — — — - e e -

Smnall wax (.75" diameter & 1" length) floating

WOULD THIS BIG PIECE OF WAX (2" diameter & 4.75" length} FLOAT CR
SINK? WHY?

- — - - = e e e e e e e e e e e e e S e e e e e e e

- — — i — ———— ————— L - - e e e e e e e e e -

Large AL (1.5" diameter & 8.5" lengzh) sunken

WOULD THIS PAPER CLIP SINK OR FLOAT? WHY?

- — e e e e e e - e b e - e e e -

Materials:
One glass with S5 oz of salt water (blue) and one glass with 3 oz
of freah water (red); a piece of iucite (.5" diameter &% .5 "

CAN YOU THINK OF A REASON THIS OBJECT IS FLOATING IN THIS LIQUID
AND NOT IN THAT ONE?

-t - e e e e S = S e e e e e S e S e e e e e e M e e e e e - -

—— - A M e e - e e e e e e e e e
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Post~interview onivy

Materiais: A student drawing in which density is inverse.y related to
the amount of air holes

COULD WE USE THIS MODEL OF MATERIALS IN THE SAME WAY THAT WE EAVE BEZN
USING THE COMPUTER MODEL? WHY? HOW DO TEEY COMPARE? DO YOU LIKE ONE
WAY BETTER THAN THE OTHER?

- - s 8 > - - - — —— — > - 05 b = s =S e e =S = e - e - e . - - ——

BIFORE YC. GO, WE WOULD LIKE TO XKNOW WHAT YOU THOSGHT OF THE LESSIXS
AND THE COMPUTER PROGRAXS. PLEASE 3E HUNEST BECAUSE WE RTALLY WaNT 7T¢

KNOW WHAT YOU THINK, AND WHAT YOU TEL.L US WILL n:u? S Hafz THE
LESSONS BETTEK.

WHAT DID YOU LIKE THE BEST?

WHAT DID YOU LIKE LEAST, OR FIND BORING?

ANY OTHER COMMENTS?




APPENDIX B

Teaching Sessions




. FIRST CLASS (Introduction to the Computer Prodaran)

I. Worksheet - HOW TO USE THIS PROGRAX

II. Worksheet - WORKSHEET PROBLENS
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SECOND CLASS (lising the Program to Order and to Modei)

(Have "Modeiing with Dots" program loaded on ail computers. Turn off

monitors, students face demo computer in front of room.)

-

I. REVIEW PROGRANM / Discussion / 5-10 mins.
A. How do you run or use the programr?
You have to look at the screen,
it tells you what to do (move arrows, press space bar, etc)
it shows you & menu from which to choose an opticn by typing

3 the first letter.

if you don’t see what you want to do on the menu, then use the space
bar or escape key (or ask the teacher)

B. What kinds of things can we do with the program?
Build things.

Change the objects
Size, materiail

See them in another way
Filled in color, or seeing the grid and dots

Exchange objects, make them trade piaces

Get data about the objects
Size, number of dots, number of dots per biock or size uni:

C. It’s important that you understand the three kinds of
data. We will do some more probiems on this i1n a norent,

If I talik about the “dots'" in an object, is it ciear what I nean? Do
I mean the total number of dots, (the number of dots aitogether)
or the dots ver buiiding biock (the dots in each size unit?) We
need to be clear about the difference.

D. Any questions.
iI. FREE TIME / 5 r.'as.

Take a few minutes to play with the rrogram, and rev:ew the way it
works. Then we wiil finish up the wo-ksneets. After the worksheets, we
wili discuss them and then move on to another xind of activity with the
computer.
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1I1. Discussion ~ WHAT DOES IT MEAN TO ORDER?

A. - highest to lowest
- loweat to highesat
- first to last
- biggest to smalliest

B. - a "basis" for nrdering
-~ how shali we order? according to ...

C. - what are some ways to order people in the «lass?
- aiphabetically, by height, by age...

IV. ORDERING WORKSEEETS

-y

A. We are handing back one of the worksheets from Wednesday (WGRKSHEET
PROBLEMS). 1If you have started the worksheet alr..ady, or even 1f you think
you have finished it, piease listen because one of the problems has
changed. Doubie check your answers, Read along:

instead of "What is gs.aller about the first one than the last one?"
it is: what was the "bazis" for your ordering? You ordered them according
to what? What did you look at, or pay attention to when you ordered then
or decided where to put them?

B. Hand out second worksheet (A FEW MORE ORDERING PROBLEMS) when first
one ia finished.

C. Go over the orderings from the first sheet.
1. Draw the pictures on the board from the 1lst sheet.
Discuss orderings by size, total dots, dots/s:ize u.

Bring up other issues:

- some peopie said inches - inches measure
length. Let’s agree to use size units as
standard measure for the total size of an
object.

- what is the total size of the objecte on the
board?

- is it right to say one of them has 3 dots, or
snouid we say "3 dots per block" cr "3 dots
per size unit"?

- if we change the material of this one, what
wiil change? (dots per biocx AND tota: dots)

2. Go over the saecond worksneet (have answers and cata
ready)

3. Questions?
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V. MODELING

A. Half of you wiil do some probliems with pennies, and the other haixf
wiii do probpiems with beads. Then we will switch.

(Hand out materials ~ bags of 30 pennies OR 25 heads and 7 boxes for
each group - and worksheet (MODELING WITH THE COMPUTER). You wili do sone
problems and then think of a way to use the computer to draw a picture. Do
you know what “represent" means? (For now - to show, to draw a picture.)

B. See how it goes...when all are finished (or as each group finishes?)
with these tasks, expiain the next part..make up a situation that the
computer couid represent or modei. Write it down. The computer can draw
certain xinds of pictures, wihat in the reai worid couid these be pictures
for? Discuss answers.

C. Go on to the next part when all ar= finished. Hold up the equal size
pieces of steel and aluminum. Remember what these are? Show how nuci they
weigh on the scale (1 pound and 1/3 1b.)

Think of a way to represent these on the computer. Put one object in
one window and the other in another window. Copy the screen onto the paper
and write down (show on board) ALUMINUM under one and STEEL under the
other.

Next time we will have a discussion about the work you did today and
do some more activities.
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THIRD CLASS (Discussion of Modeling)

I. Discussion of Modeia - BEADS AND PENNIES

Now we want to discuss how you have used the computers to represent the
beads and penny problems and what makes something a good model (or
representation) of these probless.

A. Looking over your papers, we saw two main ways people represented
these problema. Let’s see if we all understand these models ané whether
someone had a different model that we should add to the chart.

1) First model
Read the problem; what information 1s represented in the
nodei? How is it represented? (put on blackboard)

What How
# of boxes # of squares (or si* units)
# of beads total # of dots
becds/box # dots/size unit

note: essentially sanme type of code can be used for pennies!

# of piles # of sqguares
# of pennies total # of dots
pennies/pile # dots/square

note: we have used a kind of code:
- i8 it used asccurately? (y=8)
- 18 it used consiatentiy? (yes)
- does it have all the relevant information for th=z
problen?
- does it encode coloy; spacing of boxes; wny or whyvy not
relevant?

2) Second modei
Read problem; what information is represented and how
for this model?

# of beads # of dots; # of squares
# of boxesn # of columns
beads/box # of squares/coiumn

-~ does this model :ave same infornation as the other?

- 18 it used accurately?

- is it usec consistentiy?

- is one a better model of the probiem than the other? Why
or why not?

- do you think it 1s useful to pmake models iike this? any
advantages over 3jusSt words? any acvantages over the reai
thing?
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Did someone eise have yet another mode: they would iike to share?

B. Mis 1 Models (poster shows Alice represented with Modei 1

an® .ohn with Model 2)

-+ «<** this be a good mnodel?

- u, s the problem? (for Alice’s pile used one
co:. “ition; for John’s pile another; haven’t used code
cons. tently)

- other models for discussion (what’s wrong)

- model wnere code is notf. used accurateiy

- model where all relevant information 1s not shown
(just # of oiles, nothing eise)

Ii. ¥APS (Small groups, each gets one map: Boston subway, Boston streez,
Boston area highway, Boston buildings souvenir)

These are ail maps of Boston. Maps are something like modeis. Certain
kinds of information are represented in certain ways. Let’s now think a bit
nore about what makes a good map of Bosten.

A.

What might each map bes good for?
Why might we use a map instead of the real thing?

Wnat are the qualities of & good map? (put on board) (e sy to read
or understand, accurate, consistent, has information needed for a
given purpose, has gquantitative info where needed)

Look at your maps

What kind of maps do you have?

Report on WHAT info is on youx map and

£0W that info is represented

Does yours seem like a good map?

Is info the same on ail maps? Represanted the Same way
on different maps? Consigtent within one map?

Is one map a better map tham the others? Why or why nort?
What are the limits of a map’s usefulness?

Summarize characteristics of good map.

QO
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- FOURTH CLASS (¥odeling Real Materiais)
i. Construction of computer model of steel and aiuminun

A. Remember when we asked you to think of a way to use the computer to
nodel two pieces of steel and aluminum. Many of you came up with some good
ideas, but it was a hard problem. Today we wll think about 1t 1n a more
step by step way.

B. Show little cubes made of aluminum.

- show one single block and group of 3 biocks

- ask students to model this (let them do 1t - pick same
material, represent different sizes)

- discuss answer and agree on the size dimension and how to
represent. Put correspondance on the board.

- show large cube madz of 8 small cubes

- how to represent this? shape vs. size. let them try.

- discuss - computer shows only one layer - how could we
really know how many cubes there are? need to sacrifice
shape. If compute: were showing rooms in a hotel, would
be more important to show size than shape.

C. Show one cube of steel and one cube of aluminunm.
- how to represent these? agree to keep the establisned
size dimension, and now add in next dimension, material
Show on scale that steel cube is heavier than aluminun
. cube. (Later we will refer to density of material)
- try
- discuss - same size, different materiais. Discuss
rationale far diffecent number of dots/size unit:
heavier kind of materisl.

D. How much heavier is steel piece than aluminum piece
exactly? How many equal size pieces of aium.num wouid
weigh the same as an equal piece of steel?

- show on scaie that 3 al. cubes balance with 1 stee:

- how can we represent that idea on the computer?

- agree to let each dot stand for unit of weight

- find the materiais on the computer which wouid aliiow
us to have the same number of dots in each object, bu:
one object is 3 size units and the other is i size
unit

E. Discussion

- Go over the three dimensions

- size, weight, density - put on board with
corresponding ways of representing on computer

- Discuss difference between weight and density

- Discuss objects that weigh the same, but have
different densities

- Discuss crowdedness - (peopie 1in hoteis, chips in
chocoiate chip cookies)
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Review how we mudeled steel and atuminum cubes

now we will moder some bigger pieces of steei and a:.
show again the equal size cylinders of steel and
aluminum and tell weights: steel=1 1b, ai=1/3 ib.

now many equali size pieces of aluminum are necessary
to equal the weight of the one piece of steei? (3)
try to model these cylinders on the computer (note
they are the same size, different weights)

collect copied drawings
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L doalss)
iy

il CLASS (Reviaw and Discussion of Usefuiness.of the Yodei)

A. Review (S mins)
- draw 3 al. cubes and i steei cube cn the board
remember that they balance
- review and write on board: size blocks -~ size
total dots - weight
dots/block - density (weight in a
size unit, how much weight is
packed into a size unit)
~ put drawing of 3 al and 3 steel on board for comparison
- how doea code inform us about densgity?
- which cbject would weigh more?
- hoW many groups of 3 al wouid egqual the gr<up of 3 st in
weight?
- showing relatively same size or twice, three times the size
or weight, not exactiy how big or exactiy the weight
- just need to be consistent
-~ might incorporate transition from smalli ind. cubes to big
aolid piece

B. Just constructed models. Explore. (10 mins)
-~ here are some of the models you have drawn (poster on board)
which do you think is the best model. why?
~ if steel is represented with 3 d/c whea modeiing cubes, why
do you think it should be S d/c when modeling large pieces?

. - have we shown that the objects are the same size?
- have we gshown the different weights?
- if 1 pound is represented with 30 dots, how n» tots would

represent 1/3 pound?

- say which model we prefer and why (shows equai size and
numeric weight reiationship i.e. 1:1/3)

- discussion of unit

- do you think this way of representing objects is useful?
how?

C. Tell our purpose! (5 mins)
we know students have difficulty distinguishing weight and density anc
undersatanding how they are all inter-related.

Can anyone say something about the different between weight and density?
Can you say something about tha difference without reiying on the dots
analogy? We can think of density as how much weight (matter) 1s packed into
a given aize space.,

Our purpose is t> develop a modei which clearly portxays dififerent Xinds
of quantities and shows how they are inter-reliated.

D. Look at units of size and weight: they are not the sans
- 1 dot; 1 square
-~ you can have things that are the same size, but
different weights (draw on board)
- model shows visually how that couid be.
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- can think of this as more weight (matter) packed
into a given space

- draw three pictures on the board, just by looking we can teii which
is heaviest, biggest, made of densest naterial

One thing our model might use is a key to knowing how much weight a dot
stands for: one pound? one ounce? )

- notice
- both the size and weight of an object increase as
you add more t¢ it
- adding more squares necessitates increase in both
size and weight

- what stays the SAME?

- density. is that surprising?

- if I keep adding building blocks, does the totul weight change
(yes, increases)

- dansity is characteristic of the material rather than of the whole

object

- is the density the same here as there?

- how do we know density is constant throughout the materiai?

- density is constant, and 1s the same throughout the whole opject.

- the density is the same on the top and on the botton

- the denaity of the material is the same whether we take a iittie

piece or a big piece
show three pieces of aluminum (small, med. large)
- them around the roon
- ia the density of the material the same in ali
three piecesa?

- how could you convince youraelves (prove to selves) the naterigl
in a little piece of aluminum has the same density as that 1in a
large piece - compare to same # of dots/aize unit.

- (preak them up? what if we took the same size pieces?)

~ de' oustration with clay

- one little piece of ciay has a certain density (compare w.th smail

piece of steel - which weighs more? steei. which is denser? steci)

- does large piece have same density?

- what has changed? the weight and the size. compare to computer
program. .

- show very large piece of clsy. it is heavier than the iictie
piece of steel, but it is not as dense as the steel

£. Let’s also compare our models to some of yours developed in the
pre-interview to see if it serves this specific purpose better tha. your
own nodels
- we asked you in the individuai sessions to you i. the explain why

objects w=2igh what they do. Initial quesrioning revealed tnat most oi

you thought

- the size of an object

- the kind of material an object 1s made of

both affected its weight
- some aaid color, hardness
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And then to draw a picture that would show some of your ideas about the

ways

in which certain objects were the same and different with respect to

their materiai, size and weight.

F. First let’s discuss what it was about size and materiai that couid
affect the weight of objects
-two objects made of same material, but different sizes more orf the

material, it would weigh more

two objects the same size made of different materials

some ideas

- some material is just a heavier kind of stuff (density) - sone
materials are darker and thereiore heavier (vulcanite teat! conmpare
weights of same size rods made of dark color rubber with iight color
alurinum; aluminum is heavier and denser)

- some materials are harder and therefore heavier (iead strip coapared
to steei strip. Lead is denser and heavier, yet is soft and pi:aplie)

- some objects were empty and some full (convince solid aii the way
through)

- pecause some objects were made of heavier kind of materials, you
could have a littie piece of heavy material that was equal in weight
to a large piece of iight material (the steei and ail in pre-inw)

G. Let’s look at how size is represented

in our model- squares are a UNIT measure of size

in your models - height of object

do you think that these are equivaient - or that one has certain
advantages

consider objects of different shapes

supposa we wanted to know how much bigger one was than another: units
make comparisons easier,

H. Many of you wanted to represent material in some way.
(Poster on board)

go through different reps of material- coior, intens:ity o shading,
use

how do these reps tell us something about weight of objects?

about the distribution of weight

look at weight poster

is there an advantage to one of the modeis?

uses?

our purpose (quantification, relationships, learning tool)

I. Conclude with discussing relationship of size and materiail to weight

if we know the size and material, can we predict weight (which modeis
allow us to do that)

(ex. material has 3 d/su and is 35 su. what is weight?)

d/c times size = weight

if we knew that this ( on board) weighed 40 units and :t had a s:ze oif
10, what would its density be?

weight/size = densaity

more exampiles on the board, then ask verbailiy

(if an object weighed 100 pounds and was 50 size units,

what would its density be? (2lb/size unit))
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SIXTH CLASS (Individual Sessions - 2 students) .

Neme(s) ___ _ Date ___________

I. A. Construct the following: (have data showing with weignt unite and
wt/sz units)

(A): height=4 (B): helght=4
width=1 width=1
d/su=1 d/su=2

Give: balance scale, 5 wood rods, 3 each of vuicanite, brass, ai.

Ask: I’ve represented 2 of thnese rods on the screen. Can you
figure out which 2 I’ve repreaented?

(hints: Can you tell me something about their weights? How much more does
B weigh than A? How many A’s would be equal in weight to one B2)

B. Ask: How could you represent an aluminum rod on the screen in the third
window? Can you use the wood rods to help you figure it out?

(hints: How much neavier is the aluminum rod than a wood rod? How many wood
pleces this size are equal in weight to one aluminum plece tnis 8ize?)

C. Give: piece of paper and pencil

Ask: If we weren’t limited to five weight units per size unit on tne
comptter, how would you represent this piece of brass? Can you use
the aluminum pieces to help you figure it out?

(hints: Is it the same size as the other rods? s 1t the 8ame welgat as
the other rods? How many aluminum rods are equai in weignt to one brass
rod? How is the weignt distributed?)
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at objects on the screen that have densicy ratio 1i:2

Ask: How could you make these two objects weigh the same amount oy
changing their size?

What changed?
What astayed the same?

Compare with real objects and guide to seeing that task could be
accomplished by doubiing amount of one OR halving amount of other.

B. Does the density change if we cut the object in haif?

what if we cut it in half again?

Is the density of the material the same for a piece cut ofi the top,
cut off the bottom, or a piece cut from the middie?

Can you imagine the smallest little bit of aluminum and the smaliest
) little bit of brass?

Are they the same size in your mind?

Does one weigh more than the other?

Is one made of denser material than the other?

Iz the density of the material used for that tiny bit of brass
the same density of the material used for this brass rod, and
this brass weight?

IiI. A. Density is a property of material that stays the same, no matter

how much of the material we have. It is how much weight is packed into a
certain size space. We can say that density 13 a measure of the .ntensit
of weight. Let’s compare that idea with some other examples of intznsity.

. B. Let’s think about intensity of coior. Here are three containers oI

water. 1’11 put one drop of coloring in one, three dropa in the next, and
6 drops in the next.
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Which has the greatest intensity of color?

Does it make a difference if I iooxk at the water on top or on the

bottom or in the middle...Does the intensity of the coior change?

What if I poured half of this colored water out, wouid the
intensity of the color change?

What if I took just & little drop of the water...wouid the
intensity of the color change?

The intensity of the coior, just like the density of a material is
the same throughout, and is the same in a smali sampie as :in a »nig
sample.

If we nake the comparison of intensity of coior to intensity of

weight, that is density, which cup would correspond to the densest
materiai?

if I take two cups of water the same color and add them together,
will the color change?

(Try it) Compare this to material: Even with more materiai, the
density doesn’t change.

Can you think of any other exampies of intensity or packing?

If gum is 35 cents a pack and you buy one pack, and you (other) bduy
ten packs, who has spent more per vack? #ho has spent nore nroney

in ali?

Sweetness: different amounts of sugar in equal amounts of water.
Each cup separateiy, tastes the same aiil the way through.
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. SEVENTH CLASS (Sinking and Fioating, part 1)

I. In a littie while we wiil use the computer to learn sbout sinkirng and
fioating. But first:

We will order some objects according to the density of the materials
they are made of. (BRASS, STEEL, ALUMINUM, WOOD: have cubes of each) Show
the process:

First review:
Have balance scaie and show small brass cube and smail alum:nun rod.
Piace on scale ancd ask:
- can you tell which is heavier?
- ce&a you tell which is made of denser material?
Then show equal si:ze pieces of brass and aiuminum anc putc
them on the scale.
-~ which is heavier?
~ which is made of denser materiai?
Summary:

To find which is denser: take equal size pieces and we:gh then. If
they are the same size, then the heavier one is made of denser naterial.
Once you krow that one kind of material is denser than another, :t doean’:
matter how much of it you have, it will aiways be denser than the other.

. 1I. Establish order by weighing equal size pieces.
Write on board:
(densest) BRASS STEEL ALUMINUM WOOD (least dense)

III. How about liquids?

- Show two identical containers with same anmounts of oil and water

- Where would these go in the order? How can we be sure?

- Weigh equal amounts

- 0ii feeis thicker, yet its not denser.

- How to compare iiquids and solids

- Have equal size piece of wood, weigh it aiong with container,
compare to weight of liquid in container.

- Write on board where oil and water go in the order

- Pasa around the mystery container (sealed and wrapped container
of mercury - warn atudents to be carefui)

- What is surprising? That it is small and heavy for its s:ze?

- It weighs one pound. Conmpare to one.pound of steei.

- It weighs the same, yet is smaller, therefore it :s denser than
steel.

- Do you Rnow what the material is? 1t is mercury. Xercury is a
liquid. It is used in thermometers. Read about 1t for next
time. Some peopie say solids are always censer than liguids. :Is
that true? No.

Show order on board: MERCURY BRASS STEEL ALUMINUM WATER OIL WOCD

iV. As you remember, we asked you some time ago about different objects:
which sink and which £loat?
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Before we continue experiments with real liquids and soiid ob-ecis - we
want you to try out a programr that lets you modei the iiquids anc cthe
objects and perform experiments on the screen.

We will briefly show you how the programr works up until the
“experiment". (Show how program works on demo computer in front of room)

Go and use the program now to see if you can come up» with a ruie:
If we assume that the program represents the real worid correctiy,
what is the ruie that will let us predict when a given object will
float and when will it sink? Each of you will write your answer and
then we will do some real experiments.

Hand out woriksneets which say:
AN OBJECT WILL SINK IN A LIQUID IF:
AN OBJECT WILL FLOAT IN A LIQUID IF:
V. Collect the answers and discuss briefly.
Questions:

What happens when oil and water are mixed together?
Do all peopie float?
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EIGHTH CLASS (Sinking anc Floating, part 2)

]

At the end of the last class, we did some experimenis with th
computer and tried to come up with a general ruie that would tell
an object will sink and when it will float.

us when

what do scientists do? Make experiments, figure things out....
We all notice things around us. Scientists notice things too and then try
to figure out & rule which will explain why certain things happen or they
try to figure out a general rule to use in order to predict what wiil
happen in certain situations. They make experiments to test their rules or
to help them discover a ruie.

Examples! You are a scientist and you notice that & duy i1n February 1is
shorter than a day in Aprii. (Draw a littie diagram on the board) A day in
April is shorter than a day in Juna. A day in June 1s longer than & day :n
October and a day in October ia ionger than a day in December. You make a
general rule about the length of all the days in a year. Does somecona Know
the rula? (Everyday is longer than the one before untii June 2i, then they
start getting shorter again until Decenmber 21.) How can we teat the rule?
Doaa tha rule iet us make predictions that come true? {(Se= if it 1a correct
for the next year)

if you notice that S years from now, a day in February is very iong,
then you would have to change your rule. Scientific rules can change, but
nany of them last for a long time, often huncdrecs or thousands of years.
People uaed to think that the earth went around the sun. We now know tha:
the sun goes around the earth. The rule that we use now 1s about 300 yearas
old. (Copernicus)

We noticed that some things sink and some things fioat and we want to
find a general rule that wili ailow us to predict whether an object we have
never seen (or tried, tested) before will sink or float.

There were a lot of ideas.

Discuss ruies:
1) It depends on the COLOR
- show rubber cube and vuicanite rod in water as counterexandie,
also hard glue and chalk
2) HEAVY things sink, LIGHT things float
- gshow big piece of wood and smalli piece of clay in water as
counterexampie

Then aome of you thougnt it might have to do with the weirght CX the
density of the opject. Still others thought it had somzthing to £Zo with
the weight or density of an object COMPARED to the iiquid.

The rule that the computer uses is the same ruie that appiies Lo rea:l
objects. We will spend a littie more time looking for the rule. 7o nage
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it ciearer, we willi divide the experimenta. First we wiil only be

concerned with SINKING. When wili an object sinik?
Hand out worksheets - FIND SOME SINKING OBJECTS

Write down the kind of object, the kind of iiquid. You wili need to
get some data.

Discussion while other program (Sink the Raft) is being ioaded.

What are some examplesa?
Includa 3/2 (weighta are 72/96) and 5/4 (weights are 120/1392)
Inciude 2/1 (weights 42/48) The object weighs a iittie.
Do you think it has more to do with the weight or the density?
Do you think it has more to do with tae density of the object or
the denasity compared to the liquid?

The next program wili let you do a few more experiments...you wiil be
able to change the size and thereby the weight of the objects to see if
that will effect whether it sinks or floats.

Wwe have another program for you to try, that wiil iet you change the
size of the objects you drop into liquids. Up until now ali the obiects
were the same size. USe the program to see if changing the size will nake
a difference in whether the object sinks or flcats. See if by adding nmore
and more material and thereby increasing the weight of an object will have
an effect. Or taking material away, making the object lighter and lighter
will have an effect. Write some examples on the worksheet.

Hand out worksheets - CREATE A GREEN OBJECT IN WHITE LIQUID

Discuss.
Come to conclusion that in order for an object zo fioat, tae density
of its material sb uld be less than the density of the liquid.

Questions for fun:

Archinmedes’ puzzle - Show that a large piece of clay sinks. Then show
two smalier pieces of clay. (ne sinks and one fioats. Is one a fake?
Why? (One has a piece of cork hidden inside)

Balloons ~ Why do you think that balloons fiiled with helium float?
(Helium is less dense than reguiar air)
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l NAME(S) DATE

How ta use thisorogram

In order to do some thing on the screen there are only two things you
need to tell the computer:

1) WHERE TO DO THINGS.
2) IDHAT 10 DO.

IDHERE?
You choose where to work by moving the windoy frame. There are

THREE work areas.
%% % 1ok THE ARROW KEYS TO MOVE THE FRAME.

%% % oSS THE SPACE BAR WHEN YOU DECIDE ON A SPOT.

iWhich window did you choose? {1st/Left, 2nd/Middle, 3rd/Right)

You can change your mind and work somewhere else.

e
; ‘ = *PRESS THE ESCAPE KEY.

Move the frame to the middle window and press the space bar. Your
screen should look like this: .

o
I

i
3
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c-2
NAME(S)

IWHATTO DO?
You are looking at @ menu. There will be & few menus in this program.
You pick an option from a menu by typing in the first letter of the word.

BUlijLin

Now you will build an object.

EER TYPE IN THE LETTER "B" FOR "BUILD.”

The screen shouid look like this:

chaoosa B SR e =P L materizl
DGreen BF‘urpleENhite Eﬂl:lrarnge Elue=
Daes it? )

in order to build an object, we need to choose a “material”. Yousee a
menu yith building blocks of different materials.

HAE orss P FOR "PURPLE. -

The first building block should appear in the window.

How many dots are in the building block?

***NOW USE THE ARROW KEYS TO CHANGE THE OBJECT'S SIZE.

*USE ALL THE ARROY KEYS TO MAKE THE OBJECT BIGGER AMD
SMALLER.

ks *HAKE THE BIGGEST POSSIBLE OBJECT.

Describe the object you just built. (How tall, how wide, how many
biocks?) ‘
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***PRESS THE SPACE BAR.
This saves the object on the screen. CONGRATULATIONS! You have
just completed the first object on the screen.

ok *NUVE THE FRAME TO THS THIRD WINDOW.

***BUKLD THE SMALLEST ORANGE OBJECT. SAVE IT.

Describe it. (How many dots does it have? How big is it?)

**$BUILD AN OBJECT M THE FIRST WINDOW THAT HAS A TOTAL OF 12
BLOCKS. THEN COPY (DRAW) THE OBJECT OM THIS PAPER.

If some thing went wrongy_try these:

A) Press space bar

B) Press ESC

C) Call the Teacher

D) Give the computer a hug.
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CHBNGIE]

. You can change objects that are on the screen. You can change their
SIZE or changz the MATERIAL that they are made of. You can also ERASE
them completely.

Gk *NOVE THE FRAME ONTO THE LARGEST OBJECT ON THE SCREEN,.

What kind of building blacks does it have?

Now we'll change the material to “Blue.” "Blue” building blocks have five

dots in them.

hok *PRESS THE SPACE BAR TO SEE THE MEMU.

k) =!'RT?F’E “C" FOR "CHANGE".

You should now see this menu:

Matar-ial Size Eraszs obhijsct
’ HEH ok M FOR "MATERIAL-
Hek *T?PE “B" FOR “BLUE.”
lbhat happened?
kg

FIND THE SMALL ORANGE OBJECT ONM YOUR SCREEN. (orange material
has 4 dots i1 each building block.)

*$*HOW CHANGE THE ORANGE OBJECT'S MATERIAL TO GREEN.

How many dots are in a green building block?
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Now we'll change the size of this object.

K H o 0" FOR "CHANGE -

HAH ipE -5 FoR 18-
% USE THE ARROW KEYS TO MAKE THE OBECT 4 BLOCKS TALL AND 2
BLOCKS WIDE.

K oESS THE SPACE BAR T SAVE [T,

Draw a copy of this object here on the paper.

Change the objects on your screen, one by one, until the screen !ooks
like this: . -

eefe
sefee
I B

I
sefee
wos | oo
sefee

Make sure your objects look estactly like the one's aboue before you
go on.

Now erase the middle object.

***HUVE THE FRAME TO THE MIDDLE OBJECT AND PRESS THE SPACE BAR.
# * *T?PE *C" FOR "CHANGE."
ok o ok 110

TYPE "E” FOR "ERASE.”
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NAME(S)

E{tiCHANGIE

You can make two objects trade piaces on the screen by using the
“Exchange” command. Exchange the objects in the first and third windows:

Ky 00E THE FRAME TO THE FIRST WINDOY.
k¥ o orsS THE SPACE BAR,

3 H rype «g- FOR "EXCHANGE.

¥ 0JE THE FRAME TO THE THIRD WINDOW.

ek *PRESS THE SPACE BAR.

WHED 7T DE

All objects can be seen in two ways. One way is to see the buiiding
blocks. The other way is to see the object in & solid color.

***MOVE THE FRAME TO THE OBJECT IN THE FIRST WINDOW AND PRESS
THE SPACE BAR.

P AL or we R HT FOR "VIEW/HIDE

hat happened?

Use the *Diew/Hide* option on the object in the third win_dow.

What happened?

Change an object’s material while it is in color.

WWhat was the old material? —

What did you change it to?
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: _‘l‘he computer will do some counting for you.

First make the following objects on your screen:

Look at the object in the third window.

How many building blocks does it have?

How many dots does it have altagether?

~ See if you got the same numbers that the computer got:

u **NUVE 'i"HE FRAME TO THE THIRD WINDOW.

ok *PRESS THE SPACE BAR.
i ***TYPE -0 FOR "DATA" , _ R
~ You should now see the 'Data’ menu.

e —

Total doks wmmmmmmy o SizE
)  Dots per si1ze unit :
space-bar to combinus

***TYPE “S* TO SEE THE "SIZE" OF YOUR OBJECT.
The size is the number of building blocks. Each block is one size unit.

The object in the third window has size units.
I+ that what you counted?

*'f*T?PE “T* TO SEE THE “TOTAL NUMBER OF DOTS" IN YOUR OBJECT.

FRIC ~ The object in the third window has dots total.
= s that what you counted?
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o **TYPE “D" TO SEE HOW MANY DOTS ARE IN EACH BUILDING BLOCK.

This is the number of dots per block, or the number of dots per size
unit.

Get all the data for the other objects on the screen.
Which object has the most dots?

Watch what happens to the data as you change an object’s material.

Write down the data for the object in the middle window on this
paper.

Change the material of the object in the middie window.

Urite down the new data.

»~

IUhat changed?

hat stayed the same? —

Now change this abject’s size.

Write down the data.

Ibhat changed this time?

What stayed the same?

CONCRATULATIONSI
YOU ARE MOW A CERTIFIEDPROGRAM-USER.
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IORKSHEET PROBIEMS

CREATE THE FOLLOWING ON THE SCREEN.

GET ALL THE DATA.

Use the "Exchange” command to put these objects in an order
from lowest to highest in some way.

SHOW HOW ¥0U HRAVE ORDERED THE OBJECTS (COPY THEM
FROM THE SCREEN ONTO THIS PRPER)

What is smaller about the first one than the last one?

DID YOU PUT THEM IN ORDER ACCORDING TO THEIR SIZE?

If not, use the"Exchange' command to order them by their size.

COPY THE ORDERED OBJECTS FROM THE SCREEN ONTO THIS
PAPER.

Q ) ' 114




HAVE YOU ORDERED THE OBJECTS BY THEIR TOTAL NUMBER OF
pDOTS YET?

1 f no{, do that now, and copy the new ordering on
the paper.

FINALLY, HAVE YOU ORDERED THE OBJECTS ACCORDING TO HOY
“CROWDED" THE BUILDING BLOCKS ARE? (THAT IS ACCORDING TO
THE NUMBER OF DOTS PER SIZE UNIT)

|f not, do that now and copy the objacts in order
on the paper. '

AMD MOW, FOR SOMETHING COMPLETELY DIFFERENT:

HERE ARE THREE DATA WINDOWS:

72 .O0IS Z0 - 00T 125 DOTE
25 Z2IzE u |IZ0 SIZE u 25 ZIZE u
= OOTS~ 52wl UDTS rmZull B moTsksgﬂ

CREATE THE OBJECTS THAT HAVE THIS DATA.

COPY THEM ON THE BACK OF THIS PAPER.




DATE

A _FEW MORE GROERING PROBLEMS
(lowest to highest)

CREATE THE FOLLOWING O THE SCREEN:

~

: .USE THE "EXCHANGE" COMMAND TO ORDER THESE BY THEIR
S1223.
(hint: Let the computer do some counting for you. Use the data
option.) '

COPY THE ORDERED OBJECTS FROM THE SCREEN GNTO THIS PAPER.

NOW ORDER THE OBJECTS BY THEIR TITAL NUMBER ®F
m@irgn . - .

-

£0PY THE ORDERED OBJECTS HERE:

116
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FINALLY. ORDER THE OBJECTS ACCORDING TO HOV "CROWDED® THE
BUILDING BLOCKS ARE, that is, according to the number of do@s HAZ
sliza vald.

COPYYOUR ORDERED OBJECTS HERE:

. . 117
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. ‘ MODELING WITH THE COMPUTER

A. Alice has 4 piles of pennies with thre¢ pennies per pile. How many
pennies does Alice have altogether?

John has 6 piles of pennies with 2 pennies per ;ile. Arrange the piles
of pennies on your desk.

Does one of them have more pennies altogetner?

Now use the computer.
in one window, represent Alice's piles of pennies.
In another window, represent Jotin's piles of pennies.

Copy the computer screen on this paper.

B. Now Alice has 10 beads which she wants to arrange in two boxes with
the same number of beads in each box. How many beads would she have in
. gach box? _ :
* John has 15 beads which he wants to arrange in 5 groups of equal size.
Put the beads in the boxes the way John wants them.
Does one person have more beads in a box than another?

Now use the computer to model this problem.
in one window, show how Alice's beads are arranged.
In another window, show how John's beads are arranged.

Copy your screen on the paper.
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FIND SCHE SINRING

1. Material of OBJECT:
Material of LIQUID:

IS THE OBJECT HEAVIER (MORE TOTAL WEIGHT) THAN THE LIQUID?

IS THE OBJECT DENSER (MORE WEIGHT PER SIZE UNIT) THAN THE
LiQuID?——

2. Material of OBJECT:
Material of LIQUID:

- 1S THE OBJECT HEAVIER ( MORE TOTAL WEIGHT) THAN THE LIQUID?

[S THE OBJECT DENSER (MORE WEIGHT PER SIZE UNIT) THAN THE
LIQUID?. :

3

3. Material of OBJECT:
Material of LIQUID:

IS THE OBJECT HEAVIER (MORE TOTAL WEIGHT) THAN THE LIQUID?

IS THE OBJECT DENSER (MORE WEIGHT PER SIZE UNIT) THAN THE
LIQUID?

34343634 36 3¢ 3¢ 3¢ 3¢ 3 3¢ 32 3¢ 3¢ 3¢ 3¢ 3¢ 3¢

IS 1T POSS’ "LE TO FIND AN OBJECT WHICH WEIGHS LESS THAN THE LIQUID,
BUT STILL SINKS? (IF SO, WHAT MATERIALS ARE THEY MADE FROM?)

1.

IS IT POSSIBLE TO FIND AN OBJECT THAT 1S LESS DENSE THAN THE LIQUID,
BUT STILL SINKS? (IF SO, WHAT MATERIALS ARE THEY MADE FROM?)

ERIC ' 120
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*44*CREATE A GREEN 0BJECT IN WHLTE LWQUAD.

DOES IT SINK OR FLOAT?

**MAXE THE 0BJELT A8 818 A8 YoU CAN.

DOES IT SINK OR FLOAT?

* *MAXE THE OBJECT AS SM.ALL A JOU CAN.

DOES IT SINK OR FLOAT.?
DOES CHANGING THE S/ZF AFFECT WHETHER IT SINKS OR FLOATS?

WHEN YOU MADE THE OBJECT BIGGER OR SMALLER, DID ITS WE/GHT
CHANGE?

WHEN YOU MAKE AN OBJECT BIGGER OR SMALLER DOES THE DENS/TY OF ITS
MATERIAL CHANGE?

IHXWHEN YOU ADD OR REMOVE MATERIAL YOU CHANGE THE SIZE AND THE
WEIGHT OF THE OBJECT, BUT NOT THE DENSITY OF THE MATERIAL,

DID CHANGING THE S/26 AMD WE/GHT HAVE AN EFFECT ON WHETHER IT SANK
OR FLOATED?
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" IFIBURE OUT A WAY T0 MAKE THE SMALL 0BJECT SINK.

HOW DID YOU DO IT?

TYITHINK OF ANOTHER WAY T6 MAKE THE OBJECT FLOAT AGALN,

HOW DIL YOoU DO iT?

DO ALL OBJECTS FLOAT IN WHITE LIQUID? .
FIND SOME THAT Do. -

CAN YOU FIND SOME THAT DON'T?
DO ALL OBUECTS FLOAT IN PURPLE LIQUID? -

WHICH DO AND WHICH DON'T?

as wron foe—— crovren,

I

"ROFIND AN OBJECT WHICH FLOATS 1IN SOME LIQULD AND SINKS 1N
OTHER L1QU1D.

WHY DO YOU THINK THAT HAPPENS? - : |
. 122 : c‘
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* CAN YOU THINK OF A RULE THAT TELLS US WHEN SOMETHING WILL SINK AND
. WHEN IT WILL FLOAT? '
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