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Based on areview of research and a cognitive development model (Biggs & Collis,
1991), we formulated a framework for characterizing elementary children’s statisti-
cal thinking and refined it through a validation process. The 4 constructs in this
framework were describing, organizing, representing, and analyzing and interpret-
ing data. For each construct, we hypothesized 4 thinking levels, which represent a
continuum fromidiosyncratic to analytic reasoning. We devel oped statistical think-
ing descriptorsfor each level and construct and used theseto design aninterview pro-
tocol. Werefined and validated the framework using data from protocols of 20 target
studentsin Grades 1 through 5. Results of the study confirm that children’ s statistical
thinking can bedescribed according to the4 framework |evel sand that theframework
provides a coherent picture of children’s thinking, in that 80% of them exhibited
thinking that was stable on at least 3 constructs. The framework contributes do-
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main-specific theory for characterizing children’s statistical thinking and for plan-
ning instruction in data handling.

In response to the critical role that information and data play in our technological
society, there have been international callsfor reformin statistical education at all
gradelevels(Australian Education Council, 1994; National Council of Teachersof
Mathematics, 1989, 2000; School Curriculum and Assessment Authority & Curric-
ulum and Assessment Authority for Wales, 1996). These callsfor reform have ad-
vocated a more pervasive approach to the study of statistics, one that includes de-
scribing, organizing, representing, and interpreting data. This broadened
perspective has created the need for further research on thelearning and teaching of
statistics, especialy in the elementary grades, where there has been atendency to
focus narrowly on graphing rather than on broader topics of datahandling and data
analysis (Shaughnessy, Garfield, & Greer, 1996).

Although someelements of students’ statistical thinking and learning have been
investigated (Bright & Friel, 1998; Cobb, 1999; Curcio, 1987; De Lange, van
Reeuwijk, Burrill, & Romberg, 1993; Gal & Garfield, 1997; Konold, Pollatsek,
Well, & Gagnon, 1997; Lehrer & Romberg, 1996; Mokros & Russell, 1995), re-
search on students’ statistical thinking isemergent rather than well established. Ex-
isting research on students’ statistical thinking has not yet developed the kind of
detailed cognitive models of students’ learning that researchers like Cobb et al.
(1991) and Resnick (1983) deemed necessary to guide the planning and devel op-
ment of mathematics curriculum and instruction. In essence, although research has
developed coherent frameworks to describe students’ thinking for mathematical
topics such as whole numbers (Carpenter & Moser, 1984), rational numbers
(Lamon, 1993; Mack, 1990), geometry (van Hiele, 1959/1985), and probability
(Jones, Langrall, Thornton, & Mogill, 1997), thishasnot happenedfor students’ sta-
tistical thinking. Weaddressed that voidinthisstudy by developingandvalidatinga
framework for characterizing elementary school (Grades 1-5) students' statistical
thinkinginaway that will beappropriatefor informing assessment andinstruction.

AIMS OF THIS RESEARCH

The aims of this research were threefold. First, through synthesis of existing re-
search on statistical thinking, in this study we sought to develop an initial frame-
work for characterizing how studentsthink in statistical situations. Thisframework
was situated in a general cognitive development model (Biggs & Collis, 1991).
Second, in thisstudy, we set out to generate assessment protocol sbased on thisini-
tial framework. Third, based on observations and insights of children’s statistical
thinking, we sought to refine and validate the initial framework using the assess-
ment protocols and case-study analysis.
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THEORETICAL CONSIDERATIONS

Thethesis of thisstudy isthat, for studentsto exhibit statistical thinking, thereisa
need for them to understand data-handling concepts that are multifaceted and de-
velop over time. Shaughnessy et al. (1996) maintained that data handling incorpo-
rates “ organizing, describing, representing, and analyzing data, with aheavy reli-
ance on visual displays such as diagrams, graphs, charts, and plots’ (p. 205). In
generating our initial statistical thinking framework (initial framework; see Table
1), we adopted the four constructs identified by Shaughnessy et al. in a slightly
modified form: describing, organizing and reducing, representing, and analyzing
and interpreting data.

Our initial framework was also formulated on the basis that elementary chil-
dren will exhibit four levels of statistical thinking in accord with Biggs and
Collis's (1982, 1991) genera developmental model, Structure of the Observed
Learning Outcome (SOLO). These levels of statistical thinking, described in our
framework as idiosyncratic, transitional, quantitative, and analytical, are elabo-
rated in the following.

The Four Constructs

Each of the four major constructsin our initial framework is described and ampli-
fied through reference to research on students' statistical thinking. We also usere-
search on each construct to identify the kinds of tasksthat were employed to assess
children’s statistical thinking in this study.

Describing Data

Our first construct incorporates what Curcio (1987; Curcio & Artz, 1997)
called reading the data. Curcio noted that reading the data means extracting infor-
mation explicitly stated in the display, recognizing graphical conventions, and
making direct connections between the original data and the display. Hence, de-
scribing datarefersto explicit reading of the data and should not be confused with
Curcio’ stermsreading between the data and reading beyond the data. Theselatter
notions are incorporated in our fourth construct, analyzing and interpreting data,
and are discussed |ater.

Major studies that have addressed children’ sthinking vis-avis describing data
includeBeaton et a. (1996) and Pereira-Mendozaand Mellor (1991). Resultsfrom
these studies indicate that elementary students, especially at the upper grade lev-
els, can read data displays. Pereira-Mendoza and Mellor, for example, obtained
correct descriptions of bar graphs from 95% of the fourth graders in their study,
and Beaton et al. found that over 75% of the third- and fourth-grade studentsin the
Third International Mathematics and Science Study (TIMSS) could read data di-



TABLE 1

Initial Statistical Thinking Framework

Construct Level 1: Idiosyncratic Level 2: Transitional Level 3: Quantitative Level 4: Analytical

Describing In reading the data, demonstrates  In reading the data, demonstrates  In reading the data, generally In reading the data, demonstrates
data displays little awareness of the data and some awareness of dataand demonstrates complete complete awareness of the data
(D) graphing conventions (e.g., graphing conventions awareness of the data and and graphing conventions

Organizing and
reducing data
(©)

title, axis labels)

Recognizes when different
displays represent the same
data by giving ajustification
based on subjective judgments

Considersirrelevant or subjective
features when evaluating the
effectiveness of different
displays of the same data set

Does not attempt to group data
into classes

Does not attempt to order data

Recognizes when different
displays represent the same
data by giving ajustification
based on cosmetic features

Focuses only on one aspect when
evaluating the effectiveness of
different displays of the same
data set

Groups data into classes on the
basis of criteriathat the
student may not be able to
explain

Orders data but may not be able
to explain the value of doing
this

graphing conventions
Recognizes when different
displays represent the same
data by establishing partial
relations between the displays

Focuses on more than one aspect
when evaluating the
effectiveness of different
displays of the same data set

Groups data into classes and can
explain the basisfor this

grouping

Orders dataand is able to explain
the value of doing this

Recognizes when different
displays represent the same
data by establishing precise
numerical relations between
the displays

Provides a coherent and
comprehensive explanation
when evaluating the
effectiveness of different
displays of the same data set

Can group the data into classesin
more than one way and can
explain the basis for these
different groupings

Can order the datain different
ways and can explain the basis
for these different orderings



Representing
data
(R)

Analyzing and
interpreting data
(A)

Gives a subjective description or
isnot able to describe datain
terms of “typicality”

Gives a subjective description or
isnot able to describe dataiin
terms of spread

Constructs an idiosyncratic or
invalid display when asked to
complete a partially
constructed graph associated
with a given data set

Produces an idiosyncratic display
that does not represent the data
set

Makes no response or gives an
irrelevant response to
questions on reading “ between
the data” and “beyond the
data’

Makes no response or an
irrelevant response to the
question, “What does the
display not say about the
data?’

Describes “typicality” of data
using invented measures that
are partially valid

Describes spread of data using
invented measures that are
partialy valid

Constructs adisplay that isvalid
in some aspects when asked to
complete a partialy
constructed graph associated
with a given data set

Produces a display that
represents the data but does
not attempt to reorganize the
data

Compares data within the display
or data set (“reading between
the data)

Makes arelevant but limited
response to the question,
“What does the display not say
about the data?’

Describes “typicality” of data
using the mode or invented
mesasures that are valid

Describes spread of data using
invented measures that are
valid

Constructs avalid display when
asked to complete a partialy
constructed graph associated
with agiven data set

Produces adisplay that shows
some attempt to reorganize the
data

Makes inferences concerning the
variables beyond the scope of
the data present (“reading
beyond the data)

Makes multiple relevant
responses to the question,
“What does the display not say
about the data?’

Describes “typicality” of datain
terms of common measures of
center such as the median or
the mean

Describes spread of datain terms
of acommon measure such as
the range

Constructs avalid display and
justifies the procedure when
asked to complete a partialy
constructed graph associated
with a given data set

Produces multiple valid displays
some of which reorganize the
data

Makes inferences (about two or
more data sets or displays) that
involve reading between the
data or reading beyond the
data

Makes a comprehensive
contextual response to the
question, “What does the
display not say about the
data?’
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rectly from abar graph. Further, approximately 40% of the TIM SSthird-grade stu-
dents and 70% of the fourth-grade students could read data from a pictograph.

Based on our definition of describing data and a synthesis of the aforemen-
tioned research, we identified the key elements in describing data as follows: (a)
reading data displays, (b) showing awareness of elemental graphing conventions
(e.g., title, axislabels), (c) recognizing when different displays represent the same
data, and (d) evaluating different displays of the same data. In accord with these
key elements, we generated clusters of questions or tasks like the following to as-
sess children’ s thinking on this construct:

e What does this picture tell you?
¢ Do you think these pictures represent the same data?
¢ Which one of these pictures would be more useful ?

Werecognizethat aquestionlike“What doesthispicturetell you?’ isopen-ended.
However, we wanted to assess the limits of children’s thinking in relation to de-
scribing data, and we were aware that we could use follow-up questions to probe
and focus their thinking.

Organizing and Reducing Data

This construct incorporates mental actions such as ordering, grouping, and
summarizing data(Moore, 1997). Assuch, it also involves reducing data using no-
tions of center and spread.

Research on organizing data at the elementary school level isvirtually nonexis-
tent (Cobb, 1999, p. 5). However, based on their interviews with middle school
students, Bright and Friel (1998) reported that students experience great difficulty
in making connections between ungrouped visual displaysand grouped visual dis-
plays of the same data.

Most of the available research on elementary schoolchildren’ s thinking in data
reduction hasfocused on their understanding and use of measures of center, partic-
ularly the mean. A seminal study by Strauss and Bichler (1988) involving 8-, 10-,
12-, and 14-year-olds examined students’ understanding of seven properties of the
arithmetic mean. With respect to the two younger groups, these researchers found
that approximately one half of the 8-year-olds and almost all the 10-year-olds un-
derstood that the average is |ocated between extreme values. Further, Strauss and
Bichler found that nearly all of the students in these two groups realized that the
averageisinfluenced by valuesin the data set and that the average does not neces-
sarily equal oneof the actual datavalues. However, lessthan 15% of these students
understood that aval ue of zero must betaken into account when finding the mean.

Intheir study of fourth-, sixth-, and eighth-grade students’ concept of averagein
problem-solving situations, M okrosand Russel | (1995) found that younger students
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intheir study interpreted aver age asthe val uethat occurred with greatest frequency
(mode). Mokros and Russell suggested that studentswho consider the averageasa
modeareat apointinwhichthey seethedataset asindividual valuesrather thanasan
entity that can berepresented by asinglevalue. Bright and Friel (1998) claimed that
studentsuseamaodeto describethetypical nessof datain adisplay becausethemode
iseasily identifiablein agraph. Some of the younger studentsin Mokros and Rus-
sell’s study considered the average to be a data point roughly centered within the
data, that is, these students had begun to conceptualize the notion of median. The
ideaof averageasamathematical point of balance, avital characteristic of themean,
did not emergeinthethinking of younger studentsinthe Mokrosand Russell study.
Further, Mokrosand Russell found that younger studentsdid not usean algorithmic
procedure to determine the average even when they were aware of the procedure.

Based on our definition of organizing and reducing data and our review of re-
search, we identified the key elements of this construct as follows: (a) grouping
and ordering data, (b) recognizing that information may be “lost” in areorganiza-
tion of data, (c) describing datain terms of representativeness or typicality, and (d)
describing data in terms of spread. In accord with these key elements, we gener-
ated clusters of questions or tasks like the following to assess children’ s thinking
on this construct:

» How would you organize this datain another way?

e Can you tell in this graph, with a different organization of the data, how
many Beanie Babies” Mary had?

About how many friends came to visit?

What' s the typical number of friends who came to visit?

Wheat is the average number of friends who came to visit?

Which of these sets of scores have the greatest spread, or do they have the
same spread?

Note that, in determining children’ s understanding of center (average), we consis-
tently asked three variations of the same question: (a) one that asked “about how
many?’ (b) onethat used the term typical, and (c) one that used the term average.
Wewere aware that young children might not recogni ze the term average, and we
thought that these variationsmight reveal thefull extent of children’ sknowledge of
center.

Representing Data

Constructing representations and visual displays that exhibit different organi-
zations of adata set is central to this construct in our initial framework. It aso in-
volves certain elemental conventions that are associated with the presentation of
visua displays.
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Younger elementary students have difficulty creating visua displays of data
sets. In the TIMSS study, only 30% of third-grade students and 55% of
fourth-grade students could complete a bar graph using data from atable (Beaton
et a., 1996). In the Nationa Assessment of Educational Progress (NAEP;
Zawojewski & Heckman, 1997), 60% of the fourth-grade students could compl ete
a bar graph or pictograph using given data, but there was less success (33% and
42%, respectively) when students had to organize the data needed to complete a
bar graph or a pictograph. In an exploratory study, Curcio and Folkson (1996)
asked kindergarten children to represent the number of “p words’ in aliterature
story. Four types of representations emerged: Some children wrote the p word ev-
ery time they saw it, others wrote numerals as they counted the p words, others
used tally marks, and some did not represent anything on paper except the final
number.

Based onour definition of representing dataand asynthesisof theresearch previ-
oudly discussed, weidentified thekey elementsin representing data: (a) completing
apartially constructed datadisplay and (b) constructing displaysto represent differ-
ent organizationsof adataset. Inaccordwiththesekey elements, wegenerated ques-
tions or tasks like the following to identify children’ s thinking on this construct:

e Complete this graph that has been started by your teacher.
« How would you organize and present this data in another way?

Again, we wanted to determine the limits of children’s knowledge in representing
dataand, in particular, to ascertain whether they would show any tendenciesto rep-
resent different organizations of the same data.

Analyzing and Interpreting Data

This construct incorporates recognizing patterns, trends, and exceptionsin data
and making inferences and predictions from the data. It includes what Curcio
(1987) referred to as “ reading between the data” and “reading beyond the data” (p.
384). For Curcio (1989), reading between the data requires students to compare
guantities and use mathematical concepts and operationsto combine and integrate
data. Reading beyond the datarequires studentsto predict or infer from the data by
tapping their existing schemata for information that is neither explicitly nor im-
plicitly stated in the visual representation (Curcio, 1989, p. 6).

Elementary school students have difficulty analyzing and interpreting data.
Putt et al. (1999) found that 80% of the first- and second-grade students inter-
viewed gave responses that were superficial, incomplete, or inconsistent when
they attempted to analyze data from aline plot and a bar graph. In the NAEP as-
sessment (Zawojewski & Heckman, 1997), less than one half of the fourth-grade
students could compare datain atable or interpret data in a bar graph. Similarly,
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Pereira-Mendoza and Mellor (1991) found that, although fourth-grade studentsin
their study were successful at literal reading of bar graphs (over 95% successrate),
they were less successful at interpreting (52% success rate) and predicting (less
than 20% success rate). These researchers found that most interpretation errors
could be traced to computation and reading errors, whereas prediction errors fre-
quently arose when students were misled by the arrangement of the data or when
information had to be interpolated. Fourth graders in the Pereira-Mendoza and
Méllor study also had difficulty thinking beyond the data (Curcio, 1987). For ex-
ample, when predicting the allowance for a child in ayear beyond that presented
on agraph, most students at this grade were unsuccessful because they considered
the graphs to be compl ete.

Based on our definition of analyzing and interpreting data and Curcio’s (1987,
Curcio & Artz, 1997) research, the key elements for this construct were (a) com-
paring and combining data (reading between the data) and (b) extrapolating and
predicting from the data (reading beyond the data). Consistent with these key ele-
ments, we generated clusters of questionsor taskslike the following to assess chil-
dren’ s thinking on this construct:

» Which day had the highest number of visitors? (compare)

e How many friends came to visit during the week? (combine)

 About how many friendswould you expect to visit during the next 4-week
month? (predict)

e What doesn’t this picture tell you? (extrapolate)

Inthelast question, weclaimthat the children haveto di scriminate between conclu-
sionsthat can and cannot beinferred from the data. We havelabeled thistask as ex-
trapolation because we believe that it requires children to think beyond the given
data set or display.

The Thinking Levels

Our previous research in formulating frameworks for number sense (Jones,
Thornton, & Putt, 1994; Jones et a., 1996) and probability (Jones et al., 1997,
Tarr & Jones, 1997) demonstrated that students’ thinking in number sense and
probability was consistent with the SOLO model of Biggs and Collis (1991).
Consequently, in formulating our framework for this study, we hypothesized
that children’s statistical thinking across the four constructs could be character-
ized in terms of the SOLO model. This model incorporates five modes of func-
tioning: sensorimotor (from birth), ikonic (from around 18 months), concrete
symbolic (from around 6 years), formal (from around 14 years), and postformal
(from around 20 years); within each mode, four levels of response (prestructural,
unistructural, multistructural, and relational) represent shifts in the complexity
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of students’ reasoning. According to Biggs and Collis, each of the five modes of
functioning emerges and develops in a way that incorporates the continuing de-
velopment of earlier modes. The modes that are most applicable to students in
our research are the ikonic and concrete symboalic.

Based on Biggsand Collis (1991), we postul ated four levels of statistical think-
ing (see Table 1) that corresponded to the four levels of cognitive thinking identi-
fied in the SOLO model. Hence, we hypothesized that students at Level 1 would
exhibit the characteristics of the prestructural level in the sense that they would be
engaged inthetask but would be distracted or misled by irrelevant aspects. Infact,
Biggs and Callis suggested that students at the prestructural level use both the
ikonic mode and the concrete-symbolic mode, and hence, exhibit intuitive think-
ing that involves myths and idiosyncratic imaging. In translating this into statisti-
cal thinking, we hypothesized that students exhibiting Level 1 thinking would
focus on irrelevant features when describing, representing, and analyzing data.
More specificaly, given their penchant for idiosyncratic imaging, we expected
them to have little regard for the conventions of reading and representing data, to
use subjective judgments in describing and summarizing data, and to substitute
their own data for the given data when representing and analyzing data.

We hypothesized that students exhibiting Level 2 statistical thinking would ex-
hibit the characteristics of Biggs and Collis's (1991) unistructural level in the
sense that they would engage atask in arelevant way but would generally pursue
only one aspect of it. We also expected that students at this level would function
more consistently in the concrete-symbolic mode and, as such, would have the po-
tential to represent their thinking using quantitative language and symbols. There
would also be potential for conflict because students at thislevel tend to regressto
ikonic intuitions and, hence, exhibit glimpses of prestructural reasoning (Watson,
Callis, & Moritz, 1997). In translating the characteristics of the unistructural level
into our framework, we hypothesi zed that students exhibiting statistical thinking at
Level 2 would be in transition between idiosyncratic and quantitative thinking
about data. That is, students at thislevel would try to represent their ideas through
guantitative thinking but would generally focus on just one aspect of the data and
would, at times, regressto idiosyncratic thinking. More specificaly, in attempting
to describe, organize, represent, and analyze data, we expected them to demon-
strate some awareness of the conventions of reading and representing data, to be-
gin to formulate invented measures for center and spread, albeit not always valid,
and to try to use quantitative thinking to analyze data. Notwithstanding this move
to more quantitative thinking, their representation and analysis of data would be
incomplete and narrowly focused.

We hypothesized that students exhibiting Level 3 statistical thinking would ex-
hibit the characteristics of Biggs and Collis's (1991) multistructural level in the
sense that they would generally use the concrete-symbolic mode and focus on
morethan onerelevant feature of thetask. However, they would not necessarily in-
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tegrate their thinking on these different features. In translating the characteristics
of the multistructural level into our framework, we hypothesized that students ex-
hibiting Level 3 statistical thinking would use informal quantitative thinking and
begin to focus on more than one aspect of a data exploration task. More specifi-
cally, in attempting to describe, organize, represent, and analyze data, they would
demonstrate a more compl ete awareness of the conventions of reading and repre-
senting data, begin to formulate more valid measures of center and spread, and
tend to provide multiple responses when representing and analyzing data. How-
ever, in accord with Biggsand Collis, they would not alwaysintegrate different as-
pects of their analysis of data or relate their analysisto the original data context.

We hypothesized that students exhibiting Level 4 thinking would exhibit the
characteristicsof Biggsand Collis's(1991) relational level and would consistently
functionin the concrete-symbolic mode. They would not only focuson several rel-
evant features of atask but would al so make connections among these various fea-
tures. In translating the characteristics of the relational level into our framework,
we hypothesi zed that students exhibiting statistical thinking at Level 4 would dem-
onstrate analytical and quantitative reasoning about data in the sense that they
would provide multiple and logical perspectives and explanations of data situa-
tions. More specificaly, in attempting to describe and organize data, they would
demonstrate greater coherencein reading and organizing data and more adaptabil -
ity in using and differentiating among several valid measures of center and spread.
When representing and analyzing data, they would not only examine and connect
multiple perspectives of the databut would also relate their analysisto the original
context.

In formulating and in later refining the framework (Table 1), we attempted to
achieve stability or homogeneity for a student’s thinking across the four con-
structs. That is, we constructed the framework on the expectation that when a stu-
dent’s statistical thinking was at Level 2 for describing data, it would also be at
Level 2 for organizing and reducing data, representing data, and analyzing and in-
terpreting data. Stability across constructs at a particular level was consistent with
our situating the framework in the SOLO model. In essence, we expected that
when a student exhibited prestructural thinking in one construct, they would ex-
hibit such thinking in all constructs. From apractical perspective, thisstability fea-
turewas also intended to make the framework more user friendly when monitoring
children’s statistical thinking during instruction.

METHODOLOGY

Theformulation and validation of the framework was an evolutionary and iterative
process. We began the process by using previous research on students' statistical
thinking and the SOLO general cognitive development model (Biggs & Callis,
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1991) to formulate an initial framework that described children’s statistical think-
ing according to the four cognitive levels of SOLO and across four key constructs
(see Table 1). In validating the framework, our intent was to assess and refine the
initial framework, to examine the stability and growth of the target students’ pro-
files, and to characterize and interpret thefour level sof statistical thinking based on
the target students’ thinking.

The Validation Process

The process employed to validate theinitial framework was similar to that used in
earlier studies (Joneset a., 1997; Joneset a., 1994; Joneset al., 1996). It involved
seven components: (&) constructing the statistical thinking protocol based on the
initial framework, (b) interviewing 20 target students (4 each from Grades 1-5) us-
ing the statistical thinking protocol, (c) analyzing the target students’ responsesto
the statistical thinking protocol, (d) refining theinitial descriptorsof thefour levels
of statistical thinking, () determining target students’ statistical thinking levelsfor
each construct on the refined framework, (f) examining the stability of target stu-
dents’ thinking over the four constructs, and (g) illuminating the distinguishing
characteristicsof each thinking level. Qualitative methodswere used to analyzethe
case-study data generated from the target students responses to the statistical
thinking protocol.

Participants

Studentsin Grades 1 through 5 from amidwestern U.S. school formed the popul a-
tion for this study. This school population was representative of abroad spectrum
of socioeconomic and cultural backgrounds. Consistent with earlier validation
studies (e.g., Jones et al., 1996), 20 target students, 4 from each of the five grades,
were purposefully selected (Miles & Huberman, 1994) from this population based
on mathemati cs achievement records. Two studentswere selected from themiddle
50%, and 1 was sel ected from both the upper and lower quartilesat each gradelevel.
Pseudonyms are used for all target students.

Data Collection and Validation Instrument

Datafor the study were generated from the 20 target students’ responsesto the sta-
tistical thinking protocol. Near the beginning of the school year, two members of
the research team each took responsibility for administering the protocol to 10 of
the target students, with equal numbers from each grade level. Student responses
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were audiotaped and transcribed, and student artifacts such asdrawingsand graphs
were collected.

The protocol was linked to the key constructs of the initial framework and en-
abled the researchers to investigate children’s statistical thinking across all four
levels of this framework. The protocol comprised data explorations from three
contexts. Sam'’ sfriends, Beanie Babies”, and a beanbag game. Each of these data
explorations incorporated tasks, open-ended questions, and a series of probes on
these questions. Eight questions were associated with describing data (D), nine
with organizing and reducing data (O), three with representing data (R), and nine
with analyzing and interpreting data (A). Ideally, we would have liked to include
more questions on representing data, but thiswas not possible given the time-con-
suming nature of such tasks, especially with the younger children in the study.
Sample questionsfor each of the dataexpl oration contextsare presented in Figures
1 through 5. Each question is labeled D, O, R, or A according to the framework
construct it assessed, and questions within the same cluster are followed by the
same number.

D1 What does this picture tell you?
Sam had some friends come to visit each [Follow-up probe] How many
day during one week in the summer. The friends came to visit each day?
number of friends and the days they A2 What can’t you tell from this
visited were displayed like this: picture?

A3  Which day had the highest
Friends come to visit number of visitors? Which day
had the lowest number of

visitors?
A4 How many friends came to visit
Sam during this week?
O1 About how many friends came
to visit Sam each day?
X 02 What is the average number of
X X friends that came over to visit
Sam each day?
u Fri Sat Sun A5 About how many friends would
_ you expect to come to Sam'’s
n=19 place every week during the
summer vacation?
A6 How many friends would you
expect to visit Sam during a
4-week month?

XK X XK X X

FIGURE 1 Lineplot of Sam’sfriendsand questions. D = describing data; A = analyzing and
interpreting data; O = organizing and reducing data. From“Y oung Students’ Informal Statistical
Knowledge,” by I. J. Putt, G. A. Jones, C. A. Thornton, C. W. Langrall, E. S. Mooney, and B.
Perry, 1999, Teaching Statistics, 21, p. 75. Copyright 1999 by Teaching Statistics. Reprinted
with permission.
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I Frionds cometoviat D1 What does this picture tell you?
D2 How are the two pictures alike?

Do you think the pictures

8 represent the same data?

D3 Which one of these pictures
would be more useful?

R1 Can you draw either of these
graphs in another way?

-5 g 0N

0
Mon Tue Wed Thu Fri Sat Sun

FIGURE 2 Bar graph of Sam'sfriends and questions. D = describing data; R = representing
data. From “Y oung Students’ Informal Statistical Knowledge,” by 1. J. Putt, G. A. Jones, C. A.
Thornton, C. W. Langrall, E. S. Mooney, and B. Perry, 1999, Teaching Statistics, 21, p. 75.
Copyright 1999 by Teaching Statistics. Reprinted with permission.

The double coding procedure described by Miles and Huberman (1994) was
used to code the interview protocols. In this procedure, two or more researchers
independently code data and then clarify their differences until consensus is
reached. For this particular study, Graham A. Jones, Carol A. Thornton, and
Cynthia W. Langrall used the initial framework descriptors as criteria (Table 1)
to independently code all questions of each student’s protocol. Questions were
coded according to the construct and level of thinking exhibited by each student.
The three researchers then met to compare and negotiate students' thinking lev-
els on each question, to refine the framework descriptors, and to construct a re-
fined framework. Following the adoption of the refined statistical thinking
framework, the three researchers again independently coded all questions of
each students’ protocol and established levels of thinking for each target student
on each of the questions. Rater reliability among the three researchers on this
second coding procedure was 85%. Fina variations were then clarified until
consensus was reached on each target student’s thinking level for each question.
In subsequently determining a target student’s dominant level of thinking for a
construct, the primary strategy was to identify the student’s modal level of
thinking for all questions associated with that construct. In cases in which there
was more than one mode, the dominant level of thinking for the construct was
determined by identifying the median level on the relevant questions. The modal
level was preferred because our intent was to capture a students' dominant level
of thinking on each construct.
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During the coding process described previously, the researchers produced
within-case displays to describe and synthesize the statistical thinking of individ-
ual target students on the protocol questions associated with the four constructs.
Based on these individual within-case displays, we generated a clustered matrix
(Construct x Level) to display and amplify the key statistical thinking patterns as-
sociated with each level and each construct of the framework (Miles & Huberman,

Introduction to Questions D1, O2:
Show the student the five
children's collections of Beanie
Babies:

e Susie’s collection

LN
. f Bt :4’
O2 What is the average number of

'% Beanie Babies for each child?

e Mike's collection (dog [W*],
dog [B], bear, tiger)

e Mary’s collection (dog [W],
tiger, bear, dolphin)

e Amy’s collection (had 0)

® Ben'’s collection (cat, bear)

D1 What does the data tell you?
[Follow-up probe] How many did
Susie have?

*W = white; B = brown

Introduction to Question O3:

"Suppose you were in charge of a O3 How would you organize the
Beanie Baby sale in your class. data so it would be useful for the
You are going to sell just the sale? Why is this useful?

Beanie Babies of the five children”

Introduction to Questions R2, O5, R1:

"Mrs. Davenport started to make R2 Would you finish this graph for

a graph of the Beanie Baby data Mrs. Davenport?

for the sale (Figure 3b). She was

called away to the phone." O5 Could you tell from Mrs.
Davenport 's graph which Beanie
Babies Mary had? Which ones
Susie had? Which ones Amy had?
Why or why not?

R1 How could you organize and
present the Beanie Baby data in
another way?

FIGURE 3 The Beanie Baby" questions. D = describing data; O = organizing and reducing
data; R = representing data.
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FIGURE 4 Mrs. Davenport’sincomplete graph.

Susie and Pete play a beanbag game
each day after school. In this game they

try to throw a beanbag into a circle. D1 What do these two sets of
Each takes 5 turns every day. The scores tell you?

number of times each child landed the =~ A6 How are Susie's scores and
bag in the circle last week is shown Pete's scores alike? How are
below. Susie's scores and Pete's scores

different? Explain.
O1 About how much did Susie
score each day? How did you

Scores for Susie and Pete figure that out?
. O2 What was Susie's average

Day. Susie Pete score? How did you figure that
out?

Monday 3 3 O4 What set of scores (Susie's or
Pete's) has the greatest spread,

Tuesday 4 0 or do they both have the same

Wednesday 3 5 spread? Explain.

Thursday 2 3

Friday 3 4

FIGURE 5 The beanbag game and questions. D = describing data; A = analyzing and inter-
preting data; O = organizing and reducing data.

1994, p. 127). These patternswere used to further refinethe framework descriptors
and to generate the summaries that illuminated the framework descriptors.

DATA ANALYSIS AND RESULTS:
VALIDATING THE FRAMEWORK

The results of the validation process are presented in three parts. The first part
describes refinements made to the framework after the collection and analysis of
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target student data. In the second part, the profiles and stability of target stu-
dents’ thinking across the four constructs of the refined framework are exam-
ined. Finally, summaries, exemplars, and interpretations of target students
thinking are presented to illuminate the four levels of statistical thinking in the
refined framework.

Refinements to the Framework

Therefined framework ispresented in Table 2. In thisrefined framework, weitali-
cized changes to the descriptors of the initial framework (Table 1) for each of the
four constructs: describing data displays, organizing and reducing data, represent-
ing data, and analyzing and interpreting data. The refinements for each of these
constructs are described next.

In relation to describing data displays, we sharpened the descriptorsfor thefirst
two rowsto better reflect students’ literal reading of datadisplays (“What doesthe
picturetell you?'), their awareness of elemental graph conventions, and their abil-
ity to recognize when two different displays represent the same data. One major
change was to remove the Level 4 descriptor in row 1. Based on our data, we be-
lieve that students’ literal descriptions of the data and awareness of graph conven-
tions can be contained within three levels of thinking rather than four. In essence,
literal descriptions appear to be complete at the level of quantitative thinking and
do not require analytic reasoning.

With respect to organi zing and reducing data, refinementswere madeto all four
rows of descriptors (Table 2). In the case of row 1, dealing with grouping, the ma-
jor change was to the Level 1 descriptor to better capture the students’ idiosyn-
cratic or irrelevant groupings. Theemphasisgiven to ordering the dataintheinitial
framework wasreduced becauseit isnot akey processfor these children, and it ap-
pears to occur only as a part of grouping. Although the Level 4 descriptor on
grouping was not changed because data at this level were limited to one student,
we believe that it may need to be enhanced to reflect students’ thinking on more
complex grouping tasks. Row 2 presents new descriptors dealing with loss of in-
formation when dataare reorganized. Informulating theinitial framework, we had
anticipated that such descriptors would not be necessary because they were part of
grouping. Target-student data showed that this was a problematic process, so we
developed descriptorsthat reflect asimilar gradation in thinking to that in the first
row (grouping). In row 3, dealing with typicality, we attempted to capture more
precisely the children’s conceptual focus on centersfor Levels2 and 3 and also the
degree of completeness of their reasoning. Row 4 involves the notion of spread,
and therefined descriptorsidentify students' attemptsto invent measures of spread
for Levels2 and 3.

In refining the descriptorsfor representing data, we were aware that parts of our
datafor this construct were more limited because activitiesinvolving representing
data are so time-consuming with young children. With reference to the row 1



TABLE 2

Refined Statistical Thinking Framework

Construct Level 1: Idiosyncratic Level 2: Transitional Level 3: Quantitative Level 4: Analytical
Describing data In reading the data literally, gives  Inreading the dataliterally, gives  Inreading the dataliterally, gives  Inreading the dataliterally, gives
displays a description that is unfocused a description that is hesitant a confident and complete a confident and complete
(D) and includes idiosyncratic or and incompl ete but description and demonstrates description and demonstrates

Organizing and
reducing data
©)

irrelevant information; has no
awareness of graphing
conventions (e.g., title, axis
|abels)

Does not recognize when two
different displays represent the
same data OR indicates some
recognition but uses
idiosyncratic or irrelevant
reasoning

Considersirrelevant or subjective
features when evaluating the
effectiveness of two different
displays of the same data

Does not group or order the data
or gives an idiosyncratic or
irrelevant grouping

Does not recognize when
information islost in reduction
process

demonstrates some awareness
of graphing conventions

Recognizes when two different
displays represent the same
data but uses ajustification
based purely on conventions

Focuses only on one aspect when
evaluating the effectiveness of
two different displays of the
same data

Gives a grouping or ordering
that is not consistent OR
groups datainto classes using
criteriathey cannot explain

Recognizes when data reduction
occurs but gives a vague or
irrelevant explanation

awareness of graphing
conventions

Recognizes when two different
displays represent the same
data by establishing partial
correspondences between data
elementsin the displays

Focuses on more than one aspect
when evaluating the
effectiveness of two different
displays of the same data

Groups or orders datainto
classes and can explain the
basis for grouping

Recognizes when data reduction
occurs and can explain the
reasons for the reduction

awareness of graphing
conventions

Recognizes when two different
displays represent the same
data by establishing precise
numerical correspondences

between data elements in the
displays

Provides a coherent and
comprehensive explanation
when evaluating the
effectiveness of different
displays of the same data

Groups or orders datainto
classes in more than one way
and can explain the basis for
these different groupings

Recognizes that data reduction
can occur in different ways
and gives complete
explanations for the different
reductions



Representing data
(R

Analyzing and
interpreting data
(A)

Isnot able to describe datain
terms of representativeness or
“typicality”

Cannot describe datain terms of
spread; givesidiosyncratic or
irrelevant responses

Constructs an idiosyncratic or
invalid display when asked to
complete a partially
constructed graph associated
with agiven data set

Produces an idiosyncratic or
invalid display that does not
represent or reorganize the
data set

Makes no response or an invalid
or irrelevant response to the
question, “What does the
display not say about the
data?’

Makes no response or gives an
invalid or incomplete response
when asked to “ read between
the data”

Makes no response or gives an
invalid or incomplete response
when asked to “ read beyond
the data”

Gives hesitant and incomplete
descriptions of data in terms of
“typicality”

Invents a measure, usually
invalid, in an effort to make
sense of spread

Constructs adisplay that isvalid
in some aspects when asked to
complete a partially
constructed graph associated
with agiven data set

Produces a display that is
partially valid but does not
attempt to reorganize the data

Makes arelevant but incomplete
response to the question,
“What does the display not say
about the data?’

Gives a valid response to some
aspects of “ reading between
the data” but isimprecise
when asked to make
comparisons

Gives a vague or inconsistent
response when asked to “ read
beyond the data”

Gives valid measures of
“typicality” that begin to
approximate one of the centers
(mode, median, or mean);
reasoning isincomplete

Uses an invented measure or
description that is valid, but
the explanation isincomplete

Constructs avalid display when
asked to complete a partially
constructed graph associated
with agiven data set; may
have difficulty with ideas like
scale or zero categories

Produces avalid display that
shows some attempt to
reorganize the data

Makes multiple relevant
responses to the question,
“What does the display not say
about the data?’

Gives multiple valid responses
when asked to “ read between
the data” and can make some
global comparisons

Triesto use the data and make
sense of the situation when
asked to “ read beyond the
data” ; reasoning isincomplete

Describes “typicality” of datain
terms of common measures of
center such as the median or
the mean

Uses the range or an invented
measure that has the same
meaning as the range

Constructs avalid display when
asked to complete a partially
constructed graph associated
with a given data set; works
effectively with scale and zero
categories

Produces multiple valid displays,
some of which reorganize the
data

Makes a comprehensive
contextual response to the
question, “What does the
display not say about the
data?’

Gives multiple valid responses
when asked to “ read between
thedata” and can make
coherent and comprehensive
comparisons

Gives a response that is valid,
complete, and consistent when
asked to “ read beyond the
data”

Note.

Italictypeindicateschangesto thedescriptorsof theinitial statistical thinking framework (except inthequestion, “ What doesthe display not say about thedata?”).
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descriptors focusing on the completion of a display, the demands of our task with
respect to scale were only sufficient to measure thinking at the first three levels.
Hence, our refinement to the Level 4 descriptor is an extrapolation from the Level
3 descriptor rather than a descriptor that is validated by our data. The changesin
row 2 are minor, reflecting sharper descriptions of students' thinking at Levels 1,
2, and 3.

With respect to analyzing and interpreting data, we generated separate rows to
describe children’ sthinking in relation to reading between the dataand reading be-
yond the data (Curcio, 1987, p. 384). Row 2 (which was originally part of row 1)
now focuses completely on reading between the data (Curcio, 1987, p. 384), and
we have attempted to capture gradation of children’s thinking across the four lev-
els. Similarly, row 3 (which was also originally part of row 1) now focuses com-
pletely on reading beyond the data. In making changesto Level 4 descriptors, we
were cognizant of the fact that only one student consistently responded at that
level; hence, the Level 4 descriptors for reading between the data and beyond the
dataarelargely extrapolations from Level 3. Finaly, the original row 2, which fo-
cuses on what the display does not say about the data, islargely unchanged but has
been more conveniently located as row 1.

Profiles and Stability of Thinking
Across the Four Constructs

Animportant aspect of thevalidation processwasto assessthe stability of each stu-
dent’ sthinking acrossall four constructs. In essence, we wished to measure the ex-
tent to which we had been ableto trand ate the SOL O level s (Biggs & Callis, 1991)
into levels of statistical descriptorsthat were stable with respect to students’ think-
ing across constructs. By stablewe mean, for example, that if astudent’ s statistical
thinking level isat Level 2 on describing data displays, it should also beat Level 2
on organizing and reducing data, representing data, and analyzing and interpreting
data. From the theoretical considerations associated with the SOLO model, we
claim that stability across all four constructs isimportant because it enhances the
coherence of the framework, and greater coherenceis seen to make the framework
moreviableto curriculum builders and teacherswhen devel oping instructional pro-
grams in data exploration for the elementary school.

The profiles of the 20 target students, 4 each from Grades 1 through 5, are pre-
sented in Figure 6. These profilesreflect the target students’ thinking levels based
on the refined framework (Table 2). Although only 6 students (Keith, Grade 1;
Jane, Grade 2; Jai, Grade 4; Sean, Grade 4; Joachim, Grade 5; and Fred, Grade 5)
had completely consistent profileson all four constructs, 16 of 20 (80%) of thetar-
get students were consistent (i.e., responded at the same thinking level) on at | east
three of the four constructs.
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FIGURE 6 Target students: Statistical thinking profiles. D = describing data; O = organizing
and reducing data; R = representing data; A = analyzing and interpreting data.
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FIGURE 6 (Continued) Target students: Statistical thinking profiles. D = describing data; O
= organizing and reducing data; R = representing data; A = analyzing and interpreting data.

In Grades 1 and 2, students typically exhibited Level 1 or Level 2 thinking.
Only Borisand Martinareached Level 3 thinking on one construct, describing data
displays. In Grades 3 and 4, the dominant pattern of thinking exhibited by five of
the eight students (Diego, Amy, Candy, Jai, and Sean) was Level 3. One of the
other students (Josh) was atypical Level 2 thinker, whereas the other two students
exhibited Level 3 thinking on some constructsand Level 2 thinking on others. Itis
interesting to note that all eight target studentsin Grades 3 and 4 exhibited Level 3
on describing data, but only three out of the eight were at Level 3 on analyzing and
interpreting data. The thinking of the Grade 5 students was more diverse. Cathy
demonstrated Level 4 thinking on all constructs except organizing and reducing
data. Kristi and Joachim weretypica Level 3thinkers, and Fred exhibited Level 2
thinking that was more indicative of the younger target students.
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The profiles also revealed some interesting trends with respect to students
thinking on analyzing and interpreting data and describing data displays. For two
students (Diego, Grade 3, and Candy, Grade 3), the level of statistical thinking on
analyzing and interpreting data lagged behind the thinking exhibited on al other
constructs. For four students (Belinda, Grade 1; Jonas, Grade 2; Willi, Grade 4;
and Cecile, Grade 4), thelevel of statistical thinking on analyzing and interpreting
data was lower than that exhibited on two of the other constructs. This trend sug-
gests that analyzing and interpreting data may be more challenging for some stu-
dents than the other constructs. It may also indicate that elementary children have
fewer and less intensive experiences in interpreting and predicting.

On the other hand, the thinking levels of three target students (Boris, Grade 1,
Martina, Grade 2; and Josh, Grade 3) on describing data displays were higher than
their thinking levels on al other constructs. For four students (Belinda, Grade 1;
Jonas, Grade 2; Willi, Grade 4; and Cecile, Grade 4), their levels of statistical
thinking on describing data displayswere higher than those exhibited on two of the
other constructs. Although this trend may be endemic to these target students, it
does suggest that some students were more facile with describing data than with
the other constructs. Although we tried to accommodate trends like this when re-
fining the descriptors of the framework, the inconsistencies associated with stu-
dents’ thinking on analyzing and interpreting dataand on describing dataremained
and contributed to the lack of stability in target student profiles.

Analysis of Statistical Thinking at Each Level

We summarized and analyzed theresponsesand stati stical reasoning for each of the
students who served as target students, and we produced a clustered matrix (Con-
struct x Level) toilluminate and explicatethethinking patternsthat are described in
therefined framework (Table2). Thisanalysisprovidesgreater insightsinto the de-
velopment of students’ thinking for each of the four constructs across the four
thinking levels. Although al students at a particular thinking level on a construct
tended to generate the same kind of statistical thinking and misconceptions, for
ease in reading we have used, asfar as possible, exemplars of target students who
were at the same level on al four constructs.

Level 1 Thinking

Students exhibiting Level 1 thinking tended to adopt a narrow and often idio-
syncratic perspective in relation to data exploration. When describing data dis-
plays, their responseswere generally unfocused and invariably included irrelevant
or incomplete information. For example, when Jane (Grade 2) was shown the bar
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graph of Sam’s friends and asked, “What does this picture tell you?’ (Figure 2,
D1), she said, “How many blocks there are.” Jane made no attempt to relate the
display to the context or to give particul ar details about any of theblocks. Inasimi-
lar way, when asked whether theline plot and the bar graph represent the same data
(Figure 2, D2), Jane said, “No, because this one has writing [a reference to the
story line on top of theline plot] and thisone doesn’t.” In essence, she did not rec-
ogni ze that the two displaysrepresented the same data because she focused only on
some cosmetic features of the displays.

When organizing and reducing data, Level 1 thinkersdid not usually group the
categorical datain asystematic manner, and they were not ableto characterize data
intermsof typicality (average) or spread. For example, when asked how shewould
organize the Beanie Baby" data (associated with the five children’s collections of
Beanie Babies”) so it would be useful for asale (Figure 3, O3), Jane did not reor-
ganize the Beanie Babies” at all. She simply put each child’s Beanie Babies” ina
bag and began to talk about the Beanie Babies” that the children had in common.
Typical of Level 1 thinkers, shedid not focus on the question posed but addressed
her own agenda. Again, in relation to a series of questions on average, we asked
Jane, “About how many friends came to visit Sam each day?’ (Figure 1, O1 and
02). Sheresponded, “7,” and then said, “| guessed.” She wastrying to make sense
of the question, and, in fact, used the largest number in the data set rather than an
average. However, she did not recognize that 7 could not be typical because most
dayshad lessthan seven friendsvisiting. In fact, when Jane responded to questions
about the average, she sometimes picked the largest number and sometimes listed
the complete set of data values. It is interesting to note that, when asked about
spread (Figure 5, O4), she again chose the largest number in the data set to indicate
the spread. In essence, Level 1 students do not seemto exhibit any prior knowledge
about center and spread.

With respect to representing data, students exhibiting Level 1 thinking did not
normally complete or construct avalid graph of the data. They often constructed
an idiosyncratic graph that had little or no relation to the original data. For exam-
ple, when Jane was asked (in relation to the bar graph and line plot on Sam’s
friends; Figure 2, R1), “Can you draw either of these graphsin another way?’ she
drew what appeared to be a pictograph (Figure 7). Her explanation was typically
idiosyncratic: “Thisislike abunch of baby snakes on top of each other and [some
are] more, [some are] less, and thereisone lesser.” Although her pictograph bore
no relation to the data shown in either the line plot or the bar graph, she did try to
find anew symbol (snakes) to generate her graph. It isinteresting to note that Jane
demonstrated Level 2 thinking in relation to the completion of Mrs. Davenport’s
graph about the Beanie Babies™ (Figure 3, R2, and Figure 4). A moretypical Level
1 response was given by Keith (Grade 1). His graph bore no relation to the Beanie
Baby" data that was given. He established his own personal Beanie Baby" data-
base by using the ages of each Beanie BabyU rather than the number of each
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FIGURE 7 Jane sgraph. From*“Y oung Students' Informal Stetistical Knowledge,” by I. J. Putt,
G. A. Jones, C. A. Thornton, C. W. Langrall, E. S. Mooney, and B. Perry, 1999, Teaching Satis-
tics, 21, p. 76. Copyright 1999 by Teaching Statistics. Reprinted with permission.

Beanie Baby! in the combined children’s collection. In essence, heintroduced his
own idiosyncratic extension to the data by talking about their birthdays.

When asked to analyze and interpret data, Level 1 thinkers did not seem to be
able to read between the data (Curcio, 1987, p. 384) or read beyond the data. For
example, when Jane was asked which day had the lowest number of visitors (Fig-
ure 1, A3), she said “Sunday, because it had 1.” In responding to this be-
tween-the-data (ordering) question, she ignored the fact that Tuesday had O
visitors, aresponsethat wastypical of other Level 1 students. When asked, “ About
how many friendswould you expect to cometo Sam’ s place every week during the
summer vacation?’ (Figure 1, A5), she said, “Four, because during the summer |
had 4 people over.” In responding to this beyond-the-data question, she made no
attempt to predict. Rather, she based the response on her own personal data set.

Interpretation of Level 1 thinking. Students exhibiting Level 1 thinking
were consistently limited to idiosyncratic reasoning that was often unrelated to the
given data and frequently focused on their own personal data banks. As hypothe-
sized, the data confirm that the thinking of these Level 1 students reflects what
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Biggsand Collis(1991) termed the prestructural level of thelearning cycle, inthat
they were engaged in the learning task but were distracted or misled by irrelevant
aspects. Note, for example, how consistently Jane gave responses that were unre-
|ated to the context or dealt with peripheral or cosmetic features. Thisfixation with
such features seems to be consistent with Lyons's (1977) treatise on surface fea-
tures, inwhich he claimed that surface features can distract the novice from getting
to the deep structure of a display in which mathematical relations are embedded.
Biggs and Collis also claimed that prestructural thinkers function largely in the
ikonic mode of representation and, hence, may indulgein intuitivethinking that in-
volvesmythsand mental imaging. Such atheoretical positionisconsistent with the
idiosyncratic thinking that Jane displayed, especialy inrelation to the vivid exem-
plar in which she constructed a graph with the snakes that bore no relation to the
original data.

Level 2 Thinking

Students exhibiting Level 2 thinking attempted to make sense of the data and
showed evidence of using quantitative reasoning. However, their responses were
typicaly hesitant and incomplete, and they were often satisfied with just asingle
response where multiple responses or perspectives would have been appropriate.
The connections Level 2 students made between representations of the data and
the context of the data seemed to be tenuous at best.

When describing data displays, Level 2 thinkers did not appear to connect the
visual display with the original dataand had difficulty making use of conventions.
For example, when Fred (Grade 5) was asked, “What does this picture [bar graph]
tell you?’ (Figure 2, D1), he said, “It tells you how many friends came over and
well, ittellsyou theday. Andlikeit’s colored more.” Although Fred linked the bar
graph to the original context about Sam'’s friends, he did it only in a global way,
making no reference to the number of friends that came each day. Even when
probed, he was reluctant to give precise information about the number of friends
who visited. Again, when asked whether theline plot and the bar graph represented
the same data (Figure 2, D2), Fred’ s response was unfocused: “Yes, alittle. Both
have the day and how many friends came.” Although Fred was trying to make
sense of the two displays and may have recognized that they represented the same
data, hisreasoning wasimprecise and largely based on identifying identical l1abels
and information in the titles of the graphs. When evaluating the effectiveness of
different displays (Figure 2, D3), Fred focused on only one aspect: “The line plot
because the crosses are easy to count.”

When organizing and reducing data, Level 2 thinkerstended to produce group-
ings that overlapped or were incomplete. If they did produce a viable grouping,
they generally could not explain it. In relation to the question on organizing the
Beanie Baby" datafor asale (Figure 3, O3), Fred started to reorgani ze the datafor
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the five children by different animals. He put the four bearsin agroup and the two
tigersin a group but then had trouble when he reached the two different kinds of
dogs and the two different breeds of cats. He said, “I’m not sure what to do with
these.” In other words, Fred was able to do a partial reorganization of the data, but
histhinking broke down because he did not appear to have aclear criterion or ratio-
nale on which to build his reorganization.

When dealing with measures of center and spread, these students (exemplified
by Fred) used invented measures that were partialy valid. Fred’s responses were
typical. In relation to the question, “What is the average number of friends that
cameover tovisit Sameach day?’ (Figure 1, O2), Fred said, “Between 7and 0. It's
somewhere there, but | don’'t know.” When asked, “What was Susi€’s average
score?’ (Figure 5, O2), Fred responded, “It ismostly 3 or 4.” In thefirst question,
Fred did not give avalue but located the average between the two extremes; in the
second question, he tried to focus on the mode (which was actually 3). In both in-
stances, he was striving for an invented measure and seemed to be trying to con-
struct his own meaning for average.

With respect to the question on spread (Figure 5, O4), Fred's response was
more characteristic of Level 1 thinking. Helisted the two sets of datafor Susie and
Pete but did not attempt to invent a meaning for spread as he had in the questions
on average. A moretypical Level 2 response to the question on spread was given
by Keith: “Pete, because hehasa0and a5’ (the two extremesin the data). In this
response, K eith appeared to be awarethat Pete’ sdatahad greater extremes and that
this may be a factor in determining the spread. With respect to data reduction,
Level 2 students usually recognized that data could be lost in moving between vi-
sual displays. However, they did not appear to be ableto explaintheir thinking. For
example, inrelation to the question, “ Could you tell from Mrs. Davenport’ s graph
which Beanie Babies”? Mary had?’ (Figure 3, O5, and Figure 4), Fred said, “No.
They should have put the names on [the graph].” Although his“no” responseto the
question was correct, he did not explain hisresponse in terms of the bar graph asit
was presented. Rather, he thought that the bar graph should be changed to include
Mary’s name.

With respect to representing data, Level 2 thinkers attempted to complete the
Beanie Baby" graph (Figure 3, R2, and Figure 4) but generally produced adisplay
that was not completely valid. Fred actually generated avalid Level 3 responseto
thisquestion, but Jonas' sresponsewasmorereflectiveof Level 2thinking. Hecom-
pleted the graph, showing only three bears (rather than four) and one cat instead of
two. Typically, such studentswerenot alwaysaccuratein using thescal ethat wasin-
corporated in the uncompleted graph. When asked to represent the Beanie Baby"
datain another way (Figure 3, R1), Fred' s response was characteristic of Level 2
thinkers. Hetried to reorgani ze the data by combining the two different sets of dogs
and thetwo different setsof cats, but then heran out of ideas. Although hisresponse
wasincomplete, it did illustrate a partial reorganization of the data.
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When asked to analyze and interpret data, Level 2 thinkers normally provided
relevant but limited responses to questions involving analysis and interpretation.
For example, in relation to the question, “What can't you tell from this picture?’
(Figure 1, A2), Fred said, “The names of the people that came.” He was able to
generate this one valid response but was not able to give an additional response
even when probed.

Fred had no difficulty with questions that assessed reading between the data.
For example, inrelation to the question, “How many friends cameto visit Sam dur-
ing thisweek?’ (Figure 1, A4), Fred said, “19. | added them all.” However, when
confronted with a reading beyond the data question that required him to predict
how many friends would visit another week (Figure 1, A5), Fred said, “18 or 19.
[About] the same [as the first week], but not some weeks. They may be on vaca-
tion.” Although this seemed at first to exhibit Level 3 thinking, Fred' sresponseto
the follow-up question about the number of friends visiting in a 4-week month
(Figure 1, A6) demonstrated theinconsistency of histhinking. He said, “ About 20,
| guess. That's al.” In examining Fred's follow-up response, we were not sure
whether he overlooked the fact that the prediction wasfor 4 weeks (for which 72 or
76 would have been more viable predictions) or whether he did not recogni ze that
there was a connection between the two predictions. Such inconsi stencies between
these two predictions were common in Level 2 thinkers.

Interpretation of Level 2 thinking.  Students exhibiting Level 2 thinking
are beginning to recognize the importance of quantitative thinking, and they even
use numbersto invent measuresfor center and spread, albeit not alwaysvalid mea-
sures. As expected, the data confirms that the statistical thinking of these Level 2
students was consistent with what Biggs and Collis (1991) called the unistructural
level of thelearning cycle. Thisisevident inthefact that studentsexhibiting Level 2
thinking were constantly trying to make sense of the data, but their perspectivewas
often single-minded, and they seldom connected their representations or analysis
of thedatato itscontext. Note, for example, how consistently Fred focused on only
one aspect of the tasks and how often he gave incomplete responses. His answers
were generally confined to global considerations (thetitle or the label) rather than
an examination of relations. Moreover, because histhinking was often restricted to
one aspect, he had difficulty with taskslike the onethat asked himto reorganizethe
BeanieBabies” for asale. Fred’ sgrouping criterion (categories of animal's) seemed
clear but broke down because he was not flexible enough to accommodate two dif-
ferent kinds of dogs and two different kinds of cats.

Level 3 Thinking

In contrast to students exhibiting Level 2 thinking, Level 3 thinkers used quan-
titative reasoning more effectively and were more spontaneous and more complete
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in their responses. They consistently attempted to make sense of the data and gen-
erally achieved this, sometimes using their own valid invented measures.

When describing data displays, Level 3 thinkers normally used conventions
and labels meaningfully and, as aresult, were able to give accurate descriptions of
the display. For example, when Sean (Grade 4) was asked, “What doesthis picture
[line plot] tell you?” (Figure 1, D1), he responded, “It tells you 2 visited on Mon-
day, O visited on Tuesday, 3 on Wednesday, ... and 1 on Sunday.” Sean’svalid re-
sponse was given without being probed. However, he did omit direct reference to
the “friends” aspect of the context, alink that seems to be more characteristic of
Level 4 thinkers. Similarly, when asked whether the bar graph and the line plot
represented the same data (Figure 2, D2), Sean replied: “ They tell the same story.
This one [pointing to the line plot] has Xs and this one [pointing to the bar graph]
has bars. Y es, they tell you exactly the same thing—the same numbers each day.”
Although Sean’ s response was not completely coherent, he did seem to recognize
the key relation between the graphs (i.e., that the numbers are the same for each
day). However, he did not establish precisely that the numbers were the same for
each day by giving at |east one exampleto demonstrate his point. When evaluating
the effectiveness of different displays, Sean was able to give two reasons to sup-
port hisanswer. Inrelationto Question D3 (Figure 2), Sean said, “ The bar graph [is
best], because on this one [the line plot] you have to count, and on this one [bar
graph] you just read across:. ‘ 7 friends on Saturday, 2 on Monday.’”

When organizing and reducing data, Level 3 thinkers were usually able to
group the categorical data into consistent and nonoverlapping classes and were
able to explain the criteriafor their classes. For example, when asked to organize
the Beanie Baby" data for the sale (Figure 3, O3), Sean readily grouped them by
types of animal and said, “Dogs over here, cats over here, bears here. ... It [the
grouping] would tell people that the dogs are here, the cats are there.”

When dealing with measures of center, Level 3 thinkers tended to use quanti-
tative reasoning that enabled them to approximate one of the centers. For exam-
ple, when asked the average number of friends that came to visit Sam each day
(Figure 1, O2), Sean replied, “About 3 or 4. This one has 3, thishas 4, thishas 7.
So if you take 3 away from that [the 7] and give it to the day with O, you have
about 4.” Sean did not go on with it, but he appeared to be trying to balance the
numbers in a manner that would approximate the mean. We observed that some
other students thinking at Level 3 used modal reasoning or tried to split the data
valuesinto two equal parts so as to locate a median. Although their explanations
were valid, they were incomplete and somewhat inchoate. Level 3 students also
tended to recognize that data reduction occurred in some visual displays. For ex-
ample, when asked if he could tell which Beanie Babies” in Mrs. Davenport’s
graph belonged to Mary (Figure 3, O5, and Figure 4), Sean emphatically said,
“No,” and explained, “’ Cause it doesn’'t say Mary had this one; it doesn’'t have
the names on it.”
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With respect to representing data, Level 3 thinkers could complete agraph and,
in contrast to Level 2 students, used the scale provided in a precise manner. Some-
times they had trouble with categories that had zero frequency. For example, al-
though there were no crabs in the Beanie Baby” data, some Level 3 students
included atiny block for the crab when completing Mrs. Davenport’s graph (Fig-
ure 3, R2, and Figure 4). In essence, they wanted to achieve a degree of complete-
ness, even when it was not appropriate. When asked to construct agraph in another
way, Level 3thinkerstended to produce adisplay that validly represented the data
and also incorporated featuresthat distinguished it from the original graph. For ex-
ample, when asked to draw thelineplot or (vertical) bar graph in another way (Fig-
ure 2, R1), Sean drew a valid and complete horizontal bar graph, essentialy
rotating the original bar graph through 90°. Although the change was minimal, his
thinking represented an advance over Level 2 thinkers, who tended to produce
identical graphs or graphs that were only partially valid.

When asked to analyze and interpret data, Level 3 thinkers generally provided
multiple and meaningful responses. For example, when Sean was asked, “What
can’'tyoutell fromthispicture[thelineplot]?’ (Figure1, A2), heresponded, “Who
visited, what their nameswere, and whether they camefor thewholeday.” Students
who exhibited L evel 3thinking, likethoseat Level 2, wereableto respond correctly
to questionsthat focused on reading between the data. However, studentsat Level 3
showed agreater sense of being ableto make predictionsin situationsthat invol ved
reading beyond thedatathantheir Level 2 counterparts. For example, inresponseto
the questions that asked for predictions about the number of friendsvisitingin any
other week (19 came thefirst week) and during a4-week month (Figure 1, A5 and
AB6), Seanresponded, “ Between 15 and 10, because| don’ t think 19 would comeev-
ery week.” Then, in relation to the 4-week month, he said, “ Maybe 55—3 weeks of
15and 1 week of 10.’ Cause 19 [aweek] istoo high.” In making thisresponse, Sean
used 19 asabasisand madewhat appeared to bereasonabl erefinements. Moreover,
when predicting the4-week month, heused aconsi stent approach, basing hispredic-
tion on hisreasoning to the previous question.

Interpretation of Level 3 thinking.  Students exhibiting Level 3 thinking
consistently use quantitative reasoning as the basis for their statistical judgments
and have begun to build valid conceptions of center and spread. The data confirms
that the statistical thinking of these Level 3 studentsreflected what Biggsand Collis
(1991) called themultistructural level of thelearning cycle. Thisisevidencedinthe
fact that Level 3 studentstook abroader and more flexible approach when explor-
ing dataand seemed to be abl e to represent and analyze datafrom multiple perspec-
tives. Moreover, although they consistently focused on morethan onerelevant fea-
tureof atask, they did not usually connect their thinking on different features. Note,
for example, how Sean gave a precise description of the numbersfor each day but



CHILDREN'SSTATISTICAL THINKING 299

did not relate this to the context of Sam’sfriends. It was almost asif the numbers
and the days were context free. Except for a cursory reference to the title of the
graphs, similar context-free reasoning occurred when Sean explained why theline
plot and the bar graph represented the same data. Sean was also ableto initiate the
complex reasoning needed to balance datavaluesin finding amean, but hisreason-
ing was incomplete because he could not integrate the mental action of balancing
with the need to isolate asingle center. Instead he said, “It’ sabout 3 or 4,” because
he was not able to isolate the number about which he wished to forge a balance.
Typical of Level 3thinkers, Sean was abl e to state more than one piece of informa-
tion that could not be ascertained from the graph and al so showed consistency with
respect to histwo predictions on how many friendswould visit Sam after the origi-
nal week and in a4-week month (Figure 1, A5 and A6). In summary, he displayed
multistructural reasoning (Biggs & Collis, 1991) in the sense that he was able to
make multiple responses to tasks but did not always integrate his thinking.

Level 4 Thinking

Given the fact that only one student, Cathy (Grade 5), consistently exhibited
Level 4 responses, some caution needs to be exercised in illuminating the Level
4 descriptors of the framework. Cathy’s thinking showed coherence and com-
pleteness that was not evident in the thinking of Level 3 students. Her responses
were also more analytical, in that she recognized relations in the data and was
able to make connections between the data and the context in which the data
were situated.

Based on Cathy’ sthinking in describing data displays, we concluded that Level
4 students recogni ze the role of conventions and use these conventions to identify
relations in much the same way as L evel 3 students. By way of contrast, when Ca-
thy was asked whether two different displays represented the same data, she was
able to establish more precise contextual correspondences between the displays
than her Level 3 counterparts. For example, note how Cathy did this when asked
whether the bar graph and the line plot represent the same data (Figure 2, D2):
“Well, like on Tuesday, no one came; on Saturday, 7 came on both of these graphs,
they are all the same number [of friends] that come over on the other days. And
they are all friends that came.” Even Cathy’s reference at the end to “all friends
that came” suggests that she felt the explanation needed a global perspective as
well as precise correspondences. Moreover, when Cathy (C) was asked by thein-
terviewer (1) to evaluate the effectiveness of theline plot and the bar graph (Figure
2, D3), she gave a powerful and comprehensive response:

C: Wédll, it depends on what age you are. But for my age it would probably be
this one [pointing to the bar graph].



300 JONESETAL.

I: Why do you think that?

C: Wédll, because it gives us more of a challenge. Because you have to make
sureyou are going to theright number. Also, because of stocksand stuff, all
kinds of things are graphed like that. But when you are younger, you have
little Xs, so it iseasier to tell how many people.

With respect to organizing and reducing data, Cathy’s responses suggest that
Level 4 thinkers should be able to group complex data sets into consistent and
nonoverlapping classes and be able to devel op criteriafor their groupings. None of
the questionsin our protocol was complex enough to assess this kind of thinking;
however, Cathy’s response to Item R1 (Figure 3), which is presented in the next
section on representing data, approximated Level 4. When dealing with measures
of center, Level 4 students were expected to demonstrate a conceptual understand-
ing of the mean or the median. Although none of the target students consistently
exhibited Level 4 thinking on questionsrelating to average, Cathy madeal evel 4
response when asked about the average number of Beanie Babies” for each child
(Figure 3, 02).

C: Wdll, if you take this [Beanie Baby"] and give it to Amy, and this 1 from
hereand giveitto Amy, andthis1landgiveitto Amy, andthen 1toBenfrom
here, then the average would probably be 3.

I: Why?
C: Because, well, they would all have 3. That shares them out.

In essence, Cathy balanced the data by sharing the Beanie Babies” among all of
thefive students. Although Cathy’ s approach could not always be used to generate
the mean, her thinking did exhibit conceptual understanding of the mean.

Similarly, with regard to spread, none of thetarget students gave aresponse that
exhibited Level 4 thinking. However, Cathy approximated aL evel 4 response, one
that showed some conceptual understanding of spread. In answering the question
about the spread in Susie and Pete’ s scores (Figure 5, 04), she said: “ Susi€’ snum-
bers are closer together. They're 1 apart. It usually increases by 1 or decreases by
1. But Peteis spread differently. Hisgoes 3, 0, 5, 3, 4—up and down. They [Susie
and Pete's scores] are about the same [spread], but Pete goes further.” Although
Cathy did not use an invented measure that had the same meaning astherange, she
did appear to recognize that Pete had bigger and smaller numbers and that Susie's
scores were more densely distributed.

With respect to representing data, Cathy gave aresponse that showed Level 4
thinking when she was asked to reorganize dataand present it in another way. For
example, in responding to R1 (Figure 3), she reorganized the Beanie Baby® data
by habitats: jungle (tiger), farm (cats and dogs), water (dolphin), air (eagle), and
then drew avalid bar graph. It is worth noting that she was the only student who
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was able to completely reorganize the data and graph it in ameaningful way. The
fact that she could manage this reorganization suggeststhat she may have been ca-
pabl e of reorganizing even more complex datahad she been given the opportunity.

When asked to analyze and interpret data, Cathy’ s responses suggest that Level
4 thinkers are able to provide comprehensive responses in the sense that they es-
tablish relations and situate these relations within the original context. There was
also evidence that she was able to generate alternative interpretations of the data.
For example, when Cathy was asked, “What can’t you tell from this picture [line
plot]?" (Figurel, A2), shereplied, “How long they stayed, what hour they came; if
they stayed overnight and were counted twice.” Not only did Cathy identify sev-
eral aspects that the graph did not reveal, she raised an aternative interpretation
about the data; that is, that some of the people may have been counted twice. Her
analytic abilitieswerefurther evidenced when she was asked to predict the number
of Sam’sfriends who would visit in any other week (19 came the first week) and
during a4-week month (Figure 1, A5 and A6). She responded, “Well, since there
was 19 thisweek, that’ sagood idea[estimate]. Probably 15, because Saturday had
so many people. It might not have that many next time because alot of people go
on vacation.” Then, in relation to the question on the 4-week month, she said,
“Four by 15—that’s 60. Kind of alot, but 15 per week.” Cathy demonstrated valid
and consistent reasoning when dealing with questions like this that focused on
reading beyond the data. She used the original data to make predictions and then
justified her predictions with plausible arguments.

Interpretation of Level 4 thinking. None of the target students exhibited
Level 4thinking acrossall constructs; however, Cathy gave usfrequent glimpses of
Level 4 thinking. Based on the limited sampling provided by Cathy, we claim that
studentswho exhibit Level 4 thinking use both analytical and numerical reasoning
in explorations of data. She also showed evidence of being able to make connec-
tions between different aspects of data. In essence, Cathy’ s thinking mirrors what
Biggsand Collis(1991) called therelational level, inthe sensethat she constructed
meaningful and coherent responses by integrating several relevant aspects of the
tasks. She not only recognized multiple aspects of adatatask, as Level 3 thinkers
do, but she also went beyond Level 3 thinkers by making connectionsamong those
different aspects of the tasks. For example, in contrast to Sean (Level 3), note how
Cathy related her precise correspondences between the line plot and the bar graph
(Figure 2, D2) to the context of Sam’ sfriendsto show that both graphs represented
the same data. There was a sense of coherence, not evident in Level 3 responses,
when Cathy integrated the corresponding relations in the graphs and the context
withinwhichthey weresituated. Thisability tointegrate several facetsof her think-
ing was even moreevident when she compared the effectiveness of theline plot and
the bar graphs from the perspectives of ayounger and older child (Figure 2, D3).
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Again, when she predicted the number of friends who would visit Sam in subse-
quent weeks and in a 4-week month (Figure 1, A5 and A6), her thinking demon-
strated the integrated and relational reasoning characterized by Biggs and Callis.

DISCUSSION

Inresponding tothe need for research on students’ thinking that will informinstruc-
tion (Cobbet a., 1991; Fennemaet al., 1996; Resnick, 1983), in thisstudy, wefor-
mulated and validated aframework for characterizing elementary children’ sstatisti-
cal thinking. Theformulation and validation of theframework was an evol utionary
and iterativeprocessinwhichwebegan by using previousresearch onstudents’ sta-
tistical thinking and the SOLO general cognitive development model (Biggs &
Callis, 1991) to formulate theinitial framework. Thisinitial framework described
children’ sstatistical thinking according to thefour cognitivelevelsand acrossfour
key constructs: describing data, organizing and reducing data, representing data,
and analyzing andinterpreting. Thevalidation processwasinitiated by constructing
aprotocol incorporating 29 tasks that assessed awide range of thinking acrossfour
constructs. These tasks were used to assess the statistical thinking of 20 target stu-
dents, 4 purposefully chosen from each of Grades 1 through 5. Subsequently, weun-
dertook acase-study analysisof each child’ sprotocol torefinetheinitial framework,
examinethestability and growth of thestudents’ profiles, andilluminatethecharac-
teristics of each of the four thinking levels.

We made a number of changes to the framework descriptors during the refine-
ment phase of the validation process (see Table 2). Some of the refinements to
framework descriptors (e.g., those associated with the compl etion of an unfinished
graph under the construct representing data) resulted from the fact that the de-
mands of the protocol task, with respect to scale, were only sufficient to measure
thinking at the first three levels. Other changes resulted from the fact that a cogni-
tive ceiling was reached prior to Level 4 (e.g., in thefirst descriptor on describing
datadisplays). In addition, we believe that the changed descriptors now appearing
under the construct of analyzing and interpreting databetter represent the students’
thinking in relation to tasks characterized as reading between the data and reading
beyond the data (Curcio, 1987). Notwithstanding these modifications, it is evident
that further refinements will need to be made to the framework descriptors, espe-
cially with respect to constructs, such as organizing and representing data, that are
time-consuming and difficult to assess with young children. More specificaly,
further research is needed to sharpen the framework’s descriptions in relation to
grouping and representing data (especially more complex numerical data), aver-
age, and spread.

In formulating and refining the framework, we attempted to achieve stability
(consistency) for a student’ s thinking across the four constructs by trandating the
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four SOLO cognitive levels (Biggs & Callis, 1991) into four statistical thinking
levelsfor each construct. That is, when astudent’ s statistical thinking was at Level
2 on one construct (e.g., describing data), we formulated the framework on the ba-
sisthat the student’ sthinking would also be aL evel 2 on the other three constructs.
Stability was important because we wanted the framework to have overall coher-
ence so that it would be more user-friendly for teachers when they design instruc-
tional programs and monitor a student’s statistical thinking. Although 80% of the
target students exhibited consistent thinking levelson at least three of the four con-
structs and 30% had completely consistent thinking patterns across the four con-
structs, therewas still “static” (irregularities) in the system, aphenomenon that has
been observed in previous studies (Jones et al., 1997; Jones et d., 1996; Tarr &
Jones, 1997).

Given the fact that the research base on young children’s statistical thinking
is emergent rather than well developed, this static may well have resulted from
our inability to trandlate precisely from SOLO cognitive levels to corresponding
statistical thinking levels for each construct. There may also be limitations
within the SOLO model itself. For example, in a recent study, Watson and
Moritz (1998) suggested that there may be two cycles of structural levelsin the
concrete-symbolic SOLO modes of representation rather than one as was as-
sumed in this study. Apart from these considerations associated with the SOLO
model, our data suggest that the static may be related to the fact that thinking
levels on analyzing and interpreting data seemed to lag behind other constructs,
especially for some third- and fourth-grade students. There was also a tendency
for thinking levels on describing data to be higher than on other constructs. This
was especially apparent for the three students (Boris, Martina, and Josh) whose
thinking on describing data was higher than on any other constructs. Although
both of these findings are consistent with previous research findings (Beaton et
a., 1996; Pereira-Mendoza & Mellor, 1991; Zawojewski & Heckman, 1997)
that students have more success on questions involving describing data than on
questions involving analyzing and interpreting data, the results raise a pertinent
issue with respect to refining the framework and improving its stability. Re-
sponding to this issue, F. R. Curcio (personal communication, April 21, 1999)
questioned whether the construct describing data displays should be subsumed
under the construct of analyzing and interpreting data. In suggesting this aggre-
gation of the two constructs, she claimed that a student’s response to a question
like “What does the picture tell you?’ (e.g., Figure 1, D1) may well determine
whether the student is describing the data display or analyzing and interpreting
the data display. In essence, she was saying that the nature of a student’s re-
sponse rather than the question itself may well determine which of the two
constructs is appropriate. We believe that we were able to distinguish between stu-
dents' thinking when describing data literally and when analyzing or interpreting
data. However, we agree that this issue needs further investigation especialy be-
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cause the constructs describing data displays and analyzing and interpreting data
may have been instrumental in producing static in the framework.

Thevalidation analysisalso added to our theoretical understanding of statistical
cognition by revealing more in-depth insightsinto students’ statistical thinking at
each level and across all four constructs. In particular, the analysis confirmed that
the statistical thinking of young children can be situated in the more general
neo-Piagetian devel opment model developed by Biggsand Collis(1991). Our evi-
dence showed that it was possibleto build and refinefour level s of statistical think-
ing, idiosyncratic (Level 1), transitional (Level 2), quantitative (Level 3), and
analytical (Level 4), that are domain-specific manifestations of the four structural
levelsof the Biggsand Collis concrete-symbolic learning cycle. Thisconclusionis
consistent with the findings of previous studies on elementary school students
thinking in other mathematical areas. number sense (Joneset al., 1996) and proba-
bility (Joneset al., 1997; Watson & Moritz, 1998). Asaconsequence, thisresearch
not only extends the mathematics education literature but also provides confirma-
tory evidence of theviability of using more general developmental models, such as
SOL O, to generate domain-specific frameworks of children’s mathematical think-
ing. Notwithstanding the overall integrity of these conclusions, we recognize that
some caution must be exercised in relation to the Level 4 descriptors and analysis.
Because only one student in this study consistently exhibited thislevel of thinking,
further research is needed to confirm and sharpen the characteristics of analytical
thinking (Level 4) in the framework.

Therefined framework developed in this study hasimplicationsfor curriculum
design and instruction in data exploration. Because it provides a coherent picture
of children’s thinking across four key constructs, we believe that curriculum de-
signers and teachers can use the framework to build goals and tasks that are within
the scope of students’ statistical thinking yet incorporate the broad range of statis-
tical ideasinherent in thefour constructs. More specificaly, in providing cognitive
knowledge to inform instruction, we maintain that the framework offersavery ac-
cessible means of building instructional sequences or hypothetical learning trajec-
tories (Simon, 1995). That is, the framework provides a valuable tool for the
teacher in planning learning goals, designing learning tasks, and predicting the
kind of learning and thinking that will occur as those tasks are played out. As an
example, tasks like those of this study could be used as focus problemsininstruc-
tion and also as problemsto assess students’ knowledge at various stages of thein-
structional process. Our claim that the framework can play a critical role in
informing instruction isbased on our use of similar frameworksto develop andim-
plement instructional sequencesin number sense (Joneset al., 1996) and probabil-
ity (Johnson, Jones, Thornton, Langrall, & Rous, 1998; Jones, Langrall, Thornton,
& Mogill, 1999). In using the framework to inform instruction and monitor stu-
dents’ thinking, we are not suggesting that growth in each student’s statistical
thinking acrossthefour constructswill necessarily be uniform, nor are we suggest-
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ing that all studentswill follow an ordered learning progression through the levels
of the framework. What we are suggesting is that teachers can use the level
descriptors as broad guidelines for designing instruction and for assessing chil-
dren’s prior and emergent knowledge.

Although the students in this study represented a range of cultural and socio-
economic backgrounds, the size of the target student sample may limit the extent
to which conclusions about the framework can be applied to more culturally di-
verse populations of elementary school students. In accord with Shaughnessy’s
(1992) call for cross-cultural research in probabilistic and statistical thinking, we
recommend further research to investigate whether the framework is appropriate
for students from other cultural and linguistic backgrounds. In addition, teaching
experiments (Cobb, 1999) are needed to evaluate the viability of using the frame-
work for informing instruction in regular classroom situations, that is, to assessthe
ease and effectiveness with which classroom teachers can use the statistical think-
ing framework to enhance student learning in data handling. Such research would
also provide further opportunities for fine-tuning the framework and for tracing
students’ statistical thinking acrosslevels. In essence, further research isneeded to
continue the iterative process of framework building so that it will be more effec-
tivefor supporting instructional programsthat build on students’ prior knowledge,
foster their thinking, and monitor their understanding.
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