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Summary

TERC, Tufts University, and two schools in Greater Boston collaborated through the
Inquiry Project to investigate the development of students’ scientific understanding from
8 to 11 years of age (Grades 3-5), particularly with respect to their evolving concepts of
material, weight, volume, density, and state of matter. As a curriculum development and
teacher education initiative, it has tested ideas about the teaching and learning of these
concepts. As a research endeavor, it has helped clarify how these concepts develop over
time, how they can be successfully nurtured through instruction, and how they prepare
students for later learning about the atomic-molecular theory of matter.

The project drew inspiration from a learning progression about matter and the atomic-
molecular theory proposed by Smith, Wiser, Anderson and Krajcik (2006). It also drew
on mathematics education research about quantitative reasoning, especially regarding
ratio and proportion (e.g. Schliemann & Carraher, 1992).

The particulate model of matter rests on the concepts of mass and volume as distinct and
measurable quantities. It relies on the understanding that matter can undergo change and
involves processes that elude direct perception (e.g. the solution of sugar or evaporation
of water). One of the basic issues of the work was to assess how young students can
benefit from being introduced to these foundational ideas early on.

In this final report, we provide an overview of the project activities and findings across
the longitudinal study, including the findings and activities of Year 5. Our work supports
the following main conclusions:

° Grade 3 children begin with concepts of weight, volume, material, and matter, that
are different from, and frequently at odds with, those of scientists. This supports our
assumption that elementary school curricula may need to target these conceptual
difficulties that are typically overlooked as important in traditional science curricula.

o Weight. In the case of weight, young students initially rely heavily on their
direct judgments of how heavy an object feels when hefted. Accordingly,
they are reluctant to attribute weight to tiny objects when their weight
cannot be directly felt.

o Volume. Young students characteristically judge the size of objects by
‘competing indices of size’ such as length, perimeter, footprint, and
surface area.

o Matter and material: Overall, they young students do not have an
overarching and coherent concept of matter as something that includes all
solids and liquids, takes up space and has weight. They tend not to
acknowledge gases as matter at all.

o Density. Young students are unlikely to make clear and consistent
distinctions between the ‘heaviness’ of an object (its weight) and the
heaviness of materials from which objects are made (i.e. the relative
weight of equal volumes of material) but this distinction may provide an
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entry point into density prior to the introduction of formulas for computing
density.

o Quantities as dimensions. Scientists regard basic physical quantities such
as weight, volume, and area as measurable attributes that can be added,
subtracted, multiplied and divided as well as ordered on quantity lines.
Young students do not.

Second, Treatment students (those who received the Inquiry Project curriculum)
made clear progress from Grade 3 to 5 in understanding weight, volume, density,
material, and matter. There was evidence that they were engaged in a productive,
but drawn-out process of reconceptualizing the concepts in their matter network.
Although they still showed difficulty on various items and were not at ceiling on
all items even at the end of grade 5, the majority had made substantial progress in
making changes that allowed them to meaningfully view matter as something that
takes up space and has weight and that also includes gases as well as solids and
liquids. More specifically:

o By the end of Grade 3, over 90% understood that the identity of a material
remained unchanged with decomposition into little pieces and that
reshaping did not change the amount of material; almost 70% linked
weight to amount of material and understood that even tiny things have
weight and take up space; they also made significant progress in
understanding that reshaping did not change an object’s volume.

o By the end of Grade 4, children over half of the children were
systematically distinguishing the heaviness of objects from the heaviness
of materials, and correctly inferring what material two mystery” objects
were made of using information about heaviness for size (not simply
weight). Over half understood the amount of water displaced by a
submerged object depended on its volume, not its weight, and more than a
third correctly used the same cubes to judge the size of two rectilinear
objects according to volume (rather than length or area.)

o By the end of Grade 5, children were far more likely to have an explicit
concept of matter and realize that even tiny things have weight. Over
three-quarters classified all solids and liquids as matter and almost two-
thirds were also including gases in these groupings. Over three-quarters
understood that tiny pieces of clay take up space and have weight and that
when sugar dissolves in water, the amount of sugar and its weight remain
invariant. Many now explicitly said that all matter takes up space or has
weight, and over 60% now systematically distinguished the weight of
objects and the heaviness of materials. However, the 5™ Grade Treatment
students did not make further progress with volume and indeed showed
some (slight) regressions on all volume tasks; this may have reflected the
shift in curriculum focus to weight and matter. Disappointingly, fewer
than a third of the treatment students judged size on the basis of volume
(as opposed to area) at the end of Grade 5. In addition, although the vast
majority of students understood that even tiny thing have weight, fewer
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than a third treated weight as a continuous dimension (with lots or an
infinite number of weights between the weight of two balls). These
findings point to the need to keep volume front and center even after grade
4, and to have explicit discussions about the granularity of weight.

o Third, the progress among the Control students (those who had the standard
curriculum) was much spottier. On some key tasks their progress was delayed
relative to the Treatment students, although they eventually caught up (e.g., some of
the conservation tasks). On many tasks, however, they either made no progress at all
across grades 3 to 5 or very limited progress, so that by the end of Grade 5 there
remained significant differences between the Treatment and Control students. For
example, the majority of Grade 5 control students still did not think tiny pieces of
clay took up space and had weight, that the amount and weight of sugar was
conserved on dissolving, that the volume of clay was conserved on reshaping, or that
volume, not weight was relevant on water displacement. The majority did not
systematically distinguish the heaviness of materials from the heaviness of objects;
they did not form systematic matter groups that included at least some gases as well
as all solids and liquids; nor did they articulate the idea that all matter has weight or
takes up space. On these tasks, their developmental trajectories were relatively flat
and level of performance significantly lagged behind that of the Treatment students.
It appears the Inquiry curriculum was more likely than the standard curriculum to
help students develop a sound model of matter.

o Fourth, there were encouraging indications that young students can make use of
quantity lines (number line where the units are in units of measure such as grams or
cubic centimeters) to systematically order sets measurements and to think of
physical quantities as dimensions. However, they tended to regard the distinct values
on quantity lines and number lines as being “few and far between.” In principle,
treating quantities and numbers as dimensions would seem to be consistent with the
emergence of proportional reasoning. Both Treatment and Control students made
some progress from Grades 3 to 5 in these regards, although in both cases the
progress was limited and there were no differences between Treatment and Control
students. Hence both proportional reasoning about physical quantities and
understanding quantities as continua may need more direct nurturing.

o Finally, our data showed there were many similar relationships across tasks for
Treatment and Control students, despite their different levels of performance and
curricular histories. These relations may reflect conceptual constraints that need to
be exploited in any curriculum based on a Learning Progression.

I. Education and Research Activities

The Inquiry Project curriculum was designed to help elementary-school children build a
sound understanding of matter and different materials in which the physical quantities of
weight, volume, and density are inter-related and for which they recognize solids, liquids,
and gases as distinct forms of matter. Our work has been guided by the view that
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students’ understanding of the atomic molecular theory rests on foundations built during
the elementary and middle school years. The foundations consist of their macroscopic
understandings of matter as well as their mastery of key, interrelated concepts. Research
suggests that these understandings are achieved through deep and broad
reconceptualizations of children’s physical, mathematical, epistemological, and symbolic
knowledge (Smith et al., op. cit.; Wiser & Smith, 2008).

A. Education Activities in Grades 3-5

1. Development of the Inquiry curriculum

The Inquiry Project developed a coherent curriculum based on a learning progression
about matter for Grades 3—5. The development process was iterative and collaborative.
Together, developers, researchers, and teachers refined the Grade 3—5 learning
progression and used the progression to develop a collection of cross-Grade learning
experiences. These experiences were designed to deepen understanding of a network of
core concepts central to understanding matter. Results emerging from the Inquiry
research were taken into account, as were the realities of current school practice, e.g.,
time constraints, existing science curriculum, and the state and national standards for
each Grade level. Key conceptual strands—the measurement of weight and volume, and
the conceptual understanding of the nature of materials—continued to build across the
three Grades culminating in Grade 5 with a careful transition to thinking about
phenomena on a microscopic as well as macroscopic scale and an introduction to the
particulate model of matter.

The development work resulted in three curriculum units each comprised of 15 to 18
investigations. Opportunities for formative assessment were embedded throughout the
materials

Grade 3: What are things in my world made of? How much is there?

The Grade 3 curriculum has four sections that help lay the foundation for a learning
progression about matter. The first strand, Investigating Materials, helps students
distinguish between objects and materials. Students build their understanding that objects
in their daily lives are made of many different types of materials with different properties.
The second strand, Investigating Weight, focuses on weight not only as a property of
objects but also more fundamentally as a property of matter itself. Students make the
transition from felt weight, perceived with their hands, to measured weight using a pan
balance. The third strand, Investigating Standard Measures, has students share their
measurements of weight with each other and introduces the need for a standard unit of
measurement. The fourth strand, Investigating Volume, introduces volume as another
important property of matter.

Embedded within these strands is the development of representations (for example, a
number line used to represent weight).

Grade 4: What’s under our feet? Investigating earth materials

Earth materials provide a rich context for students’ ongoing study of the important cross—
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Grade concepts of weight, volume, and density.

The unit includes five sections. In Section 1, Underfoot, students investigate a variety of
earth materials, examining and describing their properties. They discover that rocks can
contain many different minerals. Through further investigation, they find evidence that
minerals have some properties that stay the same regardless of the size of the sample. In
Section 2, Heavy for Size, students measure the weight of liquid and granular samples of
material, and think about which materials are “heavy for size” (the term we use in place
of density). In Section 3, Liquid Measures, they measure both volumes and weights of
liquids and compare the properties of oil and water. They focus on Mineral Materials in
Section 4, using water displacement to measure the volumes of rocks and of samples of
granular material (such as sand). This gives rise to a discussion about how much space is
between the particles, and what could fill those spaces. Finally, in the culminating
Section 5, they consider Transformations, such as the natural grinding of earth materials,
leading to consideration of the weathering processes. For example, when an object, such
as a shell or a rock, is transformed, what changes and what stays the same?

Grade 5: Water Transformations: What changes and what stays the same?

Without using the terms molecules or atoms, the Grade 5 unit provides a set of
experiences that helps students develop the understanding that particles too small to see
can have weight, take up space, and can help us understand the story behind
transformations such as puddles evaporating or drops condensing on a glass.

In Section 1, Water a Liquid, students are introduced to the mystery of a disappearing sea
and the scale at which evaporation can occur. They build their own mini-lakes and review
concepts of weight, volume, and heaviness for size. As students investigate salt
dissolving in water, they are introduced to three concepts that are central to the goals of
this curriculum: 1) the matter we encounter in everyday life at the visible level is
composed of tiny particles that are visible only when they are clumped together, and
become invisible when they spread apart; 2) these individual particles continue to have
weight and take up space even when they are spread apart and are too small to see; and 3)
these particles must exist in unimaginably large numbers in order to account for the
measurable size and weight of objects in the macroscopic world.

In Section 2, Water to Vapor, evaporation and condensation are investigated. Students
consider, “What happens to water when it evaporates? Does evaporation destroy water, or
does water continue to exist after it evaporates?” As students explore evaporation within
a closed system, they also start to see the relationship between condensation and
temperature.

In Section 3, Water to Ice, students consider how ice and water compare. While at the
visible scale most of the properties of ice and water are quite different, the individual
particles are identical. Students cannot prove this, but they rely on a combination of data
they have collected, scientific reasoning, and finally a computer model as they consider
whether or not water and ice are the same material. Students are presented with scientists’
belief that all matter—not just salt or water—is composed of tiny particles too small to
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see individually. The computer model provides the particle view of the solid-to-liquid
transformation of water as well as the relationship between temperature and particle
motion.

In Section 4, Air a Gas, students investigate air, a mixture of gases. The class collects
data to establish that air has weight, takes up space, and has properties that can be
explored and described. Air has much in common with the more tangible forms of matter
—solids and liquids—but this form of matter is not visible. Students use the computer
model to investigate the liquid-to-gas transformation of water at the particle level.

In Section 5, Two Scales, students draw the connections between transformations at the
visible level and their growing understandings of matter at the particle level. They apply
their new understandings to their experiences with their mini-lakes and with bodies of
water in the real world.

In this third unit, the water cycle is investigated at a tabletop scale rather than a global
scale so that students can work directly with evidence about the change and the constancy
of matter. Investigations with evaporation and condensation provide a bridge between
visible and non-visible phenomena. Weight now becomes an important indicator of
whether or not mass is conserved. Student experiences that bridge the visible and non-
visible place more emphasis on inference, and care is taken to support the development of
inference skills. The particulate model is introduced slowly over multiple investigations
in which students need to explain what happens when water “disappears.” The computer
model helps to students visualize the “tiny particles” that make up samples of solids,
liquids, and gases.

Thus, students’ introduction to the particulate model of matter is grounded in evidence.
Capitalizing on their belief that weight is an inherent property of matter, students explore
the conservation of material across physical changes, using weight constancy as evidence
for it. The water cycle theme provides a context for students to explore dissolving,
melting, and thawing. They are introduced to gases first in the context of evaporation and
condensation, and then explore the materiality of air. Again, volume and weight play an
evidential role in the material nature of gases. Students use a displacement argument for
air as matter—just like a brick in water, when they enter a room, the air needs to move
out of the way. The large difference in heaviness for size between gases on one hand and
solids and liquids on the other also becomes apparent.

Over three years, the Inquiry Curriculum aims to: replace hefted weight with an
objective, extensive concept of weight as an inherent property of matter; differentiate
length, area, and volume as distinct meanings of “big”; and build a concept of volume
that, like weight, is measured objectively. At the same time, the notion of material is also
systematized. Specific properties distinguish materials: how heavy for their size are
objects of different materials; state and material identity are two intersecting concepts;
and material identity is preserved when a solid chunk is reduced to powder. The concept
of matter is built by generalization of properties rather than via definition—focusing on
weight and volume as inherent properties of materials creates an important bridge
between solids and liquids on one hand, and gases on the other, which leads to a new
network of conceptual understanding.

10
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This careful conceptual building is intended to establish links between existing and new
ideas so that the new ideas make sense, thereby avoiding the destabilization commonly
created by simply telling students “solids, liquids and gases are forms of matter.”
Students first associate weight and volume with solids and liquids, and, importantly, with
the tiniest pieces of materials, as well as with their conservation across transformations in
which material remains visible (grinding, melting, freezing). In fifth Grade, gases are
introduced via evaporation and condensation in a two-bottle closed system in which
water evaporates in one bottle and condenses in the second. This context evokes the
previous transformations. Again, students can rely on weight as evidence that evaporated
substances continue to exist. They also can rely on their belief that tiny pieces continue to
exist even if they cannot see them, and have weight and volume, to start making sense of
the gaseous state.

All units include investigations, brief essays from scientists and psychologists about
children’s ideas, concept cartoons (i.e., assessments), embedded assessment
opportunities, student notebooks, and guiding questions for discussion. The completed
version of each unit is available for free on the Inquiry Project website
(inquiryproject.terc.edu).

2. Development of Formative Assessments

Opportunities for formative assessment are identified within the web-based version of the
curriculum. The learning experience itself is the source of assessment data. Each
assessment opportunity includes the goal of the assessment expressed as a question. For
example, do students understand that when a ball of clay is reshaped, the weight and
volume will stay the same? Goals may address science content or the inquiry process.
The teacher then collects evidence of students’ progress towards the goal. In the
classroom, there are three sources of evidence: what students say as they discuss their
work, what they do as they carry out first-hand investigations, and what they write or
draw. Based on a set of criteria, the teacher interprets and appraises what she sees or
hears, and decides what next steps will help students make further progress towards the
goal. Then, she sets a new goal and another formative assessment cycle begins.

Each curriculum unit also includes a set of Concept Cartoons®. Cartoon style assessment
items benefit from information presented visually with minimal text or language load.
Students enjoy directing their responses to the characters themselves and so are motivated
to engage in some serious thinking, reasoning, and argumentation. For each concept
cartoon, there is a description of the purpose of the assessment and a section called
“Things to look for in student responses” to help teachers to interpret student responses
and determine next steps in the learning. Note: Concept Cartoons” were created by
Brenda Keogh and Stuart Naylor in 1991.

3. Implementation in Grades 3-5 classrooms
Early trials of core investigations were conducted with small groups of students at TERC
and in non-research classrooms. A full pilot was then conducted in a local-area school.

The completed curriculum was implemented, revised, and implemented again in the
research classrooms at Forestdale School, Malden, MA and Mason School, Roxbury,

11
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MA. A co-teaching model was employed to ensure fidelity of implementation. Each
investigation was videotaped in at least one of the five classrooms. Copies were made of
all student notebooks for research purposes.

4. Professional development with teachers

Grade 3-5 teachers from Forestdale School and Mason Schools met with the developers
and researchers monthly throughout the project. Although the focus was on the
curriculum at one Grade level each year, all teachers in Grades 3—5 took part in the
meetings across all three years. The aim was to help teachers to understand how
conceptual development evolved across multiple Grades.

At these meetings, teachers:

e “Tried out” investigations from the curriculum to become familiar with the
materials they would teach. They also provided feedback to developers;

e Deepened their understanding of the science behind the investigations;

e Worked with formative assessment strategies, e.g., reviewing student notebooks
and giving useful feedback, and analyzing student responses to concept cartoons
to gain insight into children’s scientific ideas; and

e Became familiar with the rationale and strategies for productive science talk,
particularly around working with data. (Within the curriculum, discussion is a
critical component.)

A key purpose of the professional development was to ensure that the curriculum was
faithfully implemented. Accordingly, time within the PD sessions was devoted to helping
teachers to become familiar with the rationale underpinning the learning experiences.
Viewing teachers as development partners was important as their insights helped us to
bridge research and the reality of the school.

B. Research Activities

1. Research overview

Two groups of students were followed longitudinally from Grades 3 through 5 using
repeated-measures, quasi-experimental design:

¢ Treatment students (those who received the Inquiry science curriculum for nine
weeks in each of Grades 3, 4, and 5) were interviewed on four occasions over two
and one-half years: (a) early Grade 3, before the Inquiry Curriculum; (b) end of
Grade 3 after the first Inquiry Curriculum unit; (c) end of Grade 4 after the second
Inquiry Curriculum unit; and (d) end of Grade five after the third Inquiry
Curriculum unit. These students are from five classrooms in two different schools.

e Control students (students from the same school who received the standard
science classroom instruction and the same teachers in Grades 3-5) are
interviewed at three occasions: (a) end of Grade 3, (b) end of Grade 4, and (c) end
of Grade 5.

12
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The repeated measures design allows an isolation of the effects of maturation and age-
related development from the quasi-experimental Treatment. Assuming there are no
systematic initial or historical differences between the two groups—something supported
by data from the first interview occasion, as well as standardized MCAS (Massachusetts
Dept. of Education, 2007) test scores—we can assess the extent to which the
implemented Inquiry Curriculum exerts a significant effect on learning. Once differences
have been demonstrated that are not attributable to chance variation, we seek to interpret
the findings as a function of the Treatment. As with all broad educational interventions,
the distinction between the Treatment and Control conditions cannot be reduced to a
single factor or variable.

We conducted 345 interviews with between 54-67 treatment and 35-38 Control students
at each occasion of testing, interviewing the same students at each occasion as much as
possible. Because some students left the school across the Grades or because some
students did not return permission slips at a particular testing time, there was some
attrition of the original sample across Grades. Attrition was greater for the Control
Group than the Treatment group. Whereas permission slips returns diminished for the
Control Group, there were increasing permission slips returns over time, which led to
adding some new Treatment students to the sample (post Grade 3, and post Grade 5).
Any treatment student added was, however, present for the entire Grade 3-5 curriculum
intervention. To maintain the sample size in the Control Group, we also added new
students among those who returned permission slips. In general, the new Control students
added were eager to participate, and there were high levels of motivation to participate in
the interview for both Treatment and Control students.

Table 1 displays the total numbers of Treatment and Control students interviewed at each
point in time. Table 2 provides data on attrition of students in the two groups, and the
number of students for whom we have complete longitudinal data across all time periods
(henceforth referred to as the Complete Longitudinal Subsample). In both the Treatment
and Control Groups, the majority of students were interviewed at least two or three times.

Table 1: Number of Treatment and Control students interviewed

Group Pre-G3 Post-G3 Post-G4 Post-G5
Treatment 58 67 56 54
Control No interview 38 37 35

Table 2: Retention statistics for the Treatment and Control Groups

Group Pre-G3 Post-G3 Post-G4 Post-G5 All interviews
Treatment 58 (100%) 57 (99%) 46 (79%) 42 (72%) | 40 (69%)
Control No interview | 38 (100%) | 27 (71%) 19 (50%) | 17 (45%)
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69% of the original treatment group interviewed took part in all four treatment
interviews; 45% of the original Control Group took part in all three Control interviews.
At the end of Grade 4 the treatment group subjects were more likely to take part in the
interviews than the Control subjects (79% vs. 71%). At the end of Grade 5 the difference
is greater (72% vs. 50%).

This trend is not particularly surprising. The treatment students stood to benefit from the
Inquiry instruction; this may have inclined their parents to grant permission to interview.
In addition, the Inquiry teachers may have been somewhat more persistent than Control
teachers about getting their students to return signed permissions forms.

If familiarity with the interview tasks were a factor in performance, it should not
systematically favor either of the longitudinal groups (treatment and Control subjects
who took were interviewed throughout the three years). It would possibly show up as
differences in performance as a function of the number of times a subject was
interviewed, or more progress in the longitudinal vs. complete sample. One way we
addressed this issue was by comparing the progress in longitudinal vs. complete sample.
We found no evidence of differences in this regard.

2. Methods of Coding & Analysis

Most of our analyses make use of the data from the entire sample (where both between-
group and within-group Grade changes were tested using Pearson Chi square tests). For
longitudinal analyses we drew from the subsample of students for whom we had
interview data for all phases of the investigation. In such cases group differences were
typically tested using Chi-square, whereas within-group changes relied on Wilcoxon
Matched Pair Tests. Overall, findings were highly consistent in terms of percentage of
students showing a given understanding at a given Grade, evidence of Treatment/Control
differences, and tests of whether students made progress across time periods, increasing
our confidence in our results based on our complete sample. Because the complete
sample involves larger numbers at each time period (and hence greater statistical power
for detecting Treatment/Control differences), we present these results in the summary
Tables and analyses that follow. However, in presenting findings about student progress
from Grade to Grade, we will present findings both from within-student analyses of
progress (assessed in the longitudinal subsample) as well as tests of progress from the
complete sample, as the within-student analyses provide a more sensitive (and controlled)
measure of progress.

The principal sources of research data include (a) structured individual clinical interviews
conducted throughout Grades 3—5 with students in the Treatment and in the Control
Group and (b) video footage and student work from teaching experiment lessons. Here
we will focus on the out-of-class interview activities and data. The classroom activities
and data are described in the Education Activities sections of this report.

Each student received the same two-hour interview on multiple occasions. The interview
consisted of 10-multi-part tasks that probed children’s concepts of matter, amount of
material, weight, volume, density, number, fraction, division, ratio, and proportion. Sub-
tasks were structured so that the interviewer could adjust the questioning to the thinking
of the student.

14
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The research team’s activities during Year 5 fall into the following main categories:
e Completion of coding and data analysis,
e Discussions with the full team about the relations between findings and implications
for design of curriculum, and
e Write-up and presentation of findings at two National Conferences (AERA, Jean
Piaget Society Meetings).

II. Findings

If students are to recognize the explanatory power of the particulate model of matter and
begin to accept it as a reasonable and useful way of thinking about the world, they need a
firm understanding of the nature of matter and materials, the concepts of weight and
volume, and skill in inferential and hypothetical reasoning. They also need quantitative
reasoning skills linked to these concepts. Our results suggest that significant progress can
be made in laying this foundation in Grades 3-5 with activities that are highly engaging
for the students, not overly time-consuming, and compatible with existing curricular
constraints. Progress due to the Treatment was more pronounced in some areas than
others, as the following sections will show.

A. Understanding Matter and Material Things

What do children need to know in order to have a meaningful concept of matter? How
can we assess what children understand about matter, given that many children may not
yet know the word “matter”?

In this section, we discuss four ways we probed implicitly for relevant precursor
understandings, and then consider a task that probed children’s explicit ideas about the
meaning of the word “matter” itself, considering both the similarities and differences
between Treatment and Control students in their performance on these tasks. We argue
there is much more to developing a meaningful concept of matter than learning the word:
indeed, many understandings need to be in place before children are ready to develop a
meaningful general concept of matter. Central to LP work is identifying those useful
precursor understandings as well as understanding key conceptual obstacles.

1-Identifying Materials: Is sawdust wood? Will it burn?

Well before they have learned the word “matter”, preschoolers have begun learning the
names of specific materials (e.g., clay, sand, sugar, wood, water), some of their typical
uses and properties (clay can be used to make things, sugar makes things sweet, water is a
drink). They also are beginning to understand that the same objects can be made of
different materials (e.g., one can have a metal, plastic, or wooden spoon or baseball bat)
and are beginning to think about what materials different objects can be made of.

But how abstractly do children think of these materials? Do they think of materials as
“formless stuff” from which many different objects can be made or fashioned, but which
nonetheless has some enduring and characteristic properties? Do they distinguish the
properties of the material from the property of the object, and realize that some properties
of objects depend upon the kind of material of which they are made? For example, that
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rubber balls are bouncy because they are made of rubber, but metal balls are not,
although both balls roll because they are round. Do they understand that a material can
maintain its identity and some (objective) properties across changes in its state (e.g.,
decomposition into little pieces, melting) despite changes in surface appearance? An
important part of developing a concept of matter is distinguishing objects from materials,
recognizing, for instance, that materials can maintain remain invariant despite changes in
the identity of the object.

To assess whether children understand that materials maintain their identity and some
properties across changes in state and outward appearance, we presented them with three
different cases: (a) a rectangular piece of wood before and after being sanded down to a
fine powder; (b) a piece of iron before and after being transformed into tiny black filings;
and (c) a pat of yellow butter before and after being melted to form a clear runny liquid.

We asked whether the sawdust, black filings, runny liquid were still wood, iron, and
butter, respectively. We also asked whether the sawdust would burn and the filings would
be attracted to a magnet.

The results suggest that elementary school children in both Treatment and Control
Groups are beginning to conceptualize materials in this more abstract way, although they
are more confident about the invariance of material identity than about material
properties.

At the beginning of 3rd Grade, 63% of the pre-Treatment students consistently judged
that the sawdust was still wood, the black filings still iron, and the runny liquid still
butter. Children who affirmed the continued identity of materials focused on the fact that
it came from a chunk of that material (arguments based on its historical continuity with
the previous stuff) and/or that it was just cut into little pieces or ground up or melted
(arguments based on the irrelevance of the specific transformation for changing material
identity). In contrast, those who said the identity had changed focused on changes in
appearance (it doesn’t look or feel the same) or form (it’s powdery, it’s runny, it’s little
pieces) as reasons for thinking it were no longer the same material.

Table 3: Invariance Across Grinding (Wood, Iron) & Melting (Butter): % of
Children Saying Yes for All Three Substances

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post
Treatment 63% 91%* 88% 93%
Control 74% 84% 91%

Treatment/Control difference Significant Pearson Chi Square, *p < .05

Treatment students made significant progress in understanding the invariance of materials
by the end of Grade 3 (3x* (1, N=126) = 12.98, p < .001 for complete sample): at that
point, fully 91% of the Treatment children maintained that sawdust was still wood, the
filings still iron, and the runny liquid still butter. This may reflect the impact of the 31
Grade Inquiry Curriculum more than the effects of repeated testing, as performance of the
Grade 3 Treatment children was significantly better than the Grade 3 Control (3> (1,
N=104) =4.39, p <. 05), the progress children made from pretreatment Grade 3 to post
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Grade 3 was significant, while the progress of Control children from post Grade 3 to post
Grade 4 was not (based on both Chi Square and Wilcoxon tests of progress), and helping
children distinguish the properties of objects and materials was one goal of the 3" Grade
Inquiry curriculum. More specifically, children in the Inquiry Curriculum discussed
whether something was a property of a material or an object and were told one way to
decide whether something is a property of a material is to imagine whether the
description would be true of a tiny piece as well as a large piece.

Nonetheless, understanding that materials maintain their identity with grinding and
melting are already common in the Grade 3 Control Group as well, although not yet as
strong as Grade 3 Post Treatment. By Grade 5, children in the Control Group show the
same level of performance as the Treatment students did in post Grade 3. So clearly
these ideas are developing based on experiences both groups have with materials.

Both Treatment and Control children also made significant progress in making inferences
that some (non-perceptual) properties of materials would remain the same across
grinding, although their understanding of the invariance of these properties lagged behind
their understanding of the invariance of materials. On this measure there were no
differences between Treatment and Control students at any Grade (see Table 4).

Table 4: Invariance Across Grinding: “Sawdust Burns” and “Iron Filings are attracted to
a Magnet”

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post
Treatment 42% 64% 70% 78%
Control - 55% 65% 80%

The fact that children had more doubts about the invariance of these properties than
material identity is not surprising. In fact, it is an empirical question, which properties of
large chunks are properties of that material maintained at a very small grain size. For
example, glass, sugar, and salt are all transparent in large chunks but white as powders.
Understandably some children wondered whether particles of wood needed to be a
certain size in order to burn or to be attracted to a magnet. This points up an important
conceptual challenge for students. For it to be meaningful for students to say something
is still the same material, they need to know of some properties of that material are
preserved in the decomposition rather than to think all of its properties have changed.
Given that many perceptual properties change with decomposition, it is important that
children have knowledge of objective physical properties that are distinguishing of
different materials at a small grain size. Thus, an important part of developing children’s
understanding of materials is developing their understanding of those properties that are
invariant across a broad range of grain sizes and hence that can be used in tracing
material identity across various transformations. In fact, many of the most important
properties scientists use to identify materials (e.g., electrical and thermal conductivity,
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density, solubility, boiling points, etc.) are not ones that are initially most salient to or
known by students.

The fact that there were no differences between Treatment and Control students in
making inferences about these properties is also not surprising, as they were not
discussed in the Inquiry Curriculum. (See later section C where we discuss the
development of children’s understanding of density as a property of materials where there
was more evidence for Treatment Control differences.) These properties were chosen
because they were ones we thought children might associate with these materials based
on their everyday experience (e.g., children commonly see wood logs burn in fireplaces
or campfires and have experiences with iron nails or other things being attracted to
magnets). At the same time, we thought children might not have direct experience with
seeing whether sawdust burns or filings are attracted to magnets. (We found from student
comments in the interviews, however, that some had experimented with iron filings in
other science classes or with toys). In this way, they required a genuine inference based
on their conceptual knowledge. We did not allow children to test out their ideas about
whether small pieces have these properties in the interview because we wanted the
question to remain undecided across repeated interviews.

2-Invariance of Amount of Material and Weight When Shapes Change

Hand in hand with the development of a concept of material' is the development of a
concept of “amount of material.” Children’s early concepts of physical amounts (such as
big and heavy) are perceptually centered quantities judged directly by looking or hefting,
and hence subject to change amid the flux of everyday sensory experience. “Amount of
material,” in contrast, is a model-centered quantity inferred based on a pattern of relations
and invariant across changes in perceptual appearances. For example, children can infer
that a clay ball has a certain (unspecified) “amount of clay,” and then reason if that object
is broken into pieces or reshaped that amount remains invariant across changes in
perceptual appearance because no further material has been added or taken away. This
new concept of amount of material can then be used as a basis for reconceptualizing size
and weight: they become objective physical quantities, rather than perceptually centered
quantities, as each is linked to amount and assessed using various physical phenomena
(e.g., balance scales, water displacement).

We used two tasks to probe children’s developing understanding of amount of material as
invariant across shape change and to assess whether they linked both weight and volume
to this invariant.

One was an extension of the standard Piagetian “conservation of clay” task. Children
were presented with two clay balls identical in size and shape that were shown to be in
balance on a balance scale. Then one ball was flattened into a pancake, and children
were asked of the ball and pancake: (a) do they have the same amount of clay, or does

! Children’s initial concept of material is a precursor of the later more abstract concept of matter,
which is not needed until children are ready to explore what stays the same across
transformations such as phase change. Similarly, children’s initial concept of “amount of
material” is a precursor for the later concept of mass. Developing an explicit concept of mass
differentiated from and inter-related with weight was not a goal of the Inquiry Curriculum.
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one have more? (b) Do they weigh the same, or does one weigh more? (c) Do they take
up the same amount of space (have the same volume), or does one take up more space?
(d) Will they balance on the scale, or will one side go down? And (e) if placed
completely under water, will they make the water level go up the same amount or will
one make the water rise higher?

In the second task, children were presented with two shapes made of 12 equal size clear
plastic cubes: one in a block shape (2 x 3 x 2) and the other a longer “snake” shape (2 x 6
x 1), and were asked the same 5 questions, but in a different order: (a) Do these two
shapes have the same volume (i.e., take up the same amount of space?); (b) Do they
weigh the same? (¢) Do they have the same amount of plastic?; (d) Will they balance on a
balance scale?; and (e) Will they make the water level rise the same amount? In both
cases, children had to answer without using any measuring instruments, and were given
no feedback on their answers.

Table 5 shows the percentage of students who judged that the amount of clay and the
amount of plastic were the same across the shape changes (ball vs. pancake; block vs.
snake). At the beginning of Grade 3, 64% of the children consistently judged the amount
of material to be invariant; the remaining children were less consistent, typically judging
it as invariant for one but not both tasks. (The two tasks were of comparable difficulty.)
By the end of Grade 3 both Treatment and Control students were near ceiling on both
questions and performance remained at this high level across Grades 4 and 5. There were
no Treatment or Control differences. This result is hardly surprising; indeed it is
consistent with much past developmental research, and affirms that the idea of “amount
of material” as an invariant is an important resource on which curricula can build.

Table 5: Amount of Clay, Plastic Both Viewed as Invariant Across Shape Change

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post
Treatment 64% 88% 91% 89%
Control -- 80% 84% 86%

Table 6 shows, however, that although it is fairly obvious to children that the amount of
material is invariant across shape change, it is not equally obvious that the weight of the
objects is invariant, or that the two objects will balance on a scale. Instead, we found that
children often deal with these as different questions, which they answer in different ways.
Thus, at the start of Grade 3, only 41% of the children consistently judged that the objects
not only would have the same amount of material, but also would weigh the same, and
would balance on a balance scale.

However, for the Treatment students, there is a big improvement by the end of Grade 3 in
judging amount, weight, and balance as invariant across shape change. This
improvement may be attributable to the Inquiry Curriculum, as performance of the
Control students lagged behind, only reaching Grade 3 post treatment levels by the end of
Grade 5. An important goal of the Grade 3 curriculum was helping students develop an
objective, measurable concept of weight, linked to amount and the balance scale. Both
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Treatment and Control Groups do make progress across Grade, which probably reflects

common curricular experiences with learning about weight measurement.

Table 6: Amount, Weight, and Balance as Invariant Across Shape Change for Clay,
Plastic (pattern across 6 items)

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post
Treatment 41% 69% ** 80% ** 78%
Control -- 43% 51% 69%

Treatment/Control difference Significant, **p < .01, Pearson Chi Square

Children’s understanding of the invariance of volume across shape change lagged behind
their understanding of the invariance of amount and weight, although again was enhanced
for Treatment students relative to Control. The difficulty of those questions is most likely
related to constructing an understanding of volume; hence those findings will be
presented in the section on volume (next main section). In the absence of a concept of
volume, children focus on other meanings of taking up space (how long it is, or how
much space it covers) that are not invariant across shape change.

3- Properties of Tiny (Visible and Invisible) Things

A more direct way to probe whether children think of taking up space and having weight
as either perceptually grounded or objective quantities is to ask them simple questions
about the properties of tiny pieces of clay. At issue is whether children think that even
tiny pieces of clay take up space, have weight, and maintain their existence and these
properties with repeated division. Previous research has found that most young children
think tiny pieces weigh nothing at all and take up no space, because “they are too tiny to
weigh anything or take up any space”—a key indicator that the properties are still
perceptually centered quantities.

Children are first handed a large ball of clay (about the size of a squash ball) and asked:
Do you think this weighs something? We chose a piece that has palpable weight (120
grams) so that children would readily agree that it does, to set the stage for the next
questions. Children then watch as a tiny piece (about 2 mm in diameter) is broken off.
The piece is handed to them, so they have the opportunity to both see and feel the piece,
and they are asked: Do you think this weighs a tiny bit or nothing at all? How do you
know? Do you think this piece takes up any space? How do you know?

Children are next asked about the possibility of an invisible piece of clay: Could
there ever be a piece of clay so tiny that you couldn't see it? If students agree that
there could be such a piece, they are then asked: Would that tiny piece, so small
you can't see it, take up any space? How do you know? What that tiny (invisible) piece
have any weight? How do you know?

We have found these very simple questions are a powerful means of eliciting some of
students’ most basic presuppositions about matter, weight, taking up space, and amounts,
without requiring any technical vocabulary.
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Table 7 shows that at the beginning of Grade 3, only 7 % of the pre-Treatment students
said that the speck of clay both took up space and weighed a tiny bit.” The majority of
Grade 3 to Grade 5 Control students also failed to attribute both taking up space and
having weight to the visible little pieces. The fact that problems arise for visible pieces is
instructive, as it shows problems emerge well before the microscopic scale. The fact that
this problem persists for the Control students at all time periods suggests this conceptual
difficulty is not adequately addressed with typical elementary school curricula. We
believe success on these questions calls for model-mediated reasoning about weight. As
the pieces are too tiny to feel that they have any weight or could affect a balance scale,
children need to appeal to some theoretical beliefs (such as that everything must weigh
something) in order to conclude that they do.

Strikingly, the Treatment students, but not the Control, made dramatic progress on these
questions by the end of Grade 3. Now the majority asserts that the tiny piece both takes
up space and has weight. These new understandings seem directly attributable to the
Inquiry Curriculum, as there are highly significant differences between the Treatment and
Control Groups. These differences between Treatment and Control Groups are
maintained through the end of Grade 5.

Table 7:“Tiny (Visible) Pieces Take Up Space and Have Weight” (2 items)

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post

Treatment 7% 67% *** 57% * 76% ***

Control -- 10% 30% 31%

Treatment/Control difference Significant, * p <05, ***p < .01, Pearson Chi Square

The third-Grade Inquiry Curriculum provided direct support for thinking about this issue
in multiple ways (see Wiser, Smith, Asbell-Clarke, & Doubler, 2009 for more details).
Briefly, children used their hands to order a series of objects by weight, compared their
“felt weight” order with the weight obtained from using a balance scale, and explicitly
discussed the strengths and limits of their senses. They also learned to use measurements
to compare the weights of objects and to use weight line representations. They explored
the additivity of weight in the 10-10-10-10 challenge (constructing new objects from 10
grams of Styrofoam, 10 grams of aluminum, 10 grams of wood, and 10 grams of clay)
and predicting the weight of the diverse objects created by class members. Finally, they
used their weight line representations to explicitly consider what happens to the weight of
a 4 gm. object (clay piece) that is repeatedly divided in half. Would you ever get to zero?
They also put the pieces together to confirm that they summed to 4 gm. The data suggest
these discussions were highly effective and that children can develop an understanding of
these issues as early as third Grade.

2 The three most common patterns were to (a) deny that the pieces took up space or had weight;
(b) agree the piece took up space, but deny it had any weight; or (c) agree that it both took up
space and had weight. In general, more children thought tiny pieces took up space than had
weight.
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Although children continued to investigate the weight and volume of materials in the
Grade 4 Inquiry Curriculum (extending their investigations to liquid and granular
materials), children only returned to the issue of the weight of tiny things in the Grade 5
Inquiry Curriculum, this time in the context of investigating the weight of a drop of water
and of gases. (The 4™ Grade curriculum focused more on developing the idea of volume
and coordinating weight and volume by developing a notion that materials varied in their
heaviness for size’.) This fact may explain the slight drop in children’s performance in
Grade 4 and resurgence again in Grade 5 when the issue was revisited. Certainly the
work children did in Grade 3 prepared the ground for their benefiting from the new
lessons in Grade 5.

Further evidence that the Grade 3-5 Treatment students had acquired new beliefs about
what things take up space and have weight come from their responses to the questions
about invisible pieces and an analysis of their justifications of their judgments (see Tables
8 and 9). Again, we found striking differences between the Treatment and Control
students, that were present by the end of Grade 3 and continued through to the end of
Grade 5.

Table 8: “Tiny (Invisible) Pieces Take Up Space and Have Weight” (2 items)

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post
Treatment 7% 45% *** 41% * 54% *
Control - 5% 16% 26%

Treatment/Control difference Significant, * p < .05, ***p < .01, Pearson Chi Square

Table 8 shows the percentage of children who think invisible pieces exist, take up space,
and have weight. At the beginning of Grade 3 we found three-quarters of the students
were willing to accept that invisible pieces could exist, but almost none thought they both
took up space and had weight. Thus, accepting that invisible pieces exist was not nearly
so problematic for them as accepting that invisible pieces take up space and have weight.
By the end of Grade 3, almost half of the Treatment children thought invisible pieces take
up space and have weight—a number that slightly increased by the end of Grade 5, and
remained significantly different from the Control Group at all three Grades.

Table 9 shows the percentage of children who justified their judgments that a small piece
of clay had weight by offering a “Universal” generalizations about weight—direct

3 In the Inquiry Curriculum the terms Aeavy and light were taken as referring to the weight of an
object. Heaviness, or heaviness for size was generally used to convey the relative weight of one
type of material vis-a-vis an equal amount (volume) of another material.

4 Although some Treatment students who had agreed that visible pieces take up space and have
weight denied that invisible pieces do, most commonly (in about half the cases) this was because
they weren’t sure that Invisible pieces exist. Thus, these children weren’t being inconsistent in
their reasoning about the properties of visible and invisible pieces so much as having difficulty in
accepting the premise itself.
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evidence that children’s changed judgments were a product of the development of new,
explicit beliefs. These justifications took a variety of forms, most typically “Everything
has to have weight,” “All things have weight” or “If it exists it must weigh something,”
but sometimes “All solids have weight,” “All objects have weight” or even “All matter
has weight.” Again, these explicit Universal Generalizations emerged at the end of
Grade 3 for the Treatment students, and were much more prevalent for Treatment than
Control students at all three Grades. However, many of the Control students who judged
that tiny things have weight, also appealed to Universal Generalizations as justifications.

Table 9: Universal Generalization Given At Least One Weight Judgment

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post

Treatment 2% 60% *** 43%* 59%***

Control - 3% 22% 17%

Treatment/Control difference Significant, *p<. 05, **, p<. 01, ***p < .01, Pearson Chi
Square

Although similar numbers of post Grade 3 and 5 Treatment students appealed to
universal generalizations about weight, there was a change in wording used. By the end
of Grade 5, 35% of the Treatment students explicitly said “All matter has weight”
compared to only 3% at post Grade 3, where students used the more generic “Everything
has weight” or “All objects have weight.” This undoubtedly was related to the
introduction of the general idea of “matter” in the Grade 5 Inquiry Curriculum. No
Control student appealed to generalizations about matter in this task, at any time period.

Taken together, these data show that during Grade 3, the Treatment students made
considerable advances in the tendency to attribute weight and space to tiny yet visible
objects as well as to invisibly tiny pieces of matter in part because they were developing
explicit beliefs that “everything” must weigh something and take up space. In contrast,
the Control students, who had their regular science curriculum, made much less progress
on these questions. This shows that young children are certainly ready to engage with
these issues, but they need instructional support to do so—these ideas do not simply
“come for free” with development.

There was also evidence that developing an understanding that tiny things have weight
and take up space was an important watershed idea that contributed to the development of
other important ideas about matter and materials. In subsequent sections, we will provide
evidence that it is goes hand in hand with (a) recognizing commonalities among solids
and liquids (contributing to the early development of a concept of matter) and (b)
differentiating the heaviness of objects and the heaviness of materials. It also prepares
the way for developing the belief that all matter has weight and takes up space.

4-Sugar dissolving in water

Another way that we probed children’s understanding that even tiny (invisible) things
have weight was in the context of sugar dissolving into water. In this task, children were
shown two beakers containing the same amount of hot water, and two equal-size sugar
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cubes. One of the sugar cubes was placed in Beaker B and children watched as the sugar
dissolved. After the children were asked to explain what was happening, they were asked
two key questions: (a) Was the amount of stuff in Beaker B (the sugar-water mixture) the
same as the amount of stuff when one considered Beaker A and the sugar cube together
(Beaker B was placed in one circle and Beaker A and the cube were placed in another), or
does one have more stuff? (b) If one puts Beaker B on one side of the scale, and Beaker
A and the sugar cube on the other side, would they balance or would one side go down
more?

Table 10 shows that Treatment children made steady progress in understanding that there
was the same amount of stuff before and after dissolving and that the dissolved water and
sugar would still balance with the water and sugar cube, with the greatest progress
between Grade 4 and Grade 5 (based on both Chi square and Wilcoxon tests of progress).
In contrast, much more limited progress was made by Control students (not significant
with either Chi square or Wilcoxon tests). At the end of Grades 4 and 5, the differences
between the Treatment and Control were significant.

Table 10: Dissolved & Undissolved Sugar: Percent Who Judge Both Same Amount
and Same Weight

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post
Treatment 44% 52% 61%* 85%***
Control -- 35% 38% 46%

*Chi Square, p < .05, *** Chi Square, p <.001

The fact that greater progress occurred between Grade 4 and Grade 5 is probably due to
the fact that children explicitly investigated what happens to weight when salt is
dissolved in the 5" Grade Inquiry Curriculum. However, the fact that there were already
Treatment and Control differences by 4™ Grade (before the topic of dissolving was
discussed in the Inquiry curriculum) suggests that earlier discussions of the weight of tiny
things in Grade 3 was already preparing the ground for their understanding of this issue.

5-Solids, Liquids, and Gases

A fifth task directly probed children’s ideas about what entities were “matter” and “not
matter.” At issue was what classification they would make, and how they would justify
them. Prior research has shown that children have great difficulty identifying gases as
matter; hence, we expected that children would not see gases as belonging in the same
class as solids and liquids, although there are limited prior data on classification patterns
for elementary school children.

To begin this task and to help children who might not yet know the scientific word
“matter,” we told all children:

Now we are going to talk about what things are matter, are made of stuff, and
what things are not. For example, this rock is made of stuff, it is matter. This
piece of cloth is made of stuff too, it is also matter. This (plastic) horse is made of
stuff, and real horses are also stuff, they are matter. But when you feel happy
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about something, your happiness is not made of stuff, it is not matter, It is not like
the rock or the horse. And ideas are not made of stuff either, they are not matter.

On these cards I have the names of more things. I would like you to put these
cards into piles—things that are matter, that are some kind of stuff; things that
are not matter,; and things you are not sure about.

There were 14 cards naming the following things: a piece of wood, an ice cube, a dog, a
mosquito, a pile of sand, water, milk, air, smoke, steam, heat, light, shadow, and dream.
After sorting into piles, children were asked why they had put some things in the matter
pile, if there was a way to decide if something was matter, and if there was any way all
the things in the matter pile were alike. They were then asked why they had put some
things in the matter pile, if there was a way to decide if something was not matter, and if
there was any way “not matter” things were all alike. Finally, they were asked about the
items in their unsure pile, including what made them unsure and which pile they would
put them in if forced to choose. Throughout the task, children were free to switch their
ideas about what pile things belonged in. Our analyses were based on their final
classifications of all the items when they were forced to choose.

Table 11 shows the results when children’s classifications are analyzed this way.

Surprisingly, at the beginning of Grade 3, only 37% picked out all the solids and liquids
as matter (i.e., piece of wood, ice cube, dog, mosquito, sand, water, milk)—certainly the
“easiest” items to recognize as matter. The low percentage of children who grouped all
these items together shows children’s difficulties with the category of matter begin well
before their need to assimilate gases to this category—a fact not highlighted in the prior
literature. Thus, coming to deeply appreciate the commonalities of diverse solids and
liquids is itself an achievement. In keeping with the well-known difficulty of viewing
gases and gas-like mixtures (air, smoke, steam) as matter, we found only 25% of the
Grade 3 Pre-Treatment students not only picked out all solids and liquids, but also
included some gases. Only 8% picked out all solids, liquids, and some gases without
over-extending to immaterial items. Only one child picked out all and only material
entities.

The remaining classifications by pre-treatment 3™ Graders were quite idiosyncratic and
did not indicate even a “precursor” idea of matter. For example, many simultaneously
excluded some solid or liquid material entities (such as water, sand, or ice cube) while
including some non-material entities (such as heat, light or shadow). Their justifications
showed they were often focusing on a variety of irrelevant attributes, such as whether
something is important, natural or man-made or whether they knew what it came from
(e.g., water isn’t matter because it doesn’t come from anything else) or how it was made
(e.g., shadows are matter because they are made from light and people). Others made
only under-extension errors, but without respecting “natural” categories (e.g., mosquito
would be excluded but not dog, or water would be excluded but not milk, or some solids
would be left out while liquids were included, etc.) Again, they showed little evidence of
a clear precursor concept.

Importantly, Table 11 also shows that Treatment students made substantial progress in
developing these more systematic and coherent classifications, with the greatest progress
occurring between the end of Grade 4 and Grade 5. Thus, by the end of Grade 5, the
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majority (76%) systematically included ALL the solid and liquid materials in their
classifications; the majority (63%) also extended these classifications to include some
gases. A substantial group (37%) even included all solids, liquids, and some gases
without overextending to immaterial entities, although only 6 students (9%) included all
and only material entities.

The fact that the biggest improvement occurred between Grades 4 and 5 makes sense, as
an explicit concept of matter was only introduced in the Grade 5 Inquiry curriculum in the
context of studying water transformations and phases of matter. It was assumed that the
foundation laid in the previous two Grades, studying the properties of various solid,
liquid, and granular materials, including developing measures of weight and volume and
investigating the material’s heaviness for size would have prepared them for taking the
step of tracing materials across phase change and recognizing some fundamental
commonalities between solids and liquids. The data confirm that expectation. It should
be noted at no point in the Inquiry curriculum did students engage in a “matter sorting”
task of the sort involved here or explicitly engage in contrasting material and non-
material entities.

In contrast, there was no significant change in classification patterns among the Control
students from Grades 3 to 5, as revealed by either Chi square tests (with the whole
sample) or Wilcoxon tests (with the longitudinal sample). This is instructive because
Control students also had an explicit unit on transformations of water in the water cycle
(in one school in Grade 3, and in the other school at all three Grades). This fact highlights
the need to work with students to develop the concept of “matter” itself (and even that
water is matter) in order for the topic of the water cycle to make sense as illustrating
“phases of matter.”

Table 11: Percent with Different Matter Classifications

Matter Classification Grade3 | Grade3 | Grade4 Grade 5
Includes: Pre Post Post Post
1. All solids & liquids 37% 51% 56% 76%*
E | 2. All solids, liquids & some
E | gases 25% | 36% | 36% 63% %
& 3. All solids, liquids & some
= gases while excluding heat,
light, shadow 8% 12% 5% 37%%
1. All solids & liquids -- 44% 51% 54%
= 2. All solids, liquids & some
£ | Bases - 26% 26% 29%
S 3. All solids, liquids & some
gases while excluding heat,
light, shadow -- 8% 8% 6%
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Treatment/Control difference Significant, * p < .05, ***p <.01, Pearson Chi Square

We also analyzed what children said as they justified their classifications. At issue was
whether children would mention any common properties, and if so, whether those
properties would be ones that would allow them to only see commonalities between
solids and liquids (hold, touch) or whether they would be aware of properties that not
only unite solids and liquids but gases as well (takes up space, has weight.)

Table 12 shows that at the start of Grade 3 children rarely articulated any common
properties (19% said matter was something you could hold or touch; 14% mentioned it
was something that took up space; no one mentioned weight.) This finding fits with what
we observed with children’s classification patterns, where most had idiosyncratic
classification patterns that didn’t show any awareness of a precursor matter concept of
something that you can touch, see, and hold. Those who did mention commonalities
almost always had more systematic classification patterns.

Among the Treatment and Control students, there was a small but significant increase in
the number of students mentioning “hold and touch” as common properties (based on Chi
Square analyses with the complete sample and Wilcoxon analyses with the longitudinal
subsample). Among the Treatment students (but not the Control) there was also a large
and highly significant increase in the number mentioning that matter was something that
takes up space or has weight (from 14% who mention taking up space or having weight
in early Grade 3 to 50% who mention either taking up space or having weight at the end
of Grade 5). When Grade 5 Treatment children’s justifications are considered across the
properties of tiny things and matter sorting tasks, fully 48% explicitly stated all matter
has weight, 43% that matter takes up space, and 60% that matter has weight or takes up
space. Such beliefs are relatively uncommon among Control students across both tasks.

Table 12:Matter Justifications: Common Properties or Characteristics

Grade3 | Grade3 | Grade4 Grade 5
Pre Post Post Post
= | 1. Hold, Touch 19% 34% 25% 43%
qé 2. Take up space or have weight 14% 10% 5% 50%***
§ 1 3. Solid, liquid, or gas 5% 4% 9% 9%
& | 4. Made of Particles, Atoms 0 1% 5% 9%
= 1. Hold, Touch, Solid -- 23% 24% 43%
& | 2. Take up space or have weight - 10% 5% 9%
g | 3. Solid, liquid, or gas -- 3% 5% 6%
© | 4. Made of Particles, Atoms - 5% 3% 0

Treatment/Control difference Significant, ***p <.001, Pearson Chi Square
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6-Summary of Results: Matter and material things

In summary, children in the Treatment group made steady progress across five different
tasks that probed different facets of a developing concept of matter. Taken together,
these results show children in the Treatment group were productively developing an
inter-related set of understandings that supported their construction and use of an explicit
macroscopic concept of matter in Grade 5. Although their concept of matter is still quite
different from the scientists’ concept, we believe it provides a foundation on which they
can continue to build in the middle school years, as they develop further understanding of
the particulate nature of matter and begin to differentiate mass and weight.

In contrast, the progress of the Control students was spottier. Although the majority
made progress on the two easier tasks, there was less evidence of progress on the three
harder tasks that probed for reconceptualization of weight as linked to tiny pieces of
materials and an emerging concept of matter. We believe this may be because existing
“topic” driven curricula, often do not address foundational presuppositions and do not
provide opportunities for sustained concept building and reorganization over time.

Significantly, we found that the development of understanding that tiny visible pieces
have weight and take up space was strongly linked with recognizing the commonalities
among solids and liquids and developing the foundations of an abstract concept of matter.
This relation held at all ages, in both Treatment and Control Groups. Such linkages need
to be exploited in LP curricula.

B. Understanding Volume

We noted earlier that students in Grades 35 are still working to understand weight, but
thoughtful instruction can lead to significant gains. In general terms, progress demands a
diminished reliance on subjective judgments (how heavy an object feels) and a growing
reliance than on the outcomes of an instrument-mediated process of measurement. Units
of measure open up the possibility of operating on (adding, subtracting, multiplying and
dividing weights) measures of weight and quantifying ratios of weights (“This object is
seven times as heavy as that one”). By objectifying weight, students can more naturally
extend the dimension to encompass cases outside the range of human sensitivity. More
generally, by quantifying weight, they can systematically investigate the relation of
weight to other variables.

One wonders whether something similar may occur in the case of volume.

But volume presents its own set of issues. First, it is more challenging to understand
what the relevant invariant is. Research has firmly established (Piaget & Inhelder, 1941)
that an understanding of volume follows and most likely builds on the conservation of
substance (“After flattening this ball of clay into a pancake, is there as much clay as
before?”’) and conservation of weight (“Does the clay pancake weigh as much as the ball
of clay?”). Volume poses subtleties that are not fully captured in an expression such as
“the amount of space an object takes up” or in a formula such as v=10 w0 h. Volume
combines information related to three spatial dimensions, yet in treating volume as a
measurable magnitude, one regards it as one-dimensional: measures of volume can be
unambiguously ordered on a number line. Sometimes volume corresponds to space
occupied; at other times it corresponds to a void. In still other cases (displacement) it
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corresponds to a region of space that other objects or substances are pushed out of or
prevented from occupying.

Volume is a measure of size of three-dimensional objects, but not the only one. Consider,
for example, how we typically judge the size of a house (floor space) or the size of a
desktop computer (footprint). Furthermore the “object” of interest may itself be elusive.
What object corresponds to the volume of water displaced by a ship floating in the sea, to
space between grains of sand, or to the space between the nucleus of an atom and the
innermost electron shell? At times, volume seems to correspond roughly to the amount
of stuff. Yet one needs to distinguish volume from amount of material, mass, and weight.

Because of these subtle issues, we assessed students’ understanding of volume through
several measures. Each measure would provide some insight into the acquisition of the
concept. The data are helping us to determine which aspects are more amenable to
influence by instruction and help clarify several inroads to development that could be
exploited in future studies.

We used the following tasks to assess students understanding of volume at each point in
our longitudinal investigation:

e Block Rearrangement task: The student judges whether two arrangements of
transparent cubes (each having the same number of cubes but arranged in
different shapes—a 2 x 3 x 2 “block” and a 2 x 6 x 1 “snake”) take up the same
or different amounts of space. At issue is what invariant (number of blocks,
length or thickness of objects, number of faces of blocks etc.) they focus on in
making their judgments. We assumed this would be the easiest volume task.
Because the objects are already “visually structured” as composed of equal units,
children do not need to impose an “unseen units structure” on the objects.

e Clay Conservation of Volume task: Children are shown two identical clay
spheres and watch as one is flattened into a pancake. The student is asked
whether the sphere and the pancake have the same amount of clay, whether they
weigh the same, and whether they take up equal amounts of space. This task is
more challenging because the invariant of volume is less salient than other spatial
dimensions (area, length) and cannot be judged directly. At issue is whether
children have some emerging theoretical beliefs linking the volume of the object
to the amount of material in the object, and reason that because the object has
only been reshaped, with nothing added or taken away, the volume is unchanged.

e Sizing-Up Task (Volume Invariant Task): Students are asked to compare the
sizes of two three-dimensional rectilinear objects of different shapes (a wooden
block 2 x 3 x 2 inches and a purple fine-textured foam block 2 x 8 x 1 inches).
Then they are asked to measure the blocks using a set of 1-inch cubes (20 are
provided). The purpose was to determine whether students used the cubes to
measure the volume of the blocks and, if not, what invariants (properties) they
were basing their judgments on. This task is much more challenging than the
Block Rearrangement task in that there are many competing invariants they could
attend to in this situation (such as object length, perimeter, area of a face, or even
surface area.)
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e Water Displacement Task: Students are shown and invited to handle a brass and
an aluminum cylinder of the same size and shape, and of clearly different
weights. The student predicts and attempts to explain what would happen if each
cylinder were completely submerged in a beaker of water. (Only the aluminum
cylinder is actually placed in water.) At issue is what invariant the student thinks
is relevant to water displacement: object size or object weight. If students are
going to use water displacement as a measure of object volume, they first need to
understand (theoretically) that it is object volume, not object weight, that is
relevant to water displacement when one has objects that can be fully submerged
in water. Prior research suggests that students initially think weight rather than
object size or volume is relevant to water displacement, further evidence that
children need to develop and revise relevant theoretical beliefs about volume as
part of the process of learning to measure object volume.

e Area Task: Students are shown two rectangular cards of different shapes (a 2x4
inch blue rectangle and a 3x3 inch orange rectangle) and are asked, “Which card
is bigger? (... covers more space on the table)” Then they are asked to “...
measure how much space each card covers...” and invited to use any objects on
the table, including a set of 1x1 inch tiles. At issue is how children
spontaneously use the tiles in this task, and hence what invariant they focus on:
Do they use the tiles to cover each card or do they use the tiles to measure a
length or perimeter? We expected that measuring area would be much easier
than measuring volume (because the relevant “invariant” is more directly given
perceptually and does not call for as complex a structuring of an array), and that
children who were able to focus on volume in the Sizing-Up Task would have
appropriately measured the area of the cards.

Table 13 (below) provides a broad overview of the results. Pre-G3 results are included as
a baseline. Significance tests correspond to comparisons of Control Group responses to
Treatment group responses. Two independent judges who were blind to the student’s
group coded the volume and area invariant tasks. In all tasks, an interjudge reliability of
at least 85% was obtained. Disagreements were settled by either a third judge or by
agreement of the original two judges. The Blocks, Clay and Water Displacement task
represent children’s final judgment on each task after being probed for their reason. In
these tasks, children’s judgments were almost always accompanied by a relevant
justification (over 95% of the time) and different judgments were accompanied by
qualitatively different justifications. For this reason, objective judgment data were
deemed good indicators that children were attending to different invariants.

The percentages are to be interpreted as follows. In the upper leftmost cell, the value 32%
indicates that prior to the Inquiry Project intervention, at the beginning of Grade 3, 32%
of the students judged that the two arrangements of transparent cubes took up the same
amount of space. Collapsing the results from the end of Grades 3-5, 54% of the Control
students responded correctly on the same task, whereas 60% of the treatment students
responded correctly over the same Grade levels. This difference of 4% was not

5 Similar standards of interjudge reliability were used throughout the study unless otherwise
indicated.
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statistically significant. On each of the remaining four tasks, the Treatment Group
significantly outperformed the Control Group. We will now inspect the results more
closely.

Table 13: On all Volume Tasks except Block Arrangement, the Treatment Group
significantly outperformed the Control Group in Grades 3-5.

Block Clay Sizing Up Water
Rearrangement Volume (volume) Displacement Area
Percent Correct

Pre G3 32% 25% 5% 10% 46%
Control (G3-G5) 54% 20% 15% 13% 61%
Treatment (G3-G5 61% 46% 29% 40% 77%
G3-5 Treatment
vs. Control
Pearson Chi-Square Test -- 20.59 7.95 23.73 7.97
Significance n.s. p< .0001 p=.005 p < .0001 p=. 005

1-Block Rearrangement task

The two objects in the blocks in the Rearrangement Task were composed of the same
number of transparent blocks of fixed size, just arranged in different shapes (see Figure
1). They were brought out fully assembled and children were asked: Do these two objects
take up the same amount of space (i.e., have the same volume) or not? Figures 2 and 3
show the changing judgments by Grade separately for the Treatment and Control
students.

Figure 1: Block Rearrangement task stimuli

Quite strikingly, at the time of the pretest for the Treatment students (early Grade 3), only
32% of the children judged the objects had the same volume. Those who gave a “same
volume” judgment argued either they had the “same number of blocks™ or that one of the
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shapes could be folded to make the other. Thus, even though the shapes were obviously
composed of unit cubes, most children at the beginning of Grade 3 didn’t focus on this
invariant as relevant to judging taking up space (many more focused on it as relevant to
judging the amount of plastic). Instead, over half of the children judged that the longer
object (the snake) took up more space, typically focusing on its greater length. By the
end of Grade 3, the judgment pattern had dramatically changed for the Treatment
students: now over 60% judged the two shapes had the same volume (a significant
increase). The percent of students making this judgment remained essentially the same
across Grade 4 and 5 as well.

The improvement at the end of Grade 3 by the Treatment students may reflect the impact
of the Grade 3 Inquiry Curriculum, as the performance of Grade 3 Treatment students
was significantly better than Control (65% vs. 44%, x> (1, N=99) =4.78, p=. 03). This
interpretation makes sense given that a cubing method (making models of three
dimensional objects with unit cubes) was introduced in the Grade 3 curriculum as a
means of determining the volume of objects.

Surprisingly, the Control students improved from Grade 3 to Grade 5, but the Treatment
students did not make further improvement, so that by Grades 4 and 5, the difference
between Treatment and Control was no longer significant. The fact that the Treatment
students did not continue to improve after Grade 3 on this task was somewhat surprising,
as volume continued to be an important target in the Grade 4 Inquiry curriculum as well,
where children learned to measure the volume of liquids and use water displacement to
compare the volumes of irregularly shaped solids. Overall, the fact that almost 40% of
Grade 5 Treatment and Control students focused on other spatial attributes (e.g. length,
height, area) rather than volume highlights the challenges in helping students construct a
robust concept of volume that is differentiated from other spatial attributes.
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Figure 2: Block Rearrangement Task (Treatment Group): Does one arrangement of
blocks takes up more space?
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Figure 3: Block Rearrangement Task (Control Group): Does one arrangement of
blocks takes up more space?

2-Clay sphere vs. pancake task

A second volume task used deformable material, clay (see Figure 4). Children were
asked, “Do these objects take up the same amount of space (that is, have the same
volume) or not?” They were also asked whether they have the same amount of clay, the
same weight, and would balance on a scale; results of those questions about amount of
weight were reported in the previous section. We expected this task to be far more
challenging that the Block Rearrangement Task since no explicit units are given so
students could not count to determine the volumes of the two objects. Without explicit
units, the attribute of volume would presumably be less salient than area or shape.
Children do, however, actually witness the transformation of a sphere into a pancake, so
if they envision one is simply spatially re-arranging a fixed amount of stuff, they might
reason that the ball and pancake must still take up the same amount of space because they
both have the “same amount of material.” (It would have been useful if we had
administered the Block Rearrangement Task in a way that would have allowed the
student to witness the transformation of the “snake” into the “block.”)

Figure 4: Conservation of Clay--“Do these objects take up the same amount of space?”

Figures 5 and 6 show the responses by Grade level for the Treatment and Control
students. At the beginning of Grade 3 (pre-Treatment), most children judge that the
pancake takes up more space than the ball; indeed, only about a quarter of the students
say that they take up the same amount of space. For most, this is not because they don’t
understand they still have the same amount of clay, as 78% of the students judge that they
have the same amount of material. The difficulty, therefore, lies in knowing which
spatial invariant we are talking about (volume rather than area or length), and in having
the relevant theoretical beliefs that link volume to amount of material. Treatment
students made significant progress in realizing the shape change did not affect object
volume by the end of Grade 3. By the end of Grade 4, over half the students (53%)
judged that the ball and pancake took up the same amount of space. This is very close to
the percent (60%) that judged the block and snake had the same volume in the Blocks
Rearrangement task, but still much less than the 88% who judge that the ball and pancake
have the same amount of material, same weight, and will balance. Clearly, Treatment
children are coming to link volume and amount of material, although distinguishing
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volume from length or area remains a problem for some children. Indeed, chi square tests
showed making “same volume” judgments on the two tasks was highly related for the
Grade 3-5 children (y* (1, N=174) =41.53, p<. 0001).

Volume of Clay Pancake vs Ball : Treatment Group

100 7% 5% 2% 2%
80|
454
50% 57%
60 - 68%

Treat—G3—-Pre  Treat—G3—Post Treat—G4—Post Treat—G5—Post

B l-same [0 2-pancake bigger [1 3—ball bigger

Figure 5: Volume of Clay Task (Treatment group)
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Volume of Clay Pancake vs Ball : Control Group
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Figure 6: Volume of Clay Task (Control Group)

Treatment students did not continue to improve in Grade 5. We wonder whether this may
be due to the fact that the activities in Grade 5 turned away from a focus on the volume
and density of solids and liquids to a focus on matter transformations and the material
nature of gases; indeed where volume was introduced it was often in ways that undercut
its relation to amount of material (e.g., volume changes in water with freezing and
melting, despite the fact that the amount of material stays the same; ideas of compression
and packing of particles.) ®

The pattern observed among the Control students was quite different. Here there was no
systematic change from Grade 3 to Grade 5 in children’s understanding that the ball and
pancake, although different shapes, had the same volume; indeed their levels of “same
volume” responding remained at the very low level we had observed among the early
Grade 3 (pre-treatment) students. Thus, although Control students made progress in
focusing on the invariant of volume in the Block Rearrangement task, they did not carry
that over to less obvious situation with the clay, where they focused primarily on the
greater area covered by the pancake.

% In developing the Grade 5 curriculum we found ourselves at a cross-roads, with two separate routes to
take: one on a more mathematical front that would have consolidated volume and density and the other on a
more scientific front that explored phase change and matter. The Grade 3 and 4 curricula had prepared
students to take either step next, but, in part because we were unsure of the mathematical sophistication of
our students and were not simultaneously intervening with their math curriculum, we decided to take the
latter route. Both are important, but couldn’t be done at the same time.
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Treatment students may have improved more than the Control students on this task
because the Grade 3 Inquiry curriculum promoted an explicit belief linking the volume of
an object to the amount of material. Among the Treatment students, the most common
reason for concluding the volume was the same was that they have the same amount of
clay; students also made other Piaget arguments as well, such as compensation (it’s flatter
but wider) and reversibility (you could roll it back into a ball) arguments.

3-The Sizing-Up (Volume Invariant) Task

What invariant do students focus on when measuring the size of objects? We created a
simple third task that would allow us to identify the properties students used to judge the
size of objects from their explanations and actions as they engaged in working with a
variety of tools in devising a measurement. We devised the task in such a way that
children could be successful on this task without knowledge of technical vocabulary or
formulas.

The student was asked to compare the “amount of space” filled or taken up by two solid
blocks (Fig. 7). The interviewer used sweeping gestures to emphasize three-dimensional
space as opposed to space on the table surface. In the task, the wooden block measures
2”x37x3”, thus taking up 18 cubic inches; the purple foam block measures 2”x8”x1” and
so takes up only 16 cubic inches. So the block with the greater volume has a smaller
surface area and a shorter length. (The student was not given these measures.)

Figure 7: Volume Judgment--Which of the above blocks is bigger? The purple, oblong
block measures 2”x8”x1” (16 cu. in.); the wooden block measures 2”x3”x3” (18 cu. in.).
Students were not told these measures. However they judged the sizes using a set of small
cubes (approximately 1” on each side).

First, we asked them to measure the objects’ size, using methods and instruments of their
choosing. A variety of materials were available, such as a broken tape measure, tiles,
different size paper clips, and small (approximately 1 inch) cubes. Then, all students who
did not spontaneously use a small cube to measure the blocks were prompted to do so.
This task was much more demanding than the Block Rearrangement task, as students had
to figure out a way to use the cubes to make a measurement. Further, if they chose to use
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the cubes to make a little replica of the object and count the cubes, they would have to
create a separate object with the cubes, rather than act on the object directly (such as
when they use the cubes to cover one face of the object or surround the object.) From
their explanations and actions in the use of a cube as tool we inferred the properties they
attended to.

One might expect that three-dimensional cubes might induce students to measure the size
of the blocks by the sum of the volumes of the cubes. However this was not the case.
Some students used the cube edges to measure the length or perimeter of the blocks.
Others overlaid cubes on one or more facets of the blocks, thereby showing that they
were attending to the area of one or more surfaces of the blocks. (There was admittedly
some doubt about whether some students were judging the purple foam block by area or
by volume, because it was approximately one cube high. However, it was easy to dispel
such doubts when we considered their judgments for the wooden block, which measured
approximately 3x3x2 inches.)

The bar charts below (Figure 8, 9) show the overall results on the Volume task for
students by Grade level for Treatment and Control students separately. The bottom
(purple) segment corresponds to the proportion of students whose judgments were based
on volume. We counted responses as based on volume if students made replicas of each
object using the cubes, and counted the cubes (one of the most common approaches
coded “volume by decomposition”); used the cubes to find the length of each side, and
then multiplied the three lengths, or used the cubes to cover a face and then multiplied by
the height (a less common method, called “volume by multiplication’). Both these
methods resulted in the correct judgment that the wood block in fact took up more space
than the purple, as well as (roughly) correct numeric values for the two volumes. In
contrast, children who focused on length or area most commonly judged that the purple
block took up the most space. (Children coded as “Volume & Area” or “Length & Area”
did not consistently focus on the same invariant for each block: rather, they switched
from “Volume” to “Area” or from “Area” to “Length.”)

The Inquiry Treatment students improved significantly and steadily from the beginning
of Grade 3 (when only 5% made correct volume measurement) to the end of Grade 3 and
Grade 4 when 22% and 36% made correct measurements. They also performed better
than Control students at the end of Grade 3 and Grade 4, both Grades where volume was
given special attention in the Inquiry curriculum. For students in the Control Group only
8% or 11% focused on the volume of the objects (as opposed to their areas or lengths)
when measuring their sizes. The difference between Treatment and Control approached
significance at the end of Grade 3 (% (1, N=67) =3.4, p=. 06) and was highly significant
by the end of Grade 4 (y* (1, N=55) =7.49, p=. 006). However, Treatment students had
lost this advantage over the Control Group by the end of Grade 5. In other words, the
experimental effect observed in Grade 4 was not sustained through Grade 5. This may
reflect the fact that the Grade 5 Inquiry curriculum placed less emphasis on volume as a
3-dimensional quantity (e.g. using uni-dimensional measures of volume of liquid in
graduated cylinders and 2D animations of particle motion), and did not explicitly contrast
volume and area. Clearly most students (both Treatment and Control) were still focusing
on other spatial invariants than the intended one—evidence of the challenges students
face in constructing an understanding of volume.
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Sizing Up (Volume): Treatment Group
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Figure 8: Invariants used in judgments of size of objects (Treatment Group)

Sizing Up (Volume): Control Group
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Figure 9: Invariants used in judgments of size of objects (Control Group)
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As expected, using the cubes to make a volume measurement of the two blocks on the
Sizing Up task was much more demanding than simply comparing the volume of two
objects composed of equal size cubes in the Blocks Rearrangement task. Whereas
approximately 60% of Treatment students succeeded on that task by the end of Grade 3,
only 22% were able to make a volume measurement on the Sizing Up task by then, and
only a little over a third ever succeeded at making a correct volume measurement.
Performance on the two tasks (Block Rearrangement and Sizing Up task) were highly
related for both Treatment and Control students, however, in that: (a) students who did
not focus on Volume in the Blocks Rearrangement task, almost never focused on volume
in the Sizing Up Task; and (b) students who focus on volume in the Sizing Up task,
almost always had focused on volume in the Blocks Rearrangement task.

4-Water Displacement Task

Another way to assess children’s understanding of volume is to assess children’s
understanding of physical contexts in which volume is relevant. Water displacement is
one such context. In the Water Displacement task we assessed whether young children
knew that object size (not object weight) affected how much water would rise when an
object was completely submerged in water.

Children were shown two identical cups of water and shown and invited to handle two
cylinders of equal diameters and heights, but of quite different weights: one was made of
brass and the other of aluminum. The children were first asked to predict what would
happen (i.e., the water level would go up) when the aluminum cylinder was completely
submerged in water. Then the interviewer placed the aluminum in water, marked the new
water level, and asked what would happen if the brass cylinder were placed in the other
cup of water: Would the level rise higher than it had with the aluminum, to the same
level, or lower?

Figure 10 shows predictions made by the Treatment students as a function of Grade. In
early Grade 3, prior to the start of the Inquiry Curriculum, only 10 % predicted the two
cylinders would raise the water by the same amount because the objects were the same
size. Almost 90% of children predicted that the immersed brass would result in a higher
water level than the aluminum would, because of its greater weight. That is, most
children focused on weight (or the amount of force) pushing down on the water as the
relevant variable. As part of the Inquiry Curriculum in Grade 4, children directly
investigated what variable was relevant to water displacement and by the end of Grade 4
the majority (56%) now focused on object size rather than object weight as the relevant
variable. The new insight that object volume rather than object weight predicts the
amount of water level rise was generally maintained by Treatment children (47%), even
though this issue had not been discussed in the Grade 5 curriculum.

In contrast, Figure 11 shows that Control children had little insight about this
fundamental issue, with their responses essentially remaining unchanged across Grades
3-5. That is, only a small percent (10%, 16%, 14%) judged that the two cylinders would
raise the water levels by the same amount. By Grade 4, the Treatment students were
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doing significantly better than the Controls (x2 (1, N=92) =13.64, p<. 0002), an advantage
maintained in Grade 5 as well (% (1, N=89) =9.74, p=. 002).

Brass vs. aluminum in water: Treatment

80r 449
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Treat—G3—Pre  Treat—(G3—Post Treat—G4—Post  Treat—G5-Post

B 1-same water levels [0 2-brass higher [ aluminum higher

Figure 10: Predictions as to whether brass and aluminum cylinders would make the
water level rise to the same or different levels (Treatment Group)
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Brass vs. aluminum in water: Control
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Figure 11: Predictions as to whether brass and aluminum cylinders would make the
water level rise to the same or different levels (Control Group)

5-Area Task

A final task probed children’s ability to use tiles to measure the areas of two rectangular
cards of different shapes (2 x 4 inch blue card and a 3 x 3 inch orange card). From their
actions and explanations we inferred what invariant they focused on when asked to
determine which card took up more space on the table. Some children used the tiles to
measure the length of a side; others used the tiles to measure a full or partial perimeter.
Still others showed they focused on area, by either (a) entirely covering the two cards
with tiles and counting the tiles, or (b) making a 2 x 4 array and a 3 x 3 array and
multiplying.

Figures 12 and 13 show the overall results on the Area Measurement task for students by
Grade level for Treatment and Control students separately. The bottom (purple) segment
corresponds to the proportion of students whose judgments were based on area. In
general, children found it much easier to focus on area than volume, although at the start
of Grade 3 only 42% of children compared the area of the two cards when asked which
took up the most space; the others focused on comparing the length of sides or the
perimeters of the two cards. Although the Inquiry curriculum didn’t focus on measuring
areas, Treatment children improved dramatically in making area judgments across Grades
3-5, so by Grade 5 83% were using the tiles to measure the area of the cards.
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In contrast, the Control students made more limited progress. At the end of Grade 3, they
looked more like the early Grade 3 Treatment students, with 50% measuring area; by the
end of Grade 5 67% were measuring area. The overall difference between Treatment and
Control students on the Area Invariant task was significant across Grades 3-5.

Why might the Treatment children have had an advantage on area, given that it was not a
focus of the curriculum? It may be that their practice using cubes to measure volume
(which as we’ve seen they often misinterpreted as measuring area) enhanced their
understanding of area. Interestingly, we found highly significant relations between the
invariants children attended to on the Area Invariant task and the Volume task. 90% of
the children who focused on length or perimeter in the Volume task also focused on
length or perimeter in the Area task. 90% of the children who focused on area in the
Volume task also focused on Area in the Area task. Finally all but 2 children who
correctly used cubes to measure volume had correctly used tiles to measure area. Thus,
there was a progression from students who focused only on length measures of spatial
extent, to those who distinguished length and area measures, to those who distinguished
length, areas, and volume measures.

Area Invariant: Treatment group
5% 45

100

10%

15%

Treat—-G3—Pre  Treat—G3—Post Treat—G4—Post  Treat—G5—Post

B l-area [ 2-twolengths [J 3-perimeter [] 4-—one length

Figure 12: Invariants used in judging size of cards (Treatment Group)
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Area Invariant: Control group
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Figure 13: Invariants used in judging size of cards (Control Group)

6-Summary of volume results

In summary, our results revealed that both Treatment and Control students face numerous
challenges in learning about volume and volume measure that center on coming to focus
on the relevant invariant. When we discuss “taking up” or “filling up” space, it is not
obvious to students that we are referring to a 3D sense of volume rather than a 2D sense
of how much space a surface “covers.” Indeed children find the spatial attributes of
length or area much more salient than volume, perhaps because these attributes are more
accessible perceptually. Further, when children think about water displacement, they
think simply of the water being pushed up by the object, with the amount of water pushed
related to the force or weight of the object, rather than seeing the water as being displaced
by immersing the object in the water, with the amount of water displaced proportional to
object volume.

The Inquiry Curriculum did help students make significant progress with these issues and
with understanding multiple aspects of volume: across all four of our volume tasks, the
progress made by the Treatment group from Grade 3 to Grade 5 was highly significant.
In contrast, the Control Group’s progress was more limited and spotty, showing
significant progress on only the Blocks Rearrangement and Sizing Up tasks) and making
no progress at all on the Volume of Clay and Water Displacement tasks. Further,
Treatment students did show enhanced understanding of volume in comparison with
Control students on three of the four volume tasks, as well as enhanced understanding of
area (see Table 13). At the same time, our results suggest that only about a third of the
Treatment students (33%) had a robust understanding of volume at the end of Grade 5,
consistently focusing on volume rather than some other invariant across three or four of
the tasks. Although this is significantly more than the Control Group, where only 8% had
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such a robust understanding, there obviously is considerable room for improvement,
especially in helping students distinguish volume from area. The Inquiry Curriculum
could be improved by discussing these contrasts more explicitly with students throughout
the curriculum.

C. Understanding Weight, Size, and “Heaviness” of Materials

Central to a sound macroscopic understanding of matter is an understanding that the
weight of a solid object made of a single material depends both on the volume of the
material and on the particular kind of material. Consequently, we developed three tasks
to probe how students deploy their knowledge of weight and volume in their emerging
understanding of density. More specifically, the tasks were designed to determine:

e How children explained the fact that some smaller objects are heavier than larger
ones and that objects of different sizes could be the same weight.

e  Whether children could consistently distinguish between the weight of an object
and the heaviness of the material from which it was made.

e  Whether they could infer, from the size and weight of two solid, homogeneous
objects, whether those objects might be made of the same material.

None of the tasks required knowledge of formulas or technical terms. Each, however,
called for use of the idea that objects made of different materials vary in their heaviness
for size in tasks that called for explanation, inference, and problem solving, and that were
quite different from any curricular activities used in the Inquiry Curriculum.

At the start of Grade 3, children were inclined to confuse weight and density on each of
the tasks. This is consistent with our past research and that of others. However between
Grade 3 and 5, the Treatment students, but not Controls, made significant and steady
progress on each of the tasks, suggesting that the Inquiry Curriculum was successful in
promoting these understandings.

1-Larger is not always heavier

In Part 1 children are shown cylinders of equal diameters, each made of a solid piece of a
single material and wrapped in white paper. Two (A & C) are short; the other two (B &
D) are three times as tall. B & C are made of aluminum, A is made of brass, and D is
made of a polypropylene, a light plastic (see Table 14 for a description of the four pairs
used in the four problems). At issue is how children contend with the fact that size does
not always serve as a good predictor of the weight of objects: bigger does not always
signify heavier. We wanted to explore how they link size to weight and also see whether
they refer to the kind of material in seeking to account for size-weight ‘anomalies’, cases
where size differences did not accord with weight differences. These tasks are a means of
probing students’ intuitions about density before they had learned terminology or
formulas for density.
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In Problem 1, (see Table 14 for each of the four problems) cylinders B and C are both
made of aluminum, so the larger object is the heavier one. This is fully consistent with
the notion that larger objects are heavier and, not surprisingly, students almost always
explain the difference in weight by referring to their differences in size. In the next three
comparisons, size and weight do not co-vary: (a) in Problem 2, one object is heavier
although they are both the same size; (b) in Problem 3, the smaller object is much heavier
than a much larger object; and (c) in Problem 4, both objects weigh the same, although
they are quite different in size. Problems 2 and 3 are useful in giving evidence that
children are developing generalizations linking “heaviness” to kind of material.
However, Problems 2, 3, and 4 require students to differentiate the weight of the object
from the heaviness of the kind of material. Hence, children’s explanations on this
problem are the most critical to determining whether they are beginning to differentiate
weight and a precursor of density.
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Table 14: Four comparisons used to determine how students contended with weight-
size 'anomalies' (problems 2-4)

In Problem 1, the student is shown a large covered object (B)
and a much smaller one (C) and asked: (1) Are these the
same size or different? (2) Are they the same weight or
different? After noting that B is both bigger and heavier than

D C, and comparing the weights on the balance scale, the

student is asked to account for the difference in weight. Most
B Tallalum C short alum students refer to size to account for the difference in weight.

In Problem 2, children are shown two equal-sized cylinders
(A and C) that differ markedly in weight (A is much heavier
than C). After comparing their sizes and weights, the child is
asked: How come they are the same size but don’t weigh the

same? Should the child suggest that cylinder is hollowed out,
D D he is reminded that they both are solid pieces.

A Short brass C short alum

Problem 3 concerns objects of different sizes (A and D) where
the smaller cylinder is much heavier than the other. The
student is asked, How can the smaller one be heavier?

A Shor brass D tall Poly

In Problem 4, children are shown two different size objects (A
and B) that have the same weight. After predicting what will
happen on the balance scale and then checking their

D prediction, children are given the final puzzle: How can they

be such different sizes yet weigh the same?
A Short brass E Tall alum

Table 15 presents the percentage of children who consider that the two objects might be
made of different materials, or that one object is made of a heavier kind of material than
the other, in explaining why size and weight do not covary in Problems 2—4. In addition,
it shows the percentage of children who coordinate the factors of being made of different
materials and having different sizes in explaining how the two objects way the same in
Problem 4. This material/size coordination (in their explanations) is good evidence that
they are beginning to differentiate weight and density.
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Table 15: Percent of Children Who Use Difference in Material/Heaviness of
Material to Explain Why Weight & Size Do Not Covary in Problems 2 to 4

Problem & Explanation

Grade 3
Pre

Grade 3
Post

Grade 4
Post

Grade 5
Post

P2: Made of different
materials; or one is heavier
material

P3: Made of different
materials; or smaller one is
heavier material

P4: Made of different
materials; or one is heavier
material

Treatment

P4: Coordination of material &
size in explanation

25%

20%

10%

25%

16%

80% **

78% *

44%

33% *

81% *

80% **

52% **

41%

P2: Made of different
materials; or one is heavier
material

P3: Made of different
materials; or smaller one is
heavier material

P4: Made of different
materials; or one is heavier
material

Control

P4: Co-ordinate difference in
material & size in explanation

30%

33%

20%

10%

54%

50%

19%

11%

60%

54%

26%

23%

At the start of Grade 3, although about 80% of Grade 3 pre-Treatment students
understood that bigger objects are often heavier, and appealed to the size differences of
objects B and C in explaining why B was heavier, they generally did NOT note that the

kind of material an object was made of affected its weight (in the cases where the objects
were the same size but different weights, or the smaller was heavier). Some appealed to
what might be “inside” the objects, whether one might be hollow or filled with more
objects—these seemed to be “object level” rather than “material level” explanations.
Only 20-25% appealed to the fact that the cylinders might be made of different materials
in Problems 2 and 3, and none considered this explanation for Problem 4.

There was dramatic improvement for the treatment students by the end of Grade 3 in
referring to differences in material or heaviness of material in their explanations for
Problems 2, 3, but not yet in Problem 4, where improvement was more gradual and many
students made the error of concluding that the different size objects weighed the same
because they were the “same material.” Moreover, at the end of Grade 3, children in the
Treatment group also tended to over-generalize and used “material” as a justification for
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why a larger object was heavier than a small one, without considering that size matters.
This is evidence that as children form initial links between weight and material in the
Grade 3 Inquiry Curriculum, they use their existing “weight” concept rather than a
distinct and differentiated notion of “heavy for size”. Through use of the nine density
cubes’, the third-Grade Inquiry curricular unit provided these children with a wealth of
opportunities to learn about different materials and to see the relevance of kind of
material for weight differences.

However, the Grade 3 Inquiry unit did not stress the difference between weight and
density (children worked with same size comparisons, in which weight and density are
correlated) or fully develop a concept of volume, so we did not expect children would
make much progress on differentiating weight and density and that was what we found.
Children made more progress in differentiating weight and density after the 4™ Grade
curriculum (which focused on developing a more robust concept of volume and the idea
of heaviness for size). Providing an explicit explanation of how the different size
cylinders could weigh the same by coordinating the factors of type of material and size
was still difficult even at the end of Grade 5. At that point, 41% of the students were able
to explain that the smaller cylinder was made of a heavier kind of material than the larger
one, but there was more of the lighter material, so the two cylinders ended up weighing
the same.

Overall, the within-child improvement is highly significant for Treatment students, from
pre-Treatment to the end of Grade 5 for all four measures (based on both Chi Square and
Wilcoxon tests, p <.001), and from post Grade 3 to post Grade 5 for three of the four
measures.

In contrast, the Control students made no statistically significant progress in their
explanations of problem 4 from Grade 3 to Grade 5 by either Chi Square or Wilcoxon
measures, although they did make progress in focusing on difference in material in their
explanations for Problems 2 and 3. This is consistent with the assumption that Treatment
students, but not Controls, are making progress in developing a concept of heaviness of
kind of material that is becoming differentiated from weight.

Direct comparisons with Treatment students at the end of Grade 4 also show Treatment
students performed significantly better than Controls on all four comparisons, and on
three of the four comparisons at the end of Grade 5 (with the fourth in the right direction,
and approaching but not reaching significance).

2-“Heavier” vs. “Made from Heavier Material”

In Part 2 we probed for a precursor of density by asking children to make judgments
about whether one object in a pair was made of a “heavier kind of material.

In an initial instructional phase uncovered cylinders of different sizes and materials are
introduced. The student is told that the objects are made of Delrin (a particular kind of
hard plastic), aluminum, and brass. The student is asked to compare the weights of the
like-sized cylinders made of the three different materials and asked which object is made

7 Density cubes refers to a set of nine 1-inch cubes of nine different materials, including, wood,
plastic, and both light and heavy metals. They are used for exploring relationships among weight,
volume, density, and kind of material.
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of the heaviest material of these three (Figure 14). This gives children a chance to learn
how brass, aluminum and Delrin differ in “heaviness”.

Following this, the student makes three critical comparisons that show whether she
distinguishes an object’s density (more specifically, the heaviness of its material) from its
weight. Unlike in the instructional phase, the child now must disregard the weight of the
object in order to answer correctly, using information from the weight differences of
equal size comparisons. The child is given a tiny discs of aluminum and Delrin, which
both feel light and weightless (Figure 15); they are also told what materials each is made
of, and are asked: “Is one made of a heavier kind of material or not? How do you
know?”

They are also shown a small light sliver of brass and a large heavy piece of aluminum,
and are asked which object is made of a heavier kind of material (Figure 16). Again, they
need to ignore the fact that the large aluminum is heavy, and reason that the brass is a
heavier material, and is simply light because it is so small.

In a final comparison, they are shown a small sliver of aluminum and a big piece, and are
asked if one is made of a heavier kind of material (Figure 17). In this comparison, they
need to reason they are both made of the same material, so although one is larger and
heavier, neither is made of a heavier kind of material.

Figure 14: Objects used in “Heavier Material Task”.
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Figure 15: Critical comparison #1. “Is one of these is made of the heavier material or
not?” Note: H and I are small discs of aluminum and Delrin, respectively; they are too
light to answer the question with confidence based on felt weight.

Figure 16: Critical comparison #2. “Is one of these is made of heavier material or not?”
Note: The tiny disc, J, is brass; the large cylinder is aluminum.

Children’s judgments and explanations for these three critical items provides the second
line of evidence that the Treatment children, but not the Controls, were developing a
notion of heavier kind of material, which they distinguished from the felt weight of
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objects came from analysis of their pattern of judgments in Part 2 of Task 3. Table 16
shows the percentage of students who ignored the misleading information of felt weight
and were systematically correct across these three judgments: judging the aluminum disc
to be made of a heavier kind of material than the Delrin sliver; the brass sliver to be made
of a heavier kind of material than the large aluminum piece, and judging the two
aluminum pieces to be made the same material. Correct judgments were accompanied by
qualitatively different justifications. Children who made correct judgments focused on
what they learned from the earlier (equal size comparisons) and what they knew about the
different materials, while those who made incorrect judgments focused on making direct
size and weight comparisons of the pairs.

Figure 17: Critical comparison #3. “Is one of these made of the heavier material or
not?” Note: Both objects are aluminum.
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Table 16: Percent of Children Who Systematically Distinguish Heaviness of Kind of

Material from Heaviness of Object (All Three Items)

Grade 3 Pre Grade 3 Post Grade 4 Post Grade 5 Post
Treatment 17% 33% 53% 63%**
Control 23% 35% 34%

** Pearson Chi Square, p <.001, Treatment Control Difference Grade 5

Treatment students showed significant improvement (p <.01) from Grade 3 Pre to Grade
3 Post, and from Grade 3 Post to Grade 4 and Grade 5 post (as assessed by within child
comparisons using the Wilcoxon matched pairs test for the longitudinal subsample and
between child comparisons for the complete sample using Chi square). In contrast, there
was no significant improvement from Grade 3 to Grade 5 for the Control students, either
for the complete sample or for the longitudinal subsample. By the end of Grade 5, over
60% of the Treatment students were systematically correct, while the performance of the
Controls remained at about 34%, a difference between Treatment and Control that was
statistically significant (Chi square= 6.99, d.f.=1, p <.01).

Significantly, we found some of the same patterns of relations across tasks in the two
groups. These similarities are also of importance for LP work in suggesting important
“inherent constraints” among concepts that any curriculum needs to be responsive to. For
example, for both Treatment and Control students and for students at every grade level,
systematically distinguishing heaviness of kind of material from heaviness of objects was
strongly associated with understanding that tiny pieces take up space and have weight
was strongly associated with systematically (Chi Square, p <.01). The Inquiry
curriculum was highly effective in enhancing both understandings, dramatically
enhancing students’ understanding that tiny things take up space and have weight by the
end of Grade 3, and more gradually and steadily enhancing their ability to distinguish the
heaviness of materials and objects across Grades 3 to 5.

3-Inferring materials from weight and size

In Part 3 the student tries to infer the possible materials of covered cylinders by
comparing covered and uncovered cylinders (Figure 18). A balance scale and ruler are
available for this. One solves the task by taking into account, in one way or another, the
ratio of weight to volume (or volume to weight). Because this ratio is fixed for each
material, one can eliminate materials that do not have the same weight-to-volume ratio as
the target cylinder.

B is the same size and weight as F (aluminum). D is lighter than G (Delrin), and is in fact
made of something else (a different kind of plastic). A is the same weight as F
(aluminum) but one-third the size; if children think to stack the “extra copies” of A, they
can determine that 3 A’s match E in size and weight. C is not equal in weight to E, F, and
G; however, 3 C’s match F in height and weight.
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Figure 18: Objects from the “Inferring Materials from Weight and Size Task”. Note: The
three A cylinders are made from brass; the C cylinders, as well as B, are aluminum; D is
made of a plastic having a density different from aluminum, and brass, and Delrin (G).

At issue are the features of the objects children attend to and what tools they use in
making their inferences about materials: Do they focus simply on weight, or consider the
relative size and weight of the objects? Do they not only lift the objects, but also make
use the balance scale? (It is hard to distinguish the weights of G and D, but G is clearly
heavier when put on the balance scale.)

Of special interest is whether the student attempts to compensate for the differences in
size by stacking small cylinders.

In inferring the material of covered cylinders, Grade 3 pre-treatment children generally
reasoned based on direct comparisons of the weights of objects without taking size into
account. They often simply hefted the individual objects without using the balance scale.
Many children who found that the small covered (brass) cylinder and the large aluminum
cylinder balanced on the scale concluded that they were made of the same material!

As they progressed through Grades 3 to 5, as we will see next, the Treatment students
showed better results than the Control Group in sub-tasks that required compensating for
the differences in size by stacking small cylinders.

Comparing Cylinders of Same Size

Sub-Task 1: What is B made of? [Correct answer: aluminum] Children in all Grades and
in both groups showed their best performance when they were asked to determine the
material of B, a tall covered cylinder made of aluminum. Although there was an increase
in correct answers from third to fifth Grade, no significant differences were found
between groups or across Grades.
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What is B (Aluminum) made of?
Percent of Correct Answers
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T0% —
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10% —
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Control Intervention

Figure 19: Cylinder B correctly judged to be made of aluminum

Here the percentage of correct answers ranges from 76 to 97%. Since B was the same
size as the comparison cylinders, children only had to compare the weight of B with the
weight of E, F, and G to find out that B could be made of the aluminum. Use of the scale,
as opposed to holding cylinders in hands to compare their weights, did not differ across
Grades or groups. Overall, when participants used the scale, 94% of their answers were
correct; when they used only their hands they arrived at correct answers in 78% of cases.

Sub-Task 2: What is D made of? [Correct answer: some other material] Although D also
was the same size as E, F and G, the children’s performance regarding what cylinder D
was made of was lower than in the case of cylinder B, for all Grades and for both groups,
with correct answers ranging from 38% to 65%. There was a noticeable increase in the
percentage of correct answers from third to fourth Grade in both groups, and a slight
decrease from fourth to fifth Grade.
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What is D (other material) made of?
Percent of Correct Answers
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Figure 20: Cylinder D correctly judged to be made of other material

In this case, the students had to compare the target tall cylinder D with E, F, and G and
realize that no comparison cylinder weighed the same as D. The increase in correct
answers after third Grade was related to use of the scale, which happened more often in
fourth and fifth Grades, for both groups. When the scale was used, the students arrived at
the correct answer in 86% of the cases. When only hands were used the percentage of
correct answers dropped to only 14%, with 78% of the students wrongly stating that
cylinder D was made of Delrin.

Comparing Cylinders of Different Sizes

For the last two tasks the target cylinders A and C are one-third the size of the
comparison cylinders E, F, and G. As we will see next, this led to a difference in correct
answers in finding both what A (brass) and C (aluminum) were made of, compared to
answers for what B (aluminum) was made of in Problem 1 (where direct same size
comparisons were available), although the drop for A (brass) was less than for C. More
importantly to our analysis of the effect of the classroom intervention, in comparison to
the Control Group, the Treatment group showed a higher percentage of correct answers in
these two tasks and more progress from Grades 3 to 5.

In both of these tasks, precise correct answers would require determining the relationship
between the heights of the two compared cylinders. The availability of copies of the
small cylinders allowed children to stack three small target cylinders, thus obtaining a
composed cylinder that could then be compared on the two-pan balance scale to the tall
cylinders E, F, and G. As we will see, however, participants also reached correct answers
using other means, mainly in determining what A (brass) was made of.
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Sub-Task 3: What is A made of? [Correct answer: brass] Here, the target short cylinder
A, made of brass, was heavier than cylinder G, had the same weight as F, and was lighter
than E. The correct answer for this task was that cylinder A was made of the same kind
of material as cylinder E.

The Intervention students made clear progress from Grade 3 to Grade 5 in judging that A
was made of brass (Figure 21), with 51% of correct answers at Grade 3 and 74% at Grade
5. A Fisher exact probability test for the frequency of correct versus incorrect answers by
Grades three and five showed a significant association between type of response and
Grade level for the Intervention group (p =.01). In contrast, no significant association
between the same variables was found for the Control Group. p=. 38). Further, in
comparison to the Control Group (Figure 22), in Grades 4 and 5 the Intervention group
showed a higher percentage of correct answers (on average, 73%) than the Control Group
(on average, 56%). Chi-square results showed no significant association between group
and type of response in Grade 3, with Treatment students if anything a little worse, a
significant association in Grade 4 (p<. 05), and no significant association in Grade 5,
probably due to the fact that the progress made by Treatment students in Grade 4 became
stable by Grade 5, while students in the Control Group showed a delayed progress in
Grade 5.

What is A (Brass) made of?
Percent of Correct Answers

100,004
20.00%
BO.00%
T0.00%

B0.00%
Gr. 3 Post

ar, 4 Post
I Gr. 5 Post

50.00%
A40.00%
30.00%
20.00%
10.00%

0.00%
Conftrol Intervention

Figure 21: Cylinder A correctly judged to be made of brass

The increase in the treatment group’s performance can be attributed to the fact that more
children began to stack three copies of the small target cylinder and then compared the
stack’s weight to the weight of the tall cylinders. Of the children who used stacking 95%
concluded correctly that cylinder A was made of brass. However, 44% of the children
who did not use stacking also gave a correct answer. These correct answers were usually
accompanied by comparison of the short and the tall brass cylinders by holding one in
each hand and by statements that the small and the tall cylinders felt the same. Such
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statements suggest intuition of some property related to the density of the material, or to
its “heaviness.”

Sub-Task 4: What is C made of? [Correct answer: aluminum] Although this task is
similar to the previous one, with a target cylinder that is one-third the size of the
comparison cylinders, children’s performance is much lower, with percentages of correct
answers ranging from 33 to 37 for the Control Group and from 22 to 56 for the Treatment
group (see Figure 22).

What is C (Aluminum) made of?
Percent of Correct Answers

100%
90%
80%
70%
60% Gr. 3 Post

50%% Gr. 4 Post
405%, Gr. 5 Post

30% T—
20% T— ———
10% +— —————
0%

Control Intervention

Figure 22: Cylinder C correctly judged to be made of aluminum

Similar to the results of the previous task, the increase in performance from third to fifth
Grade was more pronounced in the Treatment group. A Fisher exact probability test for
the frequency of correct versus incorrect answers by Grades three and five showed a
significant association between type of response and Grade level for the Treatment group
(p <.05). No significant association between the same variables was found for the
Control Group.

Again, about one third of the participants stacked the cylinders to find the answer. Of the
children who used stacking 80% concluded correctly that cylinder C was made of
aluminum. Among those who did not use stacking, only 14% gave the correct answer.

The difference in children’s performance here, in comparison to the previous task, may
be due to the fact that the compared cylinders did not give a clear feeling of “heaviness”
or some intuition of density, as was the case for the brass cylinders. Here, correct
answers required the coordination of size and weight and the relative quantification of
size by stacking cylinders.

4-Summary of Results for Weight. Size. and Heaviness of Materials

Students in the Treatment group made notable progress on three different tasks assessing
their differentiation of the weight of objects and the heaviness of materials and realizing
objects made of some materials are heavier for their size than others. They
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systematically distinguished the questions of whether an object was heavier from whether
it was made of a heavier kind of material. They appealed to differences in heaviness of
materials to explain why smaller objects can be heavier or the same weight as larger
objects. Finally, they recognized the need to compare weights of same-size cylinders, a
novel task for them, in order to make inferences about what kind of material something
was made from. In contrast, the Control students made little progress on these questions,
so that by the time of Grades 4 and 5, the differences between Treatment and Control
students were significant across most of these tasks.

D. Granularity of Weight, Length, and Number

Earlier we looked at the issue of whether young children acknowledged infinitesimal
objects—objects too small to be perceived yet understood as having weight and taking up
space.

We now turn to the matter of infinitesimal differences in value: how many distinct
values of some property are assumed to lie between the values of two examples? The
notion of infinitesimal differences permeates the number line as a representational system
for real numbers. Every real number occupies a unique position on the real line and all
positions on the line are assumed to be occupied by a real number. This metaphor carries
over into science, where quantities such as weight, speed, and position are
dimensionalized, that is, conceived as orderable on quantity lines (number lines with
units of measure). These ideas are illustrated by the granularity tasks used in the
interviews.

Granularity of number was assessed by asking students to express how many numbers
lie in the intervals (4, 7) and (4, 5)—see Figure 23. When asked about the interval from 4
to 7, students frequently assumed the interviewer was referring to counting numbers (for
example, they would state there were two numbers, namely, 5 and 6). To move beyond
the counting numbers, the interviewer then focused on the interval between 4 and 5 (“Are
there any numbers between 4 and 5?”). If the student denied that there were numbers
between 4 and 5, the interviewer asked, “Is four and one-half a number?” and encouraged
the child to consider fractions.

+ How many numbers are there between 4 and 7?
* How many numbers are there between 4 and 5?

+ [s “four and one-half” a number?

Figure 23: Granularity of number--How many numbers are there between 4 and 7?
(4 and 5?)
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Granularity of weight was assessed by asking the student to speculate about the number
of weights that might lie between the weights of two given objects. The student was
shown and allowed to handle the two balls of clay shown in Figure 24). The interviewer
then asked, “How many weights do you think there could be between that of the red ball
and the green ball?” If the student appeared to find the question puzzling—students
occasionally interpreted the question as referring to the number of balls that could
literally fit between the two balls—she explained that a ball with a weight between
referred to a ball that was heavier than the green ball and lighter than the red ball.
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Figure 24: Stimuli for the granularity of weight task: “How many weights do you
think could be between that of the red ball and the green ball?”

Granularity of length was assessed by asking the student to consider the number of
lengths that might fall between two lines drawn on a sheet of paper (see Figure 25). Line
A is approximately 7 inches long; Line B is roughly 5 inches long, but no measures are
given and no notches or partitions are displayed. The key question was: "How many
lengths could be between that of Line A and Line B?" If the student expressed doubt or

hesitation about the meaning of between, the interviewer explained that a line with a
length between was shorter than Line A but longer than Line B.
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Line A

Line B

Figure 25: Granularity of length stimuli. "How many lengths could be between that
of Line A and that of Line B?"

We did not expect most students to have explicit theories about infinitesimals. However,
they could be expected to have intuitions about how many different weights, lengths, and
numbers might exist between two given examples.

Table 17 gives an overview of the granularity results for (all Grades and groups). Two
judges coded students’ responses into four categories employed for granularity of
number, weight, and length.

9% ¢

o [nfinite number: Infinite, “as many as you want”, “thousands and thousands”,
“hundreds and hundreds”.

o Lots: 13-100.

e Some: one to 12.

e None

We used an admittedly liberal criterion for “infinite” because most young students could
not be expected to know the word. If they expressed a very, very large number, we
considered the response as infinite. Some was taken to include all values between 1 and
12. (Very few children mentioned amounts between 13 and 50.)

1-Overall Granularity Results

Number Before (Fig. 17, col 1) refers to students’ answers before the interviewer
mentioned the example of four and one half. In other words, Number Before represents
the spontaneous, unprompted answer of the student; 56% of students initially said there
were no numbers between 4 and 5. After the prompt about four and one-half (Number
After) only 12.6% of the children continued to insist that there were no numbers between
4 and 5. But, remarkably, the great majority of responses (61.4%) reflected the view that
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there were only some (one to 12) numbers between 4 and 5. Whereas we (the researchers
and most adults) take for granted that the numbers on a number line are densely packed
(perhaps even continuous insofar as no positions are left unoccupied by numbers), the
students tended to think of the interval between two consecutive integers as inhabited by
very few numbers.

Children also tended to view weight and length as very coarsely graduated dimensions.
78% believed there were fewer than 13 distinct weights that could lie between the
samples. In keeping with their initial reliance on felt weight (which has little
granularity), the vast majority of children (approximately 4 out of 5 children) assert there
are only very few weights in between the shown examples (generally only 1, 2, or 3).
Some children (about 13%) begin to suspect there might be more than a dozen, but still
are imagining a limited number (15, 20, 50, etc.). But only exceptionally do young
students (approximately 9% of the students) suggest that the number of possible distinct

weights in the interval is enormous (“lots and lots,” “infinite,” “goes on and on”).

73.9% of the students thought there would exist fewer than 13 distinct lengths between
the displayed lines. Clearly, these students do not think of length as a continuum or even
a highly packed dimension. Rather, there are relatively few lengths in a given interval.
Somewhat to our surprise, there was no indication that length was more finely grained
than weight. We were surprised because much younger children are known to
successfully seriate sticks much more finely graduated. Apparently it is one thing to
perceive differences in a set of stimuli and another thing to mentally represent fine
gradations in length in the absence of concrete stimuli.

It should be recalled that the differences between the sample stimuli were substantial: one
line was 40% longer than the other, and one ball had four times the weight of the other!

Table 17: Granularity of Number, Weight and Length (all Grades and groups)

l\gzrfr;ll?sr NZ?;er Weight Length
“Infinite” 12.9% 14.2% 9.0% 6.1%
Lots 10.0% 11.8% 13.0% 20.0%
Some (1-12) 20.8% 61.4% 69.9% 67.2%
None 56.3% 12.6% 8.1% 6.7%

2- Granularity By Grade Level

Students made substantial progress in Number Granularity throughout the investigation
(see Figure 26). Whereas at the beginning of the study almost 1/3 of the students thought
there were no numbers at all between 4 and 5—they either denied that 4 and /2 was a
number or said that it did not lie between 4 and 5—by the end of the study, fewer than
one student in twenty did so. Also by the end of Grade 5, more than half of the students
believed that there were many, many numbers (Lots or Infinite) numbers between 4 and
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5, as opposed to fewer than 5% at the beginning of the study. However there were no
differences between the Treatment and Control Groups on this measure.

Granularity of Number (after prompt) by Grade Level

100 = pla

I 16%
: 299

BOL
I 42%

60 - 504

40 -

20k

G3—Pre G3—Post G4—Post G5—Post
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Figure 26: Granularity of Number by Grade Level

Students also made substantial progress in Granularity of Weight throughout the
investigation (see Figure 27) although, once again, there were no differences between the
Treatment and Control Groups. At the end of Grade 5, only 30% of the students believed
there were very many (Lots or Infinite) possible weights between the two balls of clay
they were shown.
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Granularity of Weight by Grade Level
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Figure 27: Granularity of Weight by Grade Level

The reader will recall that the Treatment students had made substantially greater progress
than the Control Students in acknowledging that tiny, invisible objects exist, have weight
and take up space. Table 18 shows there was a relation between the Granularity of
Weight responses and the Attribution of Weight to a Tiny Speck (all Grade levels and
conditions) (yx* (1, N=345) =30.67, p<. 0001). Those students who acknowledged that a
tiny speck had weight were more likely than the remaining students to have a finely
graded sense of the dimension of weight (Infinite or Lots). However, the variables were
sufficiently distinct so that the fact that one believes that tiny objects have weight does
not necessarily imply that once conceives of weight as a continuum with very tiny
differences among possible values. In other words, we conclude that the
acknowledgement of infinitesimally small objects (objects too small to be perceived yet
understood as having weight and taking up space) is not tantamount to acknowledging
infinitesimal differences in weight. One imagines that these ideas each need to be
discussed in the curriculum
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Table 18: Association between Attribution of weight to a tiny, invisible speck and

Granularity of Weight.

[Group [(Show Al 2|
Count of Invisible Spack |Invisiole Sd

ht 1-yas 2-nn (blank) |Grand Total
1-Infinite 21 10 kY
2-Lols 26 19 45
3-Some 71 170 241
4-None a 25 28
(blank)
Grand Tolal 121 224 345

Progress on Granularity of Lengths was generally similar to that of Granularity of
Weights (Figure 28). There was clear improvement from Grades 3 to 5. However, the
improvements could not be attributed to the Inquiry Treatment.

Granularity of Length by Grade Level
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Figure 28: Granularity of Length by Grade Level

Table 19 gives a more precise look at the response category Some. In the case of number
granularity, some corresponded to an average of just under 3 (2.8). For weight and length
granularity, some corresponded to just over four and one-half weights and lengths,

respectively. So, although the category included all responses one or greater but less than
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13, they typically involved much smaller numbers. And in the case of number, the most
common response (the mode) was 1. In other words, those students classified as
acknowledging some numbers between 4 and 5 more often than not only recognized four
and one-half as being between those values. So although the granularity of number is
initially more constrained than the granularity of weight and length, by the end of grade 5
it has moved ahead of them. This corresponds to the transition from natural numbers to
rational numbers that occurs in elementary and middle school (with the introduction of
fractions and rational numbers on the real line). We suspect that this transition has a
gradual influence on the conceptualization of physical quantities as finely graduated
dimensions.

Table 19: Granularity of number, weight, and length. Representative values of
"some". (All Grades and groups)

Mean Median Mode
“Some” numbers 2.8 2 1
“Some” weights 4.6 4 3
“Some” lengths 4.6 4 3

Some additional thoughts on the relations between the number line and the
conceptualization of physical quantities as dimensions are included at the end of the next
section.

3. The Repeated Halving of Numbers

INTRODUCTION

What do students think happens when numbers are repeatedly halved, that is, divided by
two? Does the process ever end? If so, when and why?

The Repeated Halving Task consists of a clinical interview (see Figure 29) around the
following issues:

e What is half of two? (The student was asked to name the result correctly as one. If
she hesitated, the interviewer suggested that one is half of two; if the student
accepted the suggestion, the interview proceeded).

e What is half of one? (Correct answer of one half required or suggested by
interviewer)

e [s there a number that is half of that? (It was not necessary that the student know
that the name of the results from this point forward, although names given by
students were recorded.)

e Is there a number that is half of that result (that is, half of %4)?

e Could we keep going like this? Why or why not?
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Figure 29: Repeated Halving Questioning and Relation to Response Categories

Two judges read the interviewer notes, including partial transcriptions of responses, and
classified students into five groups:

e Non-dividers did not display a grasp the elementary notion of taking half of a
number. They failed to acknowledge (even after the possible suggestion by the
interviewer) that half of two was one, that half of one was one-half, or that one-
half could be halved. Those who initially gave incorrect answers but accepted the
correct answers when encouraged to do so will belong to one of the remaining
categories.

¢ Number line wanderers claimed the results reached zero but continued beyond
into the negative numbers, never terminating. They started out correctly but
failed to recognize that zero would be a limit. Some may have confused dividing
by two with subtracting 5.

e Precipitous annihilators successfully handled the cases of half of two, half of
that, but thought the process ended or produced nothing at one of the next two
steps.
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e Patient annihilators acknowledged that halving continued for more steps but
stopped or reached zero at some point.

e Intuitors of limit expressed the view that halving went on and on forever, never
reaching zero.

At the beginning of the study (Grade 3) the majority of students had difficulty in
understanding the division of numbers for the simplest three cases. Some even asserted
that one did not have a half. Interestingly, there was evidence that Treatment students
were making more progress than Control students from Grade 3 to the end of Grade 5.
More specifically, among the Treatment students, the number of students in the two most
sophisticated categories (Intuitors of Limit or Patient Annihilator) more than doubled
from the end of grade 3 (18%) to the end of grade 5 (48%), a highly significant
improvement (( ;(2 (1, N=121)=11.33, p <001). In contrast, there was no significant
change among the control. They started off more sophisticated with 28% in the Intuitor
of Limit or Patient Annihilator category; by the end of grade 5 only 34% were in one of
these categories (( ;(2 (1, N=73) =.11, p=.74). There was also evidence that
understanding repeated division of number was strongly related to granularity of number
for both treatment and control students.

Repeated Halving of Numbers: Treatment group
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Figure 30: Repeated Halving of Number (Treatment Group)
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Repeated Halving of Numbers: Control group
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Figure 31: Repeated Halving Of Number (Control Group)

4- Summary of results on granularity and repeated halving of numbers

The results regarding repeated halving of numbers and granularity surprised us
considerably. When we began the study, we thought, perhaps naively so, that students
would regard measurable properties such a length and weight as continua and, if not
exactly continua, tightly packed dimensions. We knew from earlier research by Smith
and her colleagues that students would hesitate in attributing weight and volume to
objects that were so very tiny. This also seemed consistent with the view that their
judgments about physical magnitudes were heavily reliant on their sensations: if an object
felt as if it had no weight, there was no apparent reason to infer it had weight. (As we
saw, this belief is rather easily changed through instruction.)

However, the notion that there are very few distinct weights between any given examples
was very surprising, especially given the fact that students had a great amount of practice,
in the treatment group, associating weights and volumes with positions on the number
line (or quantity lines).

For some reason this experience with number lines does not necessarily translate into a
reconceptualization of quantities as finely graduated. In fact, length itself is not treated as
having many distinct instances. Does this suggest that students are simply casual about
what they consider distinct values? Do they only acknowledge differences that are
sufficiently large as to be obvious?
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Why would this occur for numbers? If a student has any inkling that a great many
distinct fractions exist, even if they are very close in value, we would imagine that they
would have mentioned them.

There seems to be much to be learned about the relationship between number line
understanding and the conceptualization of quantities as dimensions. We do not have
time and space to go into this here, but a few remarks would seem to be merited.

A number line is a visual depiction of how numbers are ordered; there is a one to one
correspondence assumed between each real number and its respective location on the
idealized line.® The model of the real numbers is only partially revealed through number
line diagrams. In actuality, the real number line model includes operations on real
numbers, most prominently, addition, subtraction, multiplication, and division.
Arithmetical operations and fundamental properties of real numbers, known as the Field
Axioms, can be represented dynamically in the model as actions on line segments
corresponding to intervals.’

When a teacher first introduces a number line in an elementary mathematics classroom,
she and her students will be having a discussion about rather different things. Her young
students will almost invariably believe that the number line contains only the numbers
they know: the counting numbers'’, 1, 2, 3.... They believe that no numbers exist
between consecutive counting numbers. From our point of view, they believe the number
line to be “sparsely populated.” Furthermore, young students will fail to understand how
subtraction and division relate to operations on the number line. And, until and unless
they receive instruction on the matter, they will not understand how a fractional operator
(e.g. 0 %4) relates to multiplication and division by integers. Their expanded knowledge of
number systems will go hand in hand with adjustments in their understanding of the
number line. The number line also provides a foundation for two-dimensional and higher-
order coordinate spaces of use for visually representing functional dependency.

A physical quantity can be thought of as a dimension along which the amount or intensity
of an attribute (weight, volume, brightness, distance...) can be spatially ordered. The
dimension has a metric if there is an agreed upon way to assign values to locations and
distances (intervals) on the continuum.

Because young students readily make comparative judgments of quantities and numbers
(one object is heavier, wider, warmer...than the other; 6 is bigger than 2), we know they

¥ In a drawn number line, points necessarily have size; in the idealized model of the number line,
mathematical points do not have size. There are other differences between a drawn number line—
which is a signifier, a symbolic token—and the ideal number line model—the signified or
referent. It is even prudent to think of the number line as a symbolic representational system
rather than an isolated symbol.

? The additive axioms (associativity, commutativity, identity, and inverse) are straightforward; the
multiplicative ones are not. E.g. a multiplicative inverse requires that there be a metric.

' The counting numbers are also known as the natural numbers or whole numbers (although
some authors consider zero to be a whole number).
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treat them as (ordered) magnitudes. But how fine are the smallest distinctions they
acknowledge? How many numbers are there in a given interval? How finely grained are
their notions of length and weight? At issue are students’ presumptions about the
granularity of quantities and numbers. The present results suggest that children have
much more limited granularity than we do; even by Grade 5, only about half
acknowledge there are many numbers (infinite, lots) between 4 and 5 or that one can keep
dividing numbers in half, and fewer than half acknowledge there are many weights or
lengths between two noticeably different weights or lengths.

Such questions happen to bear directly on the two issues mentioned earlier; namely, the
shift away from an over-reliance on explanations based on perceptual judgment and the
view of measurable quantities as dimensions having properties akin to those of real
numbers. In grade 4, Inquiry students observed the effect of adding a small object to a
glass of water: the water level rose appreciably. However, when asked in class discussion
to consider whether a rock cast into a lake would cause the water level to rise, they were
greatly divided. Only some of the students would acknowledge imperceptible changes in
magnitude. We suspect their willingness to acknowledge these changes relates to their
growing understanding of the granularity of number.

E. Relating scientific concepts and quantification of components of a mixture (sugar
and water)

The Inquiry Curriculum focused on developing children’s quantitative understanding of
specific quantities--weight and volume--and their coordination in an idea of heavy for
size as part of developing a deeper understanding of matter and materials. This is a rich
context for developing an understanding of measure and proportional reasoning and the
previous section demonstrated some of the progress Treatment children made in that
context. But how would children think and reason about other (related) contexts that call
for proportional reasoning not considered explicitly in the Inquiry Curriculum, such as
reasoning about concentrations of different mixtures? Here our findings indicate that
such generalization is not automatic, raising important questions about the complex
interactions between the understanding of specific content and mathematical structure.

On tasks involving concentrations of liquid mixtures, children are considered to reason
proportionally insofar as their judgments of an intensive quantity (e.g. sweetness) are in
accordance with the given ratios of amounts. When the ratios of solute to solvent are
equal (e.g. one mixture of 2 cubes sugar in 4 units water is compared to another of 3
cubes sugar in 6 units of water) the child predicts the mixtures will be equally sweet;
when the ratio for one mixture is smaller (even though its raw amounts may be greater),
that mixture is inferred to be less sweet.

Researchers (e.g. Piaget, Karplus, Noelting) typically interpret the task in terms of
whether the child recognizes the mathematical structure inherent in the problem (e.g. a:b
< c:d, where a, b might correspond to the weights of two cylinders and c, d to their
volumes) or incorrectly attends to other mathematical properties or relations (e.g. b-a>
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d-c; or b>d). The choice among competing mathematical models is to be resolved by a
student’s care in identifying the structure of the problem.

As an empirical problem, the task is first and foremost a matter of figuring out how
ingredients contribute to the taste of the final mixture. It only becomes a matter of
comparing ratios if and when the scientific reasoning evokes a model of ratio and
proportion. So one could argue that poor performance is due to a lack of understanding
about how mixtures work (the concentration of solute determines the intensity of the
taste).

Here we examine both the emergence of proportional reasoning and children’s ideas
about how sugar and water combine to produce solutions of differing sweetness. We
wonder whether it is possible to distinguish between those cases where unsuccessful
reasoning is due to the lack of proportional reasoning or to misunderstandings about what
determines the sweetness of a mixture.

Participants were shown the four diagrams in Table 20 and asked if, after mixing, the
drink in one pitcher would taste the same as in the other or whether one would be
sweeter.

Table 20: Mixture Tasks, showing questions and also diagrams shown to students.

The Questions Cards shown to students

Task 1:

Which mixture will taste sweeter?
2 sugar cubes in 4 cups of water or
2 sugar cubes in 6 cups of water?

Task 2:

A
10— 10—

Which mixture will taste sweeter?
1 sugar cube in 3 cups of water or
2 sugar cubes in 6 cups of water?

I_I_I_l_l_l_r

= N A~ OO
“ N aOD~ OO

Task 3:

Which mixture will taste sweeter?
3 sugar cubes in 8 cups of water or
2 sugar cubes in 4 cups of water?

=

T o
Lt

-

¥
IJL
l

—muawmwmm?

How could you make the two
mixtures equally sweet? o i o
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Task 3: - B

Which mixture will taste sweeter?
2 sugar cubes in 3 cups of water or
1 sugar cube in 2 cups of water?

1-Same Amount of Sugar, Different Amounts of Water

Task 1 was the easiest of the four since the answer depended solely on the amount of
water, given that the amounts of sugar were equal. Children’s difficulty in this task may not
stem from lack of proportional reasoning, since Task 1 can be solved by focusing on a single
variable, without taking into account the specific number of units: the beakers have the
same amount of sugar but B has more water, so it must contain a less sweet solution.

Here, more than half of the third Graders correctly stated that the mixture with two sugar
cubes in four cups of water would taste sweeter than the mixture with two sugar cubes in
six cups of water. In most cases they justified their correct answers by stating that there
was more water in the second container. Performance was consistently higher for the
Control Group and improved from Grades three to five for both groups (see Figure 32).

Which is sweeter, 2 cubes in 4 cups
or 2 cubes in 6 cups?

Percent of Correct Answers

100%: 4
0%
80%% 1
0% -
60%: +——— Gr. 3 Post
50% - Gf, 4 Pot
0% HGr D Post
0%
20%
10%

0%

[TTT1

Control Intervention

Figure 32: (2 cubes in 4 cups) sweeter than (2 cubes in 6 cups)

Wrong answers that the solutions would be equally sweet were justified by stating that
the beakers had the same amount of sugar. This occurred for less than 10% of all Control
students and for about 25% of all Intervention students. Examples of such justifications
are: “Water has nothing in it, you're just putting sugar in it so it has the same taste” or “It
doesn’t matter how much water.” These students seemed to see water as merely the
means for delivering the total amount of sugar. They may have failed to realize that

73



Inquiry Project (#0628245) Final Report

sweetness is a property of an arbitrary sampling (e.g.: a gulp) rather than of the total
amount.

Surprisingly, other students, mainly third Graders, believed that solution B was sweeter
because there was more water to dilute the sugar (see Figure 33), as in the following
examples: “The more water it has, the better the sugar cube will dissolve” or “The sugar
eats the water, makes it turn into sugar.”

Percent of Children stating that 2/6 is
sweeter than 2/4 because there is more
water

100%
G0%
B0%
F0%%
E0%: Gr. 3 Post
B0% Gr. 4 Post
40% B Cr. 5 Post
30%
20%
10%:

0% I . B

Control Intervention

Figure 33: (2 cubes in 6 cups) claimed sweeter than (2 cubes in 4 cups) because “there is
more water”

These two kinds of justifications support the idea that, at least in younger ages, students’
performance in mixture tasks may be more related to their understanding of how sugar
and water interact to produce sweetness when they are mixed than to awkwardness with
the mathematical structure.

2-Amount of Sugar Proportional to Amount of Water

In task 2, the ratios of sugar to water were equal. Children’s performance improved from
Grades three to five (See Figure 34) and was again better for the Control students.
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Which is sweeter, 1 cube in 3 cups
or 2 cubes in 6 cups

Percent of Correct Answers

100%: 9
00%
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10% |
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Figure 34: (1 cube in 3 cups) just as sweet as (2 cubes in 6 cups)

Slightly less than half of the correct answers were justified by noting that 1 in 3 was the
same as 2 in 6. The following are examples of this kind of justification: “It’s like saying
every three cups you have, you put a sugar cube in,” “One jar had double (or half) the
sugar but also double (or half) the water,” “This (C) has less water and 1 sugar cube but
this (D) has more water and two sugar cubes,” “D has double everything that C has so if
you put the cubes in and took a drink it would taste same.” Other children who gave
correct answers used a distribution approach: “Because if we took this one away and then
took away 3 more cups of that they’d be the same but if we add 3 cups and then a whole
sugar cube it’d be the same.” Some just reasoned qualitatively: “C has a little bit of
water, so it would be just enough for it, D has a lot of water,” “Because C has less water
and less sugar and D has more water and more sugar cubes.”

Wrong answers stated in 19% of the cases that C was sweeter, and in 64% of the cases
that D was sweeter. Justifications for incorrect answers typically mentioned only one of
the ingredients (sugar or water).

3-Different Ratios

In task 3 children had to compare two different ratios, with different values for each
variable. Again, the Control Group performed better than the Intervention group (Figure
35). Here, approximately one third of the children justified correct answers (a) by
comparing the ratio between the number of sugar cubes with the ratio between the
number of cups of water, as in the following examples: “In E there is double the water
but not double the sugar”; "4 is half of 8, but 2 is more than half of 3, so it will have extra
flavor" or (b) by comparing the ratios of sugar to water, as follows: “F has 1 sugar cube
for 2 cups water, E has less than 1 sugar cube for 2 cups water.”
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Which is sweeter, 3 cube in 8 cups or 2 cubes in 4
cups

Percent of Correct Answers
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Control Intervention

Figure 35: (3 cubes in 8 cups) less sweet than (2 cubes in 4 cups)

Justifications for incorrect answers typically mentioned only one of the ingredients
(sugar) or did not mention precise quantification. As much as 44% of the children
answered that E was sweeter and 8% judged that E and F tasted the same. The children
who stated that E was sweeter justified their answers by the fact that there was more
sugar in E, further explaining, for example, that “The water doesn’t matter, only the sugar
cubes.” The children who said that E and F would taste the same explained their answers
with statements that E had more water and more sugar as in the following example:
“Because with only a little water and two cubes, F could be sweet. E has a lot of water
and three sugar cubes, when they dissolve, they might taste the same.”

In task 3, children also answered the question “Is there any way we could make them
taste the same even though they have different amounts of sugar?” For the Control
Group, children’s performance systematically improved from Grades three to five (see
Figure 36), with more children in higher Grades proposing solutions that would make the
two mixtures have the same ratio of sugar to water, even though the amounts were
different. For the Treatment group (Figure 37), the trend is less clear, but still more
children proposed equal ratios in higher Grades.
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Making 3to 8 as sweetas2to 4
Control Group Answers
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Figure 36: Making two mixtures equally sweet (Control)

Making 3 to 8 as sweet as 2 to 4
Intervention Group Answers
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Figure 37: Making two mixtures equally sweet (Treatment)

4-Different Simplified Ratios

More than 60% of the children in both groups gave a correct answer to this task (Figure
38), with the fifth Graders in the Control Group showing the best performance.
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Which is sweeter, 2 cube in 3 cups or 1 cubes in 2 cups?
Percent of Correct Answers
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Figure 38: (2 cubes in 3 cups) sweeter than (1 cube in 2 cups)

About one quarter of the fifth Graders in the Control Group justified their answers with
statements that involved proportionality. For the other Grades, in both groups, less than
10% of the children offered proportional justifications for their answers. Instead, a little
less than one third of the answers in all groups and Grades mentioned only either the
difference in amounts of sugar or the difference in the amounts of water.

5-Summary of Results

Our results indicate that children’s early difficulties may rest on conceptions about how
sugar and water contribute to sweetness. For most children only the amount of sugar
matters; for a few, more water makes the mixture sweeter. The results also show no
evidence of influence of the curriculum (which incidentally did not directly focus on
sugar and water mixtures or proportionality).

Our data suggest that to prepare students to develop an understanding of proportionality
as it relates to mixtures, explicit and systematic experiences with the resulting mixtures,
together with a stronger focus on quantification, are needed.

F. Conclusions
Our results support the following main conclusions:

First, at the beginning of Grade 3, students’ concepts of weight, volume, material, and
matter are different from, and often at odds with, those of scientists. Such concepts are
typically overlooked in traditional science curricula.

More specifically, at the start of third Grade, children treated material, weight, and size as
closely tied to their perceptual judgments of objects and materials rather than as objective
properties that are tightly interconnected in an explicit model of matter. Further, they did
not yet conceptualize physical quantities as measures that could be operated on additively
and multiplicatively. They tended to view fractions as a fairly small set of numbers falling
between integers (often only 1 or 2 fractions between consecutive integers). Likewise,
they thought there were relatively few possible examples of distinct weights and lengths
that would be greater than one example and smaller than another (even when the
differences between the examples was striking). They did not clearly distinguish volume
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from length, area, shape, and weight; they did not clearly distinguish density from weight
and coordinate it with size (volume). Nor did they recognize that materials differed in
density. By and large, these youngest students in our study also lacked a concept of matter
as something that includes all solids and liquids, as something that takes up space and has
weight, and that also includes gases and gas-like mixtures. Thus the conceptual relations
in these students’ knowledge network were very different from the relations observed
among experts.

Second, Treatment students (those who received the Inquiry Project curriculum) made
clear progress from Grade 3 to 5 in understanding weight, volume, density, material, and
matter. There was evidence that they were engaged in a productive, but drawn-out process
of reconceptualizing the concepts in their matter network. Although they still showed
difficulty on various items and were not at ceiling on all many items even at the end of
grade 5, the majority had made substantial progress in making changes that allowed them
to meaningfully view matter as something that takes up space and has weight and that also
includes gases as well as solids and liquids.

More specifically, by the end of Grade 3, over 90% of the Treatment children understood
that the identity of a material remained unchanged with decomposition into little pieces;
88% understood that reshaping did not change the amount of material, and almost 70%
linked weight to amount of material and consistently judged that reshaping did not change
the object’s weight or how it would affect a balance scale (up from 63%, 64%, and 41% at
pretest, respectively). Grade 3 Treatment students made especially dramatic progress in
their understanding that tiny things both have weight and take up space (up from 7% in the
pretest to 67% in the Grade 3 posttest). They also made significant progress in
understanding that reshaping did not change an object’s volume (from 33% to 65% in the
Blocks Rearrangement task, and from 25% to 45% in the Clay Transformation task). They
made only limited progress, however, with regard to other aspects of volume (e.g., volume
measurement, water displacement), “heaviness of materials,” and matter by the end of
Grade 3. The fact that children’s understanding of materials and weight leads their
understanding of volume, density, and matter is consistent with the Inquiry curriculum’s
assumption that weight and material can constitute productive entry points for learning
about matter.

In Grade 4, although children did not make further progress with most of the weight or
materials tasks, or the two tasks that assessed volume invariance across reshaping, they
continued to make steady progress on all three of the density tasks and significant progress

on volume measurement and water displacement, a focus of the 4™ grade curriculum.
Thus, by the end of Grade 4:

e Over half of the children (53%) were systematically distinguishing the heaviness
of objects from heaviness of materials (up from 17% at pretest and 33% at the end
of Grade 3);

e Over half (53%) were correctly inferring what material two “mystery” objects
were made of using information about heaviness for size (not simply weight) (up
from 12% at pretest and 19% at the end of Grade 3).

e Almost half (44%) were able to provide explanations for why different size
objects weighed the same that involved consideration that the objects were made
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of different materials and/or the smaller was made of a heavier kind of material
(up from 10% at the pretest, and 25% at the end of Grade 3).

e Over half (56%) understood the amount of water displaced by a submerged object
depended on its volume rather than its weight (up from 10% at pretest, and 21% at
the end of Grade 3).

e Finally, more than a third (36%) correctly used the small cubes to judge the size of
two rectilinear objects according to volume (rather than length or area). Although
the majority still had difficulty with this task, this represents a significant
improvement from pretest when only 5% used the cubes in this way, and the end
of Grade 3, when 21% did.

In Grade 5, children were far more likely to have an explicit concept of matter and realize
that even very tiny things have weight. By then 76% had come to understand that tiny
pieces of clay take up space and have weight, and 86% understood that when sugar
dissolves in water, the amount of sugar and its weight remain invariant (up from 44% at
pretest). They tended to view matter as including solids, liquids, and gases; and
understood that matter takes up space and has weight. [ Three-quarters (76%) classified
all solids and liquids as matter, (up from 37% at pretest), and almost two-thirds (63%)
were also including some gases in these groupings (up from 25% at pretest). Further,
60% now explicitly stated that all matter takes up space or has weight (up from 10% at
the end of grade 3), and 63% were systematically distinguishing the weight of objects
from the heaviness of materials.]

However, the Treatment Students did not make further progress with volume and indeed
showed some (slight) regressions on all the volume tasks. We suspect this may reflect the
shift in curricular focus. Disappointingly, fewer than a third of the treatment students
judged size on the basis of volume (as opposed to area) at the end of Grade 5. In
addition, although the vast majority of students understood that even tiny thing have
weight, fewer than a third treated weight as a continuous dimension (with lots or an
infinite number of weights between the weight of two balls). These findings point to the
need to keep volume front and center even after grade 4, and to have explicit discussions
about the granularity of weight.

Third, progress among the Control students (those who had the standard science
curriculum) was much spottier. On some key tasks their progress was delayed relative to
the Treatment students, although they eventually caught up by the end of Grade 5 (e.g., on
the tasks probing their understanding the invariance of materials across grinding,
understanding that shape change does not affect object weight, balance, or volume when
objects were composed of unit cubes, and understanding volume measurement.) On a
number of other tasks, however, they either made no progress at all across grades 3 to 5 or
very limited progress, so that by the end of Grade 5 there remained significant differences
between the Treatment and Control students. More specifically, the vast majority of
Grade 5 Control students still did not think tiny pieces of clay both took up space and had
weight (31% Control compared to 76% Treatment), that the amount and weight of sugar
was conserved on dissolving (46% Control compared to 85% Treatment), that the volume
of clay was conserved on reshaping (26% Control compared to 42% Treatment), or that
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volume, not weight was relevant on water displacement. (14% Control compared to 47%
Treatment). The majority did not systematically distinguish the heaviness of materials
from the heaviness of objects (34% Control compared to 63% Treatment; they did not
form systematic matter groupings that included at least some gases as well as all solids
and liquids (29% Control compared to 63% Treatment); nor did they articulate the idea
that all matter has weight or takes up space (9% Control compared to 60% Treatment). On
these tasks, their developmental trajectories were relatively flat and their level of
performance significantly lagged behind that of the Treatment students. It appears that the
Inquiry curriculum was more likely than the standard curriculum to help students develop
a sound model of matter.

Fourth, there were encouraging indications that young students can make use of quantity
lines (number line where the units are in units of measure such as grams or cubic
centimeters) to systematically order sets measurements and to think of physical quantities
as dimensions. However, they tended to regard the distinct values on quantity lines and
number lines as being “few and far between.” In principle, treating quantities and
numbers as dimensions would seem to be consistent with the emergence of proportional
reasoning. There was evidence in the interviews (Granularity of Weight, Length, Number;
Sweetness) that both Treatment and Control students made some progress from Grades 3
to 5 in these regards, although in both cases the progress was limited and there were no
differences between Treatment and Control students. One suspects that proportional
reasoning about physical quantities and understanding quantities as continua may need
more direct nurturing.

Finally, our data showed there were many similar relationships across tasks for Treatment
and Control students, despite their different levels of performance and curricular histories.
For example, understanding that tiny pieces of clay have weight and take up space was
strongly related to developing precursor understandings of density and matter;
understanding volume measurement was strongly related to understanding the
measurement of area and focusing on volume as the invariant in the Blocks
Rerarrangement task; understanding the granularity of weight was related to both
understanding of the granularity of number and understanding that tiny pieces have
weight. These relations may reflect conceptual constraints that need to be exploited in any
Learning Progressions curriculum.
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