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CHAPTER 1
INTRODUCTION

The United States of America (USA) and the People's Republic of China (PRC) are two
ieaders in the worid community. Aimost equat in land area, China has nurtured the largest
population in the world, and the United States has developed the most advanced industrial and
technological civilization. In both countries, education is a top priority for national development.
China is enforcing compuisory education up to the Sth grade level. The United States wants its
students to be first in the world in science and mathematics achievement (President Bush's
initiatives, January 31, 1990). A comparative study of students’ science achievement may
provide valuable information for improving Chinese and American students’ achievement in

science.
BACKGROUND

The most systematic international studies of school science education to date are the
First IEA Science Study (FISS) and the Second IEA Science Study (SISS) (Keeves and Rosier,
1881). IEA, the International Association for the Evaluation of Educational Achievement, is an
international research organization. Members of IEA are major educational research institutions
from each participating country. The broad purpose of IEA research is to study the relationship
between relevant input factors in social, economic, and pedagogical reaim and output as
measured by performance on international tests measuring both cognitive and non-cognitive
outcomes (Postlethwaite, 1974). According to Husen (1987), IEA has coordinated one of the
most influential research efforts in the history of educational research, and it has conducted the
best-known international research on education.

FISS is a part of an IEA six-subject survey in the 1970s which includes science, reading
comprehension, literature. French as a foreign language, English as a foreign language and civic
education (Comber & Keeves, 1973; Walker, 1976). The science education segment of the

1
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survey was carried out in nineteen countries, including the United States. China, however, was
invoived in the turbulent Cuitural Revolution (1966-1976) and did not participate in the IEA study
at that time. Diplomatic relations between the United States and China were not fully restored
until 1979. Hence, no comparative research between the two countries was conducted before
the 1980s.

SISS, like FISS, was designed to provide an overview of science education across the
world. The project started in 1981 and invoived twenty-three countries. The survey (Jacobson &
Doran, 1588) was conducted at three population levels: 5th grade; 9th grade: and 12th grade .
The development of the international instruments for each population was a collaborative effort
involving all participating countries to ensure the fairness of the cross-national comparisons.
Considering that the tim2 foi testing was restricted in many school systems, the IEA staff decideu
to structure the test items into a core and a set of rotated tests (IEA, 1988). Each student was
required to take the core test and two of the rotated tests. An Opportunity to Learn (OTL)
questionnaire was developed to reflect the extent to which the students had had an opportunity
to learn the content tested by each question. The Chinese version of the instruments for the 9th
grade population is presented in Appendix 1, and the instrument titles are listed in English in
Table 1. The English version of the instruments is available at the IEA Headquarters, 2517 GK the
Hague, Netherlands.

Both China and the United States participated in the SISS project. The results are
summarized in a three-volume IEA publication (Rosier & Keeves, 1991; Postiethwaite & Wiley,
1992; Keeves, 1992). However, the information concerning the United States and China has not
been sufficiently presented in IEA publications.

In the United States, the SISS data were first coliected in 1983 and had low degrees of
response at the 12th grade fevel. To ensure the quaiily of the survey, the United States
undertook a second SISS survey in 1986 (Phase Il). The U.S. SISS advisory panel directed that
only data from the Phase Il survey be used as the student data (Postlethwaite and Wiley, 1992).

The direction was submitied to the IEA data-processing team at the University of Hamburg.
2
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STUDENT BOOKLET

1. Core Test

2. Rotated Tests

3. Student Questionnaire
4. Mathematics Test

5. Word Knowledge Test
6. Opinion Questionnaire
7. Description of Science Learning
TEACHER BOOKLET

1. OTL Questionnaire

2. Teacher Questionnaire
PRINCIPAL BOOKLET

1. School Questionnaire

The feedback from IEA was:

This "direction” was followed but it created two problems: the first was that muitivariate
analyses for the United States became virtually impossible because many variables were
not administered in the second round of testing; the second was that several items were
dropped at the second round of testing, since no rotated tests were employed at
Populations 1 and 2, and several items were dropped from the biology, chemistry, and
physics tests. Hence, the "direction” could not be followed for all data analyses as it would
have eliminated comparisons involving the United States. In the cases where these data
were used, the purpose was not to estimate population means or proportions, but to
explore variability and assess relationships of particular student and school characteristics
to achievement (Postlethwaite & Wiley, 1992, p. 7).

On the other hand, SISS in China was named the "SISS Pilot Study” because the survey
was conducted at the 9th grade level in three large cities, Beijing, Tianjin, and Taiyuan (Rosier &
Keeves, 1991). However, China is a developing country, and about eighty percent of its

3
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popuiaton lives in the countryside. The primary objective of the SISS Pilot Study was to help
Chinese researchers to understand the IEA methodology. The survey results did not reflect the
nature of Chinese science education since the population in rural regions was not included in the
pilot study.

In 1988, the China IEA Center modified the IEA instruments and launched the SISS
Extension Study (SES) at the 9th grade level in seven provinces. The common instruments
employed in SES and the SISS phase Il survey in the United States are listed in Appendix 1.

The instrument revision was based on research experience accumulated from the SISS Pilot
Study in China and the Phase | SISS survey in the United States. The information covers
students’ attitude, gender, classroom experience, personal effort, home background, and test
scores. As suggested by the representative of the National Science Foundation, the data
collected from the revised instruments have the quality for the IRA international assessment
(Postlethwaite & Wiley, 1992, p.185).

Nevertheless, SES was originally designed for an inter-province comparison or "province-
other country” comparison. Each of the seven provinces in China was treated as an independent
system. Hence, there is no legitimate method for integrating the survey over the seven
provinces. To use the SES data for an intemational comparison, one of the provinces must be
identitied to represent the Chinese situation.

In China. the eastern and southern areas are more developed than the northern and
western areas. On balance. a central province is more representative of the entire country than a
boundary province. Among the SES seven provinces, Hubei province is the only one located
in the central area of China. Thus, the data from Hubei province is chosen in this research to
represent the Chinese situation in 1988.

In summary, according to the United States SISS advisory panel, the Phase Il SISS survey
is better than the Phase | survey. In China, compared to the SISS Pilot Study, the SES data set
has at least two advantages: (1) The SES data were collected in both urban and rural regions; (2)

4
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the population in each province is larger than the population of the SISS Pilot Study. Hence,
SES in China and the Phase Il SISS survey in the United States provides the best opportunity to

compare school science education between the two countries.

STATEMENT OF THE PROBLEM

Because the information collected by SES and the Phase 1l SISS surveys is very
extensive, many questions can be explored through the analysis of the two data sets. The
question addressed in this research involves empirical modeis for prediction of students’
science achievement.

Most prediction models in education postulate a linear relationship between student
science achievement and related personal, school, or social predictors (Dryden, 1987a). At least
two major reasons exist for using a linear model. First, a linear model is simple. Since no other
models have been consistently supported by theories in science education, it is tempting to
choose a linear model in a preliminary exploration. Second, an infinite number alternatives to a
linear model exist. Each alternative is based on a non-linear function, and it is impossible to
identify an appropriate model from all potential non-linear functions.

The dilemma between linear and non-liniear models, however, is approached
differently in this research. First, an empirical approach is taken to construct the model of
prediction. Because neither linear nor non-linear models are supported by present theories, it is
desirable to explore an empirical model based on high quality data sets. Second, a unified Taylor
series (Ayres, 1964) is adopted as the mathematical function in the model exploration.

In mathematics, under the condition of the Taylor Theorem (Ayres, 1964), a function can
be expressed as a Taylor polynomial series. For example,

ax +b=b+ax+0x2+0x3+ ... Linear function
X =1 4 x + () 1o 4 (3)1ex3 - (1) Vexd 4 ...

SiNX=0+x- (3 1ex3+ (51)-1ex5 - (7)-1ex7 4 ......
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CoSx=1-(2)1x2 4 (4)-1ex4 . (6!)1+x6 - ...

IN(14x) =0 + x - (2)-1ex2 & (3)-1ex3- (8)-1ex4 4 ......

arc sin x = 0 + x + 12(2+3)-1ex3 + 143+(2¢45)-1ex5 4+ ...

arctan x = 0+ x-(3)1ex3+(5)1ex5 - (7)-1ex7 + ......

Hence, the infinite number of model explorations is simplified to the identification of a set of
polynomial coefficients. in many cases, a iruncated Taylor series provides a good approximation
of the original function.

The validity of the empirical approach depends on two conditions. First, one needs well-
designed data sets to construct an empirical model. Second, to obtain a close approximation, the
model should include high degrees of polynomials, and the data set must contain a large number
of observations. Because the IEA data sets are well-designed and contain thousands of
observations, they fulfill the two conditions necessary for the construction of a potentially valid

empirical model of prediction.

RESEARCH QUESTIONS
The IEA data sets contain student information in six areas, gender, attitude, home
background, classroom experience, personal effort, and science achievement. Each of the first
five aspects could have linear or nonlinear effects on students’ achievement. The questions that
guide this research are:
1. What are the linear or nonlinear factors and interactions constructed by variables from the first
five aspects which have significant effects on students’ science achievement?
2. Do differences exist between the United States and China in terms of the factor structures
and interpretations?
3. Do differences in complexity exist between the Chinese and American models, and how can
the differences be explained based on differing educational, political, social and cultural

contexis in each country?
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SIGNIFICANCE OF THE STUDY

The United States and the Peoples’ Republic of China are two leaders in the worid
community with strikingly ditferent cultural, economical, political and historical background. China
has a unified culture nurtured through more than 2000 years of history. Chinese education is
supported by a trickle down economy, and the central government has the authority to determine
the school curriculum. The United States, on the other hand, has a short 200 year history, a
diversified culture, and a free market economy. The authority to determine the school curriculum
lies with individual school districts and states. Despite these differences, the author believes that
the U.S. and China can learn from each other and that comparative research such as the study
reported here can provide information to improve the American and Chinese students’
achievement.

Walberg (1983) points out: "The best and perhaps only test data that permit reliable
international comparisons of science achievement were obtained by the intemational Association
for the Evaluation of Educational Achievement” (p. 6). A fundamental problem, prediction of
student achievement in science education is addressed in this comparative research based on
two IEA data sets, SES and Phase Il of SISS, collected from the United States and the People's
Republic of China, through an empirical approach with a sound mathematical basis (Taylor
Theorem). This research explores the questions which can not be answered by presert theory.

In methodology, most path analyses use either a Partial Least Square Method (PLS)
developed by H. Wold (1975, 1979, 1982) or Analysis of Linear Structural Relationships by the
Method of Maximum Likelihood (LISREL) developed by Karl Joreskog and Dag Sorbom (1984).
However, based on statistical decision theory, the least squares method and maximum likelihood
method are inadmissible when the number of parameters is larger than two (Stein,1956; James &
Stein,1961; Caselia & Berger, 1990; Hebel, et. al.,1993 ). Stein-type shrinkage estimators have
proved better than the unbiased estimators and are widely accepted by statistical researchers
(Efron and Morris, 1977). As Jennrich and Oman (1986) point out, “it thus comes as a surprise

7
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that Stein estimation is not routinely used in regression applications -- we know of no statistical
packages with Stein regression routines, and when shrinkage estimators are used in muitiple
regression models, they are more often ridge-type estimates” (p. 113). As a part of this research,
a computer program was edited to compute shrinkage coefficients for construction of the

empirical model.

DELIMITATIONS OF THE STUDY
Two significant delimitations are identified for this study:
1 The SES in China was conducted at the ninth grade level. The SISS in the United States aiso
contains a ninth grade population. Hence, the comparative research focuses on ninth grade
science achievement in the two countries.

2. Construction of the empirical model is based only on information in the data sets.

LIMITATIONS OF THE STUDY
Three limitations are embedded in the study:

1. in essence, the two country comparison is an approximation because the information about
China is estimated based on the SES survey in Hubei province.

2. Because SES in China and Phase Il of SISS in the United States were conducted in ditferent
years, the comparative research is essentially buiit on the American information in 1986 and
the Chinese information information in 1988.

3. Other predictors which have no observations in the data sets are not inciuded in

consideration.

ASSUMPTIONS OF THE STUDY
The comparative study is based on the following assumptions:
1. A prediction model can be approximated by a truncated Taylor polynomial function;
2. The English and Chinese versions of the IEA instruments are mutually equivalent;
3. There are no coding errars in the two data sets.

8
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DEFINITION OF KEY TERMINOLOGY
Attitude scale: A set of questions which indicate students' attitudes to certain events.
The responses, such as agree, uncertain, and disagree, are treated as interval
scale in this study.
Barents' Education: The highest level of school that a student's father or mother has compileted.

Personal Effort: The amount of work a student did for his/her study, e.g., the number of hours
a student spent on homework in each week.

Classroom Experience: Daily events a student experienced in his’her classroom, eg, lab
activities, tests and selected teaching matenials.

Science Achievement: Students’ scores on an |EA international core test (see Appendix 1).

SUMMARY
Prediction of students' science achievement is a fundamental question in science
education. Yet, no prediction model is uniformly supported by theories. The research presented
here explores a possible empirical model for prediction of students' science achievement in China
and the United States. Construction of the model is based on the ninth grade data sets from the
SES survey in Hubei province of China and the Phase Il of SISS survey in the United States. The
prediction function is approximated by 2 truncated Taylor series. in Chapter 2, the related

literature is reviewed to identify the research position for the present study.
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CHAPTER 2
REVIEW OF THE RELATED LITERATURE

The literature reviewed in this chapter is presented in three parts: (1) prediction models;
(2) the SISS and SES surveys; and (3) shrinkage regression. The chapter concludes with a

description of the context of this doctoral research and its originality.

PREDICTION MODELS

Several researchers have reported nonlinear relations between measures of
achievement and direct and/or proxy measures of classroom practices (e.g.. Brophy & Evertson,
1974; Loucks. 1975; Rim & Coller, 1978; Soar, 1966, 1968, 1971, 1973; Soar & Soar, 1972).
Flanders (1970) indicates that "the main credit for identifying and conceptualizing nonlinear (or
curvilinear) relationships belongs to Soar* (p. 403). Soar and Soar (1976) claim:

Although linear relationships have most often been used in studies of teaching
effectiveness to identify relationships between classroom behavior and pupil gain, it
seems clear that they are limited in the extent to which they can help us answer the
question of what good teaching is. They are simplistic in implying that if some of a
behavior is good, more is better and once the question is raised, it becomes difficult to
imagine very many behaviors for which increasing amounts would be unqualifiedly good.
(p. 265)

Nonlinear relations were found between measures of achievement gain and measures of
teacher behavior which appeared to represent teacher limitation of pupil freedom in the
development of subject matter and thought. (p.263)

Walberg (1981) emphasizes the importance of interaction effects on students’
achievement. He writes:

The usual form of the regression equation for estimating learningisL=a+bA+CE,
where ais a constant and b and ¢ are coefficients or regression weights for the aptitude
and environment terms.

A possible problem of the equation itself, however, is that it does not allow for the
possible “interaction” of aptitude and environment (Lindquist 1951, Cronbach 1957). For
example, a student with high visual aptitude may benefit more than others from instruction
making use of pictures. Such interactions may be tested by adding an arithmetic product
term (not to be confused with educational or economic product) AE to the regression L =
a +bA +CE +d AE. (p.84)

10
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Jagodzinski, Weede and Tiefenbach (1981) maintain: "Polynomial regression is the
standard procedure for testing curvilinear propositions, particularly it nonmonotonic relationships
are being investigated” (p. 447). Cramer and Appelbaum (1978) have shown that a polynomial
regression model can be applied to the random case as well as to the fixed case. They point
out that the two models differ in terms of the standard errors of the estimates and power

functions, but are identical in their estimation and hypothesis testing aspects.

Socklott (1976) states:

Recent works by Cohen (1968), Kelly, Beggs, McNeil, Eichelberger, and Lyon (1969),
Kerlinger and Pedhazur (1973), McNeii (1970), Walberg (1971), and Bottenberg and

Ward (1963) have attested to the flexibility of the General Linear Model. --- The above
publications, plus those of Digman (1966) and of McNeil and Spaner (1971), have shown
the capabilities of the General Linear Mode! in handling the analysis of nonlinear data. This
approach, with a history dating back to Court (1930), received modern impetus in
education and psychology from Saunders’ (1956) work on moderated regression, and
much of its recent popularity can be attributed to the effects of Cohen's (1968) proselytic

paper. (p.267-268)

Nevertheless. Dewit, Wister and Burch (1988) claim: "Higher-order polynomials are
extremely rare using data from the social science” (p. 65). Bradley and Srivastava (1979) and
Budescu (1980) have discussed multicolinearity of predictors in a polynomial model. They show
that the degree of colinearity in a normal system rapidly increases as a direct function of the
polynomial degree. Jagodzinski, Weede and Tiefenbach (1981) argue: "Even in second-order
polynomial regression there are some problems; often there is extreme multicolinearity between

simple and squared terms.” (p. 447)

Cohen and Cohen (1983) suggest centering data as a partial solution to the problem of
multicolinearity. However, Budescu (1980) contend that centering does not entirely solve the
problem of multicolinearity when distribution is skewed. Liu (1981) writes:

It is frequently suggested that centering variables prior to forming higher power

regressors is essential. Aithough this may reduce the computation problem involved in

caiculating the ordinary least squares estimates, centering does nothing to reduce the
effects of muiticoiinearity. When the centered mode! is expanded, the usual problems ot

multicolinearity still influence the individual estimates. (p. i)

11
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Besides the problem of muiticolinearity, polynomial regression is limited by its inability
to provide clearly interpretable results in a curvilinear analysis (Curry, Roberts & Walling, 1986).
Stimson, Carmines and Zeller (1978) write: "While polynomial regression is statistically sound, it
produces awkward interpretational eqiiations which use a series of linear slopes to describe a
curve” (p. 515). Cohen and Cohen(1983) perceive interpretation and multicolinearity as the

major difficuities of polynomial regression.

In summary, most previous research has treated polynomial regression as an alternative to
a linear model. The approach adopted in this research is to view both linear and nonlinear models
as special cases of a Taylor polynomial series. Possible solutions to multicolinearity are clarified in

Chapter 3, and the problem of interpretation is discussed in Chapter 5.

THE SISS AND SES SURVEYS

A maijor feature of the Second IEA Science Study (SISS) is the international dimension
which makes it possible for countries o learn from each other and to develop better science
programs for their children and young people (IEA, 1988). IEA published its SISS reports in three
volumes (Rosier & Keeves, 1991; Postlethwaite & Wiley, 1992; Keeves, 1992) on three topics:
(1) science education and curricula in twenty-three countries; (2) science achievement in twenty-

three countries; (3) changes in science education and achievement. The major resuits from the

1).S. participation in SISS are summarized in Science Achievement in the United States and
Sixteen Countries (Jacobson & Doran, 1988, p. 3). Jacobson & Doran (1991) write:

Of special interest are findings related to such issues as the follo ~ing:

How did the science achievement of U.S. students compare with. the science
achievement of students in other countries?

How did the science achievement of advanced science students who had studied a
science for two or more years compare with advanced science students in selected
other countries?

To what extent was there growth in science achievement from Grade 5 through
Grade 127

How did science achievement in the 1980s compare with science achievement in
the 1970s?

12
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How did the science achievement of girls compare with that of boys?

What factors in home, school, and community were associated with science

achievement?

What approaches to teaching and learning were associated with science

achievement? (p. 2-3)

The report is based primarily on ten dissertations (Chandavarkar. 1988: Chang. 1988:
Clive, 1983; Dryden, 1987b; Ekeocha, 1986; Ferko, 1989; Humrich, 1988: Kanis, 1988 Micik,
1986 Miller, 1985) and an |EA preliminary report (IEA, 1988). Since then, at least three additional
doctoral dissertations (Baker, 1989; Bayer,1990; O'Rafferty, 1991) have been conducted on the
U.S. SISS project. and a number of monographs (Anderson, 1990; Ferko, Doran, & Jacobson,
1991; Helgeson, 1988; Hurmrich, 1991; Jacobson & Doran, 1988; 1991; Jacobson, Takemura,
Doran, Kojima, Humrich & Miyake, 1986; Kanis, Doran & Jacobson, 1990; Miller, 1986;1988;
Schneider, Muller, Doran & Jacobson, 1991; 1990) have been developed by SISS research
associates. The American SISS team has also given many presentations at national or
international conferences (Bell, 1989; Chang, 1990; 1989; Doran, 1992; Doran, et. al., 1991;
Dryden, 1987a; Humrich, 1989a; 1983b; 1988; O'Rafferty, et. al., 1991; Jacobson, et. al., 1987;
1986. Tamir. et. al., 1989) and has published many papers in well-known research journals
(Chandavarkar, Doran, & Jacobson, 1991; Crew, 1988; Doran, 1990: Doran & Jacobson,1984;
Eichinger, 1990; Ferko, Doran & Jacobson, 1990; Humrich, Jacobson & Doran, 1990; Jacobson,

1990; 1988: Jacobson & Doran, 1985a, b; 1986; Jacobson, Doran & Schneider, 1991; Kanis,

1990; 1991 Krieger, 1984).

On the other hand, the SISS Extension Study (SES) in China was conducted by the
China IEA Center. The author was a member of the Chinese IEA team and participated in the first
two stages of the SES survey, population investigation and data collection. Based on the
author's personal communication with the present staff at the IEA center, the SES data sets have
not been released to the public yet, and therefore, no doctoral research has been conducted on
the SES project. Apparently, the present study is the first report in which the SES data base is
used in a comparative study between the United States and China. To facilitate the international
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comparison, the American SISS literature at the ninth grade level is reviewed in the rest of this

section; the review focuses on the prediction of U.S. students’ science achievement.

Ekeocha (1986) has studied students’ correlates of science achievement based on the
fifth grade SISS data set of the United States. According to the literature reviewed in his
dissenation, three major constructs, the home, classroom experience, and student attitudes,
potentially influence student science achievement. Ekeocha (1986) utilized these constructs to
build a “"general path analytic model” which assumes a linear structure of the construct reiations for
prediction of students’ science achievement. He reports:

The results from the causal models using the individual student as the unit of analysis

indicate that the home and the student attitudes have a positive direct significant effect

on science achievement. The effect of classroom construct on achievement was greater

through mediation than by direct path. (p.1)

Usually, a construct has several indicators. Dryden (1987a) found that father's education
and the number of books in the home are the best indicators of student home background
variables. Ekeocha (1986) states: "A separate analysis of the home background component
variables indicated that ‘possession of books in the home’ had a significant effect on science
achievement” (p.1). Jacobson, Doran, Humrich and Kanis (1988) found the same result for the
ninth grade population. According to Jacobson, Doran and Schneider (1992), “Books in the
Home" may be a general surrogate for the overall level of culture in the home ( p.393). Jacobson
and Doran (1988) clarified the investigation of the home influence in SISS:

The students reported on the amount of their parents’ education, the nature of their
parents’ work, and the number of books in their homes. These variables have been

viewed as indicators of family socio-economic status. - The parents of the advanced
science students were more likely to have had a higher level of education than the
parents of fifth and ninth grade students. (p. 86)

A second construct, classroom experience is reflected in SISS by students’
responses to a science learning questionnaire that asked how they had studied science
{(Jacobson & Doran, 1988; p. 99). The questions were grouped into three categories, general
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teaching techniques, specific science procedures and approaches to homework. Jacobson and
Doran summarize resulits of the responses as follows:

A wide variety of teaching techniques were reported to have been used. Included were

considerable laboratory work and teacher demonstrations. Students reported that their

work in the classroom and the laboratory was mostly teacher directed. Tests were widely

used at all grade levels. (p. 102)

In Dryden’s dissertation (Dryden, 1987b), the effect of classroom experience on student
achievement is further explored at the ninth grade level. Dryden (1987b) writes:

It seems as if teacher and student variables are independent of each other, except for the

process environment. This implies that teacher has no direct effect on science

achievement or attitude toward science. Instead, the effect is mediated through the

classroom process variables. All the school support, effort and education of the teacher

means very little if the teacher cannot organize the classroom structure in a meaningful

manner. The key is not the teacher, per se, but the teacher's ability to organize

meaningful learning experiences for the student. (p. xii)

it should be noted that Dryden's research data were collected from Phase | of the SISS
survey, and the models in that dissertation were constructed with Partial Least Square (PLS) and
LISREL methods. According to statistical decision theory, the mean square error of prediction
(MSEP) of these methods is larger than that of shrinkage regression (Casella and Berger, 1990),

and hence, the prediction is less accurate.

A third construct, student attitude, is measured by a SISS instrument which elicits
students’ reactions to science and school (Jacobson & Doran, 1988; p. 109). The questions
were chosen 1o represent several perspectives: science as a school subject, school, and the
contribution of science to the country. The American results are reported by Jacobson and
Doran (1988):

U.S. students had positive attitudes toward science and school. Most students found

school to be challenging, but some reported that school was not enjoyable. The students

qenerally found studying science to be enjoyable and interesting. They indicated that
studying science was not difficult when it involved handling apparatus, but that there were

many tacts 1o learn in science. (p. 115)

Gender is another tactor which affects students’ science achievement (Dryden, 1987; p.

xii). Humrich (1988) has investigated gender effects based on data from Phase [l of the SISS
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survey. She claims (1988):

The maijor findings can be summarized as follows: Sex differences were found at every

grade level and in every subject area in the written science achievement tests. This sex

difference always favored males. Overall sex ditferences remained fairly constant, in the

5%-7% range, for all populations surveyed, with exception of biology 1 (3%) and non-

science population (3.7%). (p. 1)

However. Micik conducted a case study at a New England junior high school using SISS
instruments. He reports that, at the ninth grade level, the gender difference in science
achievement (0.9%) is much less than the ditference at the national leve! (Micik, 1986). This
example seems to suggest that researchers should exercise caution when inferring gender
differences at a specific school based on the national results.

Indeed. school equity is a potential assumption when applying national SISS results to a
particular school. Gender differences, for example, may depend on whether a school is co-
educational. Only if the school effects are negligible can national results be meaningfui to a
school. Otherwise, sampling errors and significance testing must be included in consideration.
The technical difficulties are explained by Keeves (1992) in one of the IEA intemational reports:

The highly stratified sample design with complex cluster sampling and differential losses

atthe student, school and strata levels make the task of calculating sampling errors and

significance testing a very complex one. There are no simple procedures for the
estimation of sampling errors, using variance ratios or formulae that are accurate or
appropriate with such samples. This applies to all classes of statistics, whether means,
correlation coefficients or regression coefficients. The only procedures that are
considered appropriate are “jack-knifing" and "bootstrapping”, and even here there is
some controversy as to whether the latter is meaningful with large and complex samples.

(p- 53)

In summary, the research reported herein is the first doctoral dissertation which utilizes
the SES data base from China. Although many researchers have explored factors which affect

students’ science achievement in the United States, no prediction model has been developed

empirically based on the Phase Il of SISS survey.

SHRINKAGE REGRESSION

In the 1930s, Jerzy Neyman, Egon S. Pearson, and Abraham Wald undertook a
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mathematically more rigorous approach to statistical inference. The ideas they developed
are part of what is now known as statistical decision theory. They discarded the requirement of
unbiased estimation and examined all functions of the data that could serve as estimators of the
unknown mean y. These estimators are compared through a risk function. defined as the
expected value of the squared error for every possible value of i (Efron and Morris, 1977).

A criticism of the risk function focuses on its nonsymmetric penalty, i.e., underestimation
has only a finite penalty while overestimation has an infinite penalty (Casella and Berger, 1990).
Smith (1990) suggests that more than one criterion, such as variance, bias, or mean square error
of prediction (MSEP), should be included in the risk function construction. However, other
researchers (e.g., Bilodeau & Srivastava, 1988 James & Stein, 1961; Lemmer, 1988; Weigel, et.
al., 1991) still believe that a sensible way of assessing the efficiency of an estimator is to calculate
its mean square error. A summary in the Encyclopedia of Statistical Science (Kotz & Johnson,
1988) concludes: "It is generally accepted that minimum MSE is a highly desirable property, and it
is therefore used as a criterion to compare different estimators with each other".

For a prediction model y=X[3+¢, the vector y and the matrix X known, § a vector of
unknown parameters, and g the random ervor vector, the Gauss-Markov theorem assures that

we cannot find linear unbiased estimators of the regression coefficients § which have smaller

variances than the least square estimators (X'X)-1X'y. Apart from the minimum variance property in
the class of linear unbiased estimators, the least square estimators can be highly variable in certain
dimensions (Liski, 1982; Whittemore, 1989; Stanley, 1990). Thus, biased alternatives to the
ordinary least squares are recommended in order to obtain a substantial reduction in variance.
According to statistical decision theory, an estimator will be judged good if it has a smail, but
probably nonzero, bias combined with a small variance (Casella and Berger, 1990). Hoerl and
Kennnard (1970) have shown that such an estimator always exists.

One alternative to the least square estimator is the maximum likelihood estimator.
However, under the condition of normality, the least square estimator is the same as the maximum
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likelihood estimator. James and Stein (1961) have developed a non-linear estimator with smaller
mean square error of prediction (MSEP) than that of the maximum likelihood estimator throughout
the parameter space when more than two uniquely estimable fixed effects are estimated in a
normal linear model. Based on decision theory, maximum likelihood is inadmissible under the
square error loss (Weigel, et. al., 1991). The inadmissibility means that at least another estimator
exists that gives estimates with MSEP smaller than or equal to the MSEP of maximum likelihood
method throughout the parameter space (Casella & Berger, 1990). Iinterestingly, the James-Stein
estimator is not itself admissible (Draper & Norstrand, 1979). A detailed discussion on its
inadmissibility is given by Sennetti and Kakar (1980). Efron and Morris (1977) have commented
on Stein's ideas:

Sometimes a mathematical result is strikingly contrary to generally held belief even though

an obviously valid proof is given, Charles Stein of Stanford University discovered such a

paradox in statistics in 1955. His result undermined a century and a half of work on

estimation theory, going back to Karl Friedrich Gauss and Adrien Marie Legendre. After a

long period of resistance to Stein’s ideas, punctuated by frequent and sometimes angry

debate, the sense of the paradox has diminished and Stein’s ideas are being
incorporated into applied and theoretical statistics.

The term “shrinkage" apparently originates with J. R. Thompson (1968) in connection
with estimators that have been modified (Lemmer, 1988). According to Ralph (1976) and Matloff
(1982), two popular shrinkage approaches to estimating regression coefficients are the ridge
estimators of Hoerl and Kennard (1970) and the Stein-type estimators derived from the estimation
methods given in the original papers by Stein (1956) and by James and Stein (1961). Ridge
estimators are designed as a method to improve on the unsatisfactory characteristics of the least
squares estimator when there are mutticolinearities among the predictor variables. Stein-type
estimators are frequently recommended because they reduce MSEP and they can be regarded
as empirical Bayes estimators as in Efron and Morris (1973). However, as Jennrich and Oman
(1986) point out, "It thus comes as a surprise that Stein estimation is not routinely used in
regression applications -- we know of no statistical packages with Stein regression routines, and

when shrinkage estimators are used in multiple regression models, they are more often ridge-type
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estimates” (p. 113).

Research in Stein estimation began in the mid-sixties. Its growth became phenomenal in
the mid-seventies, and the topic is currently one of the most popular and active areas of research.
Among the various Stein-type estimators, the estimator suggested by Copas {1983) has a good
reputation with statisticians. The following comments about the Copas method are quoted from
the Journal of Royal Statistics Society (Ser, B, 1983: pp, 335-348).

Using an ingeniously new and intuitively appealing notion of prediction shrinkage,

Professor Copas has been able to give new life to the shrinkage estimator originally

proposed by Charles Stein (P. J. Brown, Imperial College, London).

This paper, | believe, will be seen as a very important one in that it ties together very neatly

many of the ideas which have been tossed around over the past few years of prediction

and shrinkage in the regression model {l. R. Dunsmore, University of Sheffield).

Professor Copas is to be congratulated on an important and stimulating contribution to

regression theory. His insights into the ralationship between retrospective fit and

prospective fit and subset selection are most illuminating. (Professor J. A. Anderson,

University of Newcastle-upon-Tyne).

I have read this paper with much admiration; it addresses the problem of regression

prediction under the assumption that future data will be “rather similar” to past data; this

will often be necessary and sensible when the aim is prediction (A. J. Lawrance,

Birmingham University).

This is a very fine paper, and an interesting pointer to the direction of future

developments in regression analysis for both continuous and discrete data (R. L.

Plackett, University of Newcastle-upon-Tyne).

Research conducted by Hebel, et. al. (1993) has shown that the Copas shrinkage
method is better than least square method in terms of minimizing mean square of prediction.
Wang (1993) developed a program to compute the shrinkage estimator based on LS regression.
The program is used in this research to construct a model for prediction of students' science

achievement.

SUMMARY
The construction of a prediction modet for student achievement is a fundamental
research issue in education. Most previous research divides prediction models into linear vs. non-
linear categories. However, as an empirical exploration, neither linear nor non-linear
relations should be imposed as a pre-condition of the model construction. Instead, it is
preferable to keep both linear and non-linear functions as possible options and to identify the
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optimal model by empirical data sets.

Many SISS researchers have investigated the effects of home, gender, classroom
experience and student attitude on student science achievement. But, no comparative
study has been conducted in the United States and China through the use of Phase Il SISS
and SES data sets. Neither has the shrinkage estimator been mentioned in the American
SISS literature.

In this research, both linear and non-linear functions are treated as special cases of a
Taylor polynomial series. The shrinkage method favored by Copas (1983) and Hebel, et.
al. {1993) is employed to construct the polynomial coefficients in the truncated Taylor
model. Compared to the methods of least squares and maximum likelihood, the shrinkage
estimator has a smaller MSEP, and hence, provides better approximation to the empirical
prediction function supported by the Phase Il SISS and SES data sets. A detailed explanation of

the construction of the model is presented in Chapter 3.
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CHAPTER 3
METHODOLOGY

This research is designed to identify significant factors, linear or nonlinear, for prediction
of students’ science achievement. Construction of the model is based on students' information
in five areas, gender, attitude, home background, classroom experience, and personal effort. A
shrinkage method is employed to estimate regression coefficients in a truncated Taylor
polynomial model. In this chapter, methodology for this study is delineated in four parts:

(1) overview: (2) latent predictor construction; (3) significant factor selection; and (4) shrinkage

estimation.

OVERVIEW

Predictors of students’ achievement can be measured directly, such as gender, or
indirectly, such as students’ attitude, home background, classroom experience and personal
effort. The predictors which are not directly measurable may be interpreted by students’
responses to centain related questions. The responses are called indicators, and the predictors
which are not directly measurable are called latent predictors. Ekeocha (1986), Dryden (1987a)
and Keeves (1992) assert that both gender and latent predictors affect students’ science
achievement. The relations between the predictors and students’ achievement is expressed in
this research as a Taylor polynomial series which includes both linear and nonlinear functions as

special cases.

It should be noted that a polynomial function, y = Bg + X B xii. is still linear in terms of the
Bo and Bj parameters. In other words, polynomial models belong to the statistical General Linear

Model (GL.M) tamily (Graybill, 1976; p.302). According to Sockioff (1976), "The General Linear
Model is a name given to the family of models possessing a common characteristic, namely,
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linearity in the parameters of the equation specifying the model” (p.268). In the ast two sections
of this chapter, General Linear Model is applied to significant factor selection and parameter
estimation.

Nevertheless, Graybill (1876) points out: “A problem that sometimes arises when a
polynomial model is under consideration is that of determining the degree of the polynomial” (p.
303). Jagodzinski, Weede & Tiefenbach (1981) complain: "Even in second-order polynomial
regression there are some problems; often there is extreme mutticolinearity between simpie and
squared terms” (p. 447).

When muiticolinearity exists, the observation matrix, {x;}, is close to singular. in this case, a

“very small” change in one or more observations produces a "significantly large" change in the

estimation of ¢ and B; parameters (Graybill, 1976; p. 230). Liu (1981) studied mutticolinearity in

her dissertation. She suggests principal component regression as a means of ameliorating the
adverse effect of linear dependencies in a polynomial regression mode! (p.i).

Principal component analysis was originated by Pearson (1901) and later developed by
Hotelling (1933). The dimension of latent prediction space can be expiored by scree piot through
a principal component analysis routine (PRINCOMP) in SAS (Johnson, 1992). By defauit, SAS
treats principal components which have eigen values greater than 1 as information, and the
remaining components as noise. Because principal components are orthogonal to one another,
the number of principal components equals the number of dimensions in the latent space.

A disadvantage of the default option is that eigen values of some principal components
may be so close 10 1 that it is not appropriate to set the threshold among them. In a scree plot,
eigenvalues are plotted for each principal component. Hence, one may select a ciear-cut

threshold to identify dimensions of the latent prediction space.
LATENT PREDICTOR CONSTRUCTION

The common instruments employed to collect information for prediction of students’
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science achievement in the SES and Phase Il SISS surveys are listed in Table 2.

Jable 2: Common Instruments of SES and Phase Il SISS

Variable Instrument

SEX What is your sex? (A)male;  (B)female.

FPOSTED What is the highest level of school your father compieted?

MPOSTED What is the highest tevel of school your mother completed?

HOMEBOOK How many books are there in your home?

HMWKALL About how many hours a week do you usually spend on homework or other school
work out of class for all subjects?

HMWKSCI About how many hours a week do you usually spend on homework or other school
work out of class for science subjects?

P_ATTO05 Science is very important for a country’'s development. Agree; Disagree: Uncertain.

P_ATTO06 School is not very enjoyable. Agree; Disagree; Uncertain.

P_ATT34 Science is an enjoyable school subject. Agree; Disagree; Uncenain.

P_ATT35 The science taught at school is interesting. Agree; Disagree; Uncertain.

P_ATT36 Science is a difficult subject. Agree: Disagree; Uncertain.

P2DESO1 We use a textbook for our science lessons Often; Sometimes; Never.

P2DES02 Wae use books other than textbook for learning science.  Often: Sometimes; Naver.

P2DES08 We watch the teacher do experiments during our science lessons.

Often; Sometimes; Never.
P2DES14 We havae tests on what we learned in science. Often; Sometimes; Never.

P2DES18 We do experiments as part of the science lessons Often; Sometimes: Never.

Four adjustments are made on the SES and Phase Il SISS data bases. First, the attitude
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scales (AT T05-36) are recoded as: agree = 1; uncertain = 0; and disagree = -1. Second,
parents’ education (P_ED) is defined as: P_ED = max (FPOSTED, MPOSTED). Third, the SEX
predictor is recoded as: female = 0 and male = 1. Fourth, missing values are deleted.

The first two adjustments are consistent with the definition of terminology in chapter 1.
The third adjustment, a recode of SEX, has two advantages: (1) SEX can be used as a dummy
variable for regression: and (2) the polynomial model is simplified because (SEX)n=(SEX) for any

integer n.

Courntry
Sample
The United States P.R.China
Designed Size 2519 3000
Achieved Size 2027 287
Missing Value (%) 19 4

The fourth adjustment, deletion of missing values, is summarized in Table 3. The
designed sample sizes are proportional to students’ populations. The achieved samples are
created by deleting cases which have missing values for the variables in Table 2. In both the U.S.
and Chinese data sets, the percentage of missing values is less than 20%, and the achieved
samples are larger than 2000. Thus, as an exploratory study, missing values are deleted from
the SES and Phase |l SISS data sets.

A possible method to construct faient prediclors is to conduct a principal component
analysis o0 indicators in Table 2 and then define the first four principal components as latent
predictors of students’ attitudes, home background, classroom experience and personal efforts
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respectively. Unfortunately, the latent predictors are difficult to interpret since they depend on
information in several areas. To facilitate predictor interpretation, indicators are classified into
meaningful groups and principal component analysis is applied to each group. Because the
largest proportion of information in a group is accounted for by its first principal component, the
latent predictor is represented by the first principal component for each group and the total
number of predictors is chosen to be equal to the number of latent prediction dimensions

identified by scree plots to avoid the problem of multicolinearity.

SIGNIFICANT FACTOR SELECTION

Prediction models explored in this research are mathematically expressed as polynomial
functions with students’' achievement as the dependent variable and all possibie polynomials and

interactions of predictors as independent factors.

Based on convergence property of a power series (Ayres, 1964), the first (k+1)th partial

sum S, 1(x) = Z cjxI with j =0, 1, ..., k forms a kernel of the series and the remainder atter (k+1)

terms Rk.1(X) = 2 Cix! withi=k+1,k + 2, ... is close to zero when k gets large. In terms of

statistics, only the first (k+1) items have possibilities of significance. Thus, a truncated polynomial
model provides a good approximation of the potential function which dominates the achievement

prediction.

Graybill (1976) states: "We assume that the degree of the polynomial u(x) is less than or
equal to K, and the problem is to determine the exact degree”(p. 303). Based on the common
variables of SES and Phase Il SISS, factors of students’ science achievement are the polynomials
ot variable SEX and the latent prediclors and their interactions. in general, higher order
polynomials and interactions are included in an exploratory model until the degree of (K + 1) is

reached at which the factors are no longer significant. Then, K is the highest degree of the
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polynomials in the prediction model.

it should be mentioned that not all factors which have degree less than or equal to K are
significant. For example, it was shown in chapter 1 that polynomial terms with even exponents
are not significant for potential functions such as sin(x). arcsin(x) and arctan(x). Since the potential
function for predicting students’ achievement is unknown, it is desirable to select significant
factors from all possible polynomials and interactions which have degree less than or equal to K.

Graybill (1976) points out that an appropriate routine for factor selection which takes all
possible factors into consideration is the backward elimination procedure. The backward routine is
available in Statistical Analysis System (SAS, 1982), and is adopted to select polynomial and

interaction items for prediction of students’ science achievement.

SHRINKAGE ESTIMATION

Copas shrinkage estimators have two properties: (1) the mean square error of prediction
1s smaller than the least square estimator (Hebel, 1989); and (2) the regression coefficients can be
constructed based on least square estimators (Wang, 1993). The first property was reconfirmed
by Wang (1993) using a forty year data base of Kansas wheat yield. This section is devoted to the
explanation of the second property, the computation of shrinkage coefficients.

Let b be a vector of the least square estimator, and let b(c) be a vector of the shrinkage
estimator, and R2 be the coefficient of multiple determination for the least square model. Then for
a general linear model y=X+*b(c)+e, (y and X are known n*1 and n*p matrices respectively, n is
the number of observations and p is the number of parameters, e is distributed as normal with

mean zero and covariance matrix o2l), the two coefficients employed by Hebel, et. al. (1993) are:

p-2
Cl = — (1)

Q=—" (2)
n-p+2
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where p > 2.

Either ¢y or c2 can be used as ¢ in the following formula:

1- R2
k=1-¢ 3)
=]
sum of squares due to LS regression
where R2=
total sum of squares

The shrinkage coefficient is:

b(c) =Kc) b (4)

where K(c) = Max ( min.(k. 1), 0).

Two points should be noted for the shrinkage regression. First, since 0 < K(c) < 1, the
shrinkage coefficient K(c) shrinks the b(c) towards zero. Secondly, there are two values of b(c)

corresponding to Copas ¢1 and ¢z coefficients.

Hebel (1989) showed by computer simulation that ¢ and c; are equally good in
parameter estimation. Wang (1993) compared Copas c1 and ¢ coefficients in a real data analysis,
and concluded that the mean square error of prediction is smaller for cy. Accordingly, the Copas
¢y method is employed in this research to estimate regression coefficients for the model!

of prediction.
SUMMARY

Students’ attitudes, home background, classroom experience, and personal effort are

latent predictors of students’ science achievement. The dimension of the latent prediction space
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1s identified in this research by scree plots through principal component analysis. The common
variables observed in the SES and Phase Ii SISS projects are classified into meaningful groups,
and the first principal component is computed for each group. The factors of prediction are
constructed by polynomials of the visible variable SEX, the Iatent principal components and their
interactions. Significant factors are selected through the backward elimination procedure in SAS.
Shrinkage regression is applied to estimate regression coefficients for the model of prediction.

The results of the model construction are presented in Chapter 4.
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CHAPTER 4
PRESENTATION OF RESULTS

The results are presented in four parts: (1) dimension of the latent prediction space; (2)
structure of latent predictors; (3) significant {actors in the prediction, and (4) stwinkage estimales
of the causal effects on students’ achievement.

DIMENSION OF LATENT PREDICTION SPACE

Among the variables in Table 2, only SEX is a visible predictor of students’ achievement.
The remaining variables are treated as indicators of several latent predictors. The dimension of the
latent prediction space in the Phase |l SISS and SES was determined by scree piots, which are
presented in Figures 1 and 2 respectively. A scree plot is a plot of eigenvalues against the
principal components constructed by the indicators in Table 2. Inspection of Figures 1 and 2
shows that the founth, fifth and sixth principal components have eigenvalues around 1, and the
difference of eigenvalues between the fourth and fifth principal components is larger than the
ditference between the fifth and sixth principal components. Hence, the dimension of the latent
prediction space is four.

STRUCTURE OF LATENT PREDICTORS

Corresponding to the four dimensions of the latent prediction space, the indicators in
Table 2 are grouped into four categories: (1) attitudes (P_ATT05-P_ATT36); (2) classroom
experience (P2DES02-P2DES18); (3) home background (P_ED, HOMEBOOK); and (4)
personal effort (HMWKALL, HMWKSCI). For each group, the first principal component is
computed to represent the latent predictor of the dimension. The structure of latent predictors is
expressed by the factor loadings of the first principal component. The factor loadings
constructed bv the U.S. and Chinese data are presented in Tables 4 and 5. It should be noted
that the identical factor loadings for home background and personal etfort factors in both the U.S.
and China do not have meaningful interpretation. In a two-indicator case, the axis of a principal
component is set at a direction of 450 to each indicator axis. Thus, the factor loading of each
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Table 4.5 T Predi ..

Predictor indicator . Factor Loading

Attitude P_ATTO5  : 0.356644
P_ATTO6  :-0298548
P_ATT34  : 0.604701
P_ATT3S : 0573373
P_ATT36 :-0.298753

Classroom Experience P2DESO1 :0.074826
P2DES02  : 0.237567
P2DESO8  : 0.653609
P2DES14  : 0229283
P2DES18  : 0.653609

Home Background P_ED : 0.707107
HOMEBOOK : 0.707107

Personal Effort HMWKALL : 0.707107
HMWKSC!  : 0.707107

Predictor Indicator . Factor Loading

Attiude P_ATTOS  : 0275895
P_ATT06 :-0.506237
P_ATT34  : 0562202
P_ATT35 : 0.552620
P_ATT36  :-0.195859

Classroom Expenence P2DESO1  : 0.387042
P2DES02  : 0.273908
P2DES08  : 0.500908
P2DES14  : 0.534701
P2DES18  : 0.488220

Home Background P_ED : 0.707107
HOMEBOOK: 0.707107

Personal Effort HMWKALL : 0.707107
HMWKSC! : 0.707107
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indicator is: Sin(450 )=Cos(450 )=0.707107, i.e., two indicators are equally weighted in
construction of the factor. The factor loadings for the other two {actors, attitude and classroom
experience, reflect the relative contributions of each indicator to the latent factors. A detailed
discussion of the two tactor structures is given in Chapter 5.
SIGNIFICANT FACTORS IN THE PREDICTION

Significant factors in the prediction are selected from interactions and polynomials of
variable SEX and the principal components through the SAS backward elimination procedure.
The empirical model based on American data contains significant factors up to and including the
fitth degree of polynomial. On the other hand, the empirical modei based on Chinese data

contains no significant factors beyond the fourth degree. Hence, the degree of prediction for the

Table 6: Significant Predi (US. S . Sci \chi

Variable* Parameter Estimate (By) P-Value
Intercept (Bo) 56.18340139 0.0001
S 602599883 0.0001
H 1.94033381 0.0001
E 286139405 0.0001
A 227856193 0.0001
H+E 126561305 0.0019
HeH -1.90926090 0.0001
c+C -1.01071292 0.0001
S+A*A 0.75133092 0.0073
S+C+C 0.92984590 0.0082
S+*H-A -1.12570535 0.0021
S*H-E -1.44883757 0.0073
HeH-A 0.66445544 0.0079
A+AC 0.19754143 0.0416
E:C-C -0.54054931 0.0131
E*E*E*C 031713476 0.0227
E+E-E-E 0.12420098 0.0012
E-E+E 0.08416007 0.0003
S*HeH-A 0.81375534 0.0108
E-E*E*E°E 0.04034700 0.0094
SeHeH+A+A 0.45744812 0.0034

* Note: S = Sex; C = Classroom Experience; E = Effort; H = Home Background; A = Attitude.
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Chinese model is 4. and for the U.S. model is 5. The significant predictors are presented in

Tables 6 and 7, respectively.

Table 7: Sianificant Pre hinese S . Science Achi

Variabie® Parameter Estimate (Bc) P-Value
Intercept (Bo) 52.70693632 0.0001
S 824791340 0.0001
E 196052871 0.0001
c 0.66087121 0.0069
HeH 0.42823485 0.0040
E-E 0.41561330 0.0032
S*H*C 0.45412394 0.0409
HeA*E 025582318 0.0393
HeE*C 0.25386140 0.0495
A+C+C 0.14284908 0.0198
S:A*AA 0.05587136 0.0010
S+C+C+C -0.12735585 0.0017

* Note: S = Sex: C = Classroom Experience; E = Effort; H = Home Background; A = Attitude.

SHRINKAGE ESTIMATES OF p's
Parameter ('s are the regression coefficients of the significant predictors selected by the SAS
backward procedure. The parameters estimated in Tables 6 and 7 are least squares estimates

{b]. The calculation of shrinkage estimates [b(c)] using least squares estimates is illustrated in

Table 8.
T 8- Calculation of Shrint Esii B . o Coeffici
Data Base n p Cq k K{c) b(c)
SES 2871 12 42+103 0.2892 0.2892 0.2892+b
Phase Il SISS 2027 21 95103 0.4896 0.4896 0.4896°b

SUMMARY
The Chinese and American empirical models are depicted in Figures 3 and 4 respectively.
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Visible predictor (SEX) is symbolized in a square:; latent predictors are in circles: interactions are
in triangles. Shrinkage estimates are depicted as path coefficients, and students’ science

achievement is adjusted by subtracting the intercept from test scores.

197
825

Test Score - o
(Bo: intercept of reg.)

* Note: S = Sex: C = Classroom Experience; E = Effort; H = Home Background; A = Attitude.
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Test Score - By

(Bo: intercept of regression)

* Note: § = Sex: C = Classroom Experience; E = Effort; H = Home Background: A = Attitude.
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The number of factors and interactions which invoive the five aspects, gender, attitude,
classroom experience, personal effort and home background, are listed in Table 9. Discussion

and interpretation of the empirical models are presented in Chapter 5.

Personal Effort and Home Background

Country Gender Attitude Classroom Experience Personal Effot Home Background

China 4 3 5 4 4

USA 7 7 5 8 8

37
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CHAPTER 5
SUMMARY AND DISCUSSION

The goal of this study was to investigate the effects of five factors, gender, attitude, home
background. classroom experience and personal effort, on students’ science achisvement. To
facilitate discussion of the factor effects and interactions, single factor effects are summarized
under the condition that the other factors are fixed at constant levels. Interactions among the
tactors are analyzed at each polynomial level. The similarities and differences between the United
States and China are discussed in terms of the educational, political, social and cultural contexts in
each country. A philosophical recollection about the empirical approach and its value is presented

In epilogue.

SINGLE FACTOR EFFECTS
The empirical results in Chapter 4 can be summarnzed in two regression equations, one
for each country. Let y be the score of students’ science test, then the regression equation for

achievement of American ninth graders is:

y =Bou + B1u*S + Bau-H + B3urE + Bau-A + Bsyr(HE) + Beur(H2) + B7u+(C2) + Bgy+(S-A2) +
Bou*(S+C2) + B1ou(S-H-A) + B u*(S*H-E) + Biay+(H2-A) + B13u~(A2-C) + B1ay*(C2-E) +
B15u*(E3-C) + Bi6ur(E4) + B17u(E3) + Brgu+(S-H2-A) + B1ou+(ES) + Bagy+(S-H2-A2)

(5--USA)
and the regression equation for Chinese ninin graders is:

y =Boc +B1c-S + Bac-E + Bac-C + Bac-(H2) + BsCH(E?) + Bec+(S+H-C) + Brce(H-AE) +
BaC-(HE-C) + Bac+(C2+A) + B10G-(A%S) + B1+CS) 5-PRC)

where S. H, E. A, Biy and Bjc in both equations are defined in Table 6 and 7 respectively.

It is known in Euclidian geometry that two points determine a straight line and three
points determine a piane. in other words, a unique curve on a piane can not be identified by a
two-point scale. The visible factor, SEX, however, has only two values, 0 for female and 1 for
male. Hence. the only gender effect that can be explored with an empirical model! is linear in
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Character. The information in Table 6 and 7 shows that the gender effect is significant in China
and the United States.

The four latent factors, students' attitude, home background, classroom experience, and
personal effort, are represented by their first principal components, respectively. [t is interesting
to note that some linear effects, such as the linear attitude and home background factors in China
and the linear classroom experience factor in the U.S., are not significant in this study.

Quast, Cole, Sparks and Haubner (1963) have defined: * A line is a set of points that
extends without end in two directions” (p.100). There is no direction change in a linear point
extension. A curve, on the other hand, changes direction along a curvilinear extension. The
rate of direction change is defined as curvature in calculus. A mathematical definition of curvature
iIS:

The curvature K of a curve y = f(x), atany point P on i, is the rate of change in direction
per unit of arc length s. Thus,

(d2y)/(dx2)
K = (dty/(ds) = lim (At)/(AS) = {6)
2550 {1 +[(@ymax)]2}32

(Ayres, 1964 p. 81).

Curvature is a unified approach for describing linear and curvilinear relations with a
positive curvature corresponding to a convex curve, zero curvature corresponding to a straight
line, and negative curvature corresponding to a concave curve.

The curvatures of the American empirical madel (5 -- U.S.A.) are:

2By + 2B12U°A + 2B18U*S*A + 2B20y*S-A2

KHU

{1+ [B2u + B5UE + 2Bu~H + B1oUS*A + B11U°SE + 2B12UH"A + 2B18U"S*H-A + 2B20y-S+H-A22}372
(7--US.A)
for the effect of home background,

6B15U°E+*C+ 12B15y-E2 + 68 7y*E+ 20B1gy-ES

Keu =
{1+ [B3u + Bsu"H + B11U-SH + B14y+C2+ 3B 5U-E2-C+ 4P16y°ES + 3B7yE2 + 5B gy-E4]2)372
(8 - US.A)
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for the effect of personal effort,

287y + 2Bgu°S + 2B14U°E
Kcu=

{1 « (2B7u*C + 2Bgu*S*C + B13U*A2 + 2B14y°C*E + B15y-E3|2)3R2
(9-USA)
for tha elfact of classioom experience. and

2Bgu"S + 2B13y°-C + 2B20y°S+H2

Kay =
{1+ [Bau + 2BgUS*A + B1oU*S*H + 2B1y*H2 + 2B13y-A-C + B1gU"S*HE + 2Bogy-S-H2-A}12)3R
(10-- US.A)
tor the effect of attitude.
The curvatures of the Chinese empirical model (5 -- P.R.C.) are:
2B4C
KHC
{1 + [2B4CH + 2BgC*S*C + B7C-A°E + g E+CJ3372
(7--PR.C)
for the effect of home background,
2Bsc
Kec
{1+ (B2C + 2B5C-E + B7C-H-A + BgC H-CR}32
(8--PR.C)
for the eftect of personal effort,
2B9c A + 6B11cC-S
Kce =
{1 +[B3C + BC*S*H + BaC'H*E + 2BgC C A + 3B11¢°C2-S]2)32
(9--PR.C)
tor the effect of ciassroom experience, and
6B10c-AS
KAC =
{1 + [B7C"H-E + Boc+C2 + 3B10C-A-S J232
(10--P.R.C)

for the effect of attitude.

The single factor effect can be briefly summarized in terms of property of the curvatures:
1. Because the curvature of y = f(S) is zero in equation (6) with x = S, gender has a linear effect on
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students’ achievement.

2. None of the curvatures in (7 -- US.A) -- (10 -- P.R.C.) are equal to zero. Hence. the latent
factors, students’ attitude, home background, classroom experience and personal etfort, have
curvilinear effects on students' achievement in both countries.

3. In general, curvatures in (7 - U.S.A.) -- (10 -- P.R.C.) depend on single factor effects and multi-
factor interactions, i.e.. a factor effect may change from positive to negative or from negative to
positive over different levels of other factors.

4. The Chinese curvatures in (7 -- P.R.C.) -- (10 -- P.R.C.) are simpler than the corresponding
American curvatures in (7 -- U.S.A.) -- (10 -- U.S.A.). The simplest curvatures are in (7-PRC)
and (8 -- P.R.C)). The general character of the two curvatures is shown in Figures 5 and 6. Home

background has a convex effect (KHc > 0), and personal effort has a concave effect (Kec <0)on

students’ science achievement.

> B
E
Figure 5. Convexness of Y - Hiknc>0 Figure 6: Concaveness of Y - HiKgc<0
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EFFECTS OF INTERACTIONS

In @ muiti-variate Taylor series, the level of an interaction is defined as the number
oi muitipiications amang the tactors which construct the interaction. According to the results, the

highest level of interaction is five in equation (5 - U.S.A.) and four in equation (5 -- P.R.C.).

There are eleven interaction terms in the U.S. model equation (5 -- U.S.A.) and six
interaction items in the Chinese model equation (5 -- P.R.C.). The interactions are sorted by their
polynomial levels, and the U.S. results are shown in Figures 7 - 10. The Chinese results are

presented in Figures 11 - 12.

Figure 7. The Second Order | ions.in U.S./

Factors interactions (O)

Classroom Experience (C)

Personal Effont (E) E

Attitude (A)

Sex S

Home Background (H) H
42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Factors Interactions ( O )
Classroom Experience (C) Cc ( c2) c2
Personal Effor 3] (E\ |E
Attitude (A) A2 A A A2
Sex S) \ S ) S S S
Home Background (H) H2 H \ H /
Factors interactions () )
Classroom Experience (C) C
Personal Effont (E) E3
Attitude (A) A
Sex (S) S
Home Background (H) H2
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Factors interactions ()

Classroom Experience (C)

Personal Effort (E)
Attitude (A) A2
Sex S S
Home Background (H) H2

i . The Third Order | ions in P.R.C
Factors Interactions ()
Classroom Experience (C) @ fg (04
Personal Effort (E) E @
Altitude (A) A A
Sex S) S
Home Background H) H H H

\_/ \_/ \_/
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Factors Interactions (O )

Classroom Expenence (C) @
Personal Effort (E)

Attitude (A)

Sex S \SJ

Home Background (H)

The effects of interactions in Figures 7 - 12 can be summarized into four points:
1. There are more interaction items in the U.S. model than in the Chinese model. In both
models, most interactions are at the third polynomial level.
2. No interactions between home background and classroom experience are significant in the
U.S. model. The interactions are significant in the Chinese model through the effects of sex
and personal effort.
3. No interactions between SEX and personal effort are significant in the Chinese model. In the
United States. the interaction is significant through the effect of home background.
4. No interactions between attitude and personal effort are significant in the U.S. model. The

interaction is significant in the Chinese model through the effect of home background.

THE INTERPRETATION OF THE RESULTS

Many interesting results have been obtained from the empirical study. The results can be
classified into consistent vs. inconsistent categories. The consistent part is discussed in this
section and the inconsistent part which needs further exploration is highlighted at the end of this
section.

The most consistent aspects of this study are the latent factor construction and

the complexity comparison of (5 -- U.S.A.) and (5 -- P.R.C.). The latent factor construction starts
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from identification of the latent prediction space. As shown in Figures 1 and 2, the dimension of
the latent prediction space is four according to the results from principal component analyses.
The complexity comparison is based on the number of single factor effects and muiti-factor
interactions. It has been elaborated in the previous two sections that there are more factor effects
and interactions in the U.S. model than in the Chinese model. The exploratory interpretations in
this section are based on differing educational, political, social and cultural contexts in the United
States and the Peoples’' Republic of China.
Latent Factor Construction

The structure of a factor is expressed by the factor loadings of indicators which compose
the factor. The factor loadings of the four latent predictors, attitude, classroom experience,
personal effort and home background, are listed in Tables 4 and 5. The corresponding elements
in the two tables have the same positive or negative signs. Thus, the structural ditferences of the
Chinese and American predictors are in their magnitudes rather than directions. The structures of
two-indicator factors, home background and personal effort, have been discussed in Chapter 4.
The interpretation of factor loadings in this section focuses on the factor of students’ attitude and
classroom experience.

inthe U.S. data, indicators with the largest contributions to students’ attitudes are
students’ interest in science (Table 4: P_ATT34) and their feeling of enjoying school science
experience (Table 4: P_ATT35). This is also the case in the Chinese data (Table 5: P_ATT34 &
P_ATT35). In addition. the attitudes of Chinese students are strongly affected by school
pressure (Table 5: P_ATT06). In both countries, teachers’ demonstrations and students’
experiments are important science activities (Tables 4 & 5: P2DES08 & P2DES18). But the
effects of the activities in China are not as strong as in the United States in determining the factor
of classroom expertence. A more important contribution in China comes from students’ tests
(Table 5: P2DES14).

Chinese schools are classified as key schools and general schools. A major criterion of

the classification is the number ot students in each school who have passed the National College
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Entrance Examination. No matter what kind of pressure a school has, if many students in that
school can pass the examination, the school will be promoted as a key school. This is in a line with
what Deng Xiao-ping said, "It does not matter whether a cat is white or black as long as it catches
rats”

In a centralized educational and political system, examination is a feasible way to avoid
corruption in admission to higher education. The Chinese government takes great care to
eliminate cheating on the examination. As a result, whatever power a student's parents may have,
the only way for the student to pursue formal higher education is to pass the National College
Entrance Examination. According to the wisdom of Chinese educators, the best way to cope with
the examination i1s to make students take difficult tests in secondary education. Hence, test has
the highest factor loading on the Chinese classroom experience.

In both the U.S. and China, teachers' demonstrations and students’ experiments are
important laboratory activities for science education. Nevertheless, in China, it is impossible to
provide laboratories to simultaneously measure the experimental skills of millions of high school
graduates in the College Entrance Examination. Thus, the National College Entrance
Examination s a paper-pencil test and does not require experimental skills to achieve good
scores. Moreover. China is a developing country and many schools, especially in rurai areas, do
not have well equipped teaching laboratories. The lack of equipment and the pressure of school
examination appear to be the major reasons why laboratory activities have less effect on the
Chinese classroom experience.

Complexity Comparison

It has been shown that the American model (5 -- U.S.A.) is more complicated than the
Chinese model (5 -- P R.C.). Interpretation of the difference is based on differing social and
cultural contexts in each country.

The United States is a country populated by people from all over the world. The
compulsory education enforced in the U.S. requires school-age children from various cultural

backgrounds to complete their education at no less than the ninth grade level. Although the
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education is compuisory, not all U.S. students perceive an equal opportunity to learn. Coleman,
Campbell, Hobson, McPartland, Mood, Weinfeld and York (1966) found that many minority
students felt that somebody blocked them from success, even though they had the ability to
learn. Also. the authority to determine school curricula is the responsibility of individual school
districts or communities. In summary, the heterogeneous student population and diversified
curricula are important factors which increase the complexity of predicting students’ science
achievement in the United States.

On the other hand, China has been a unified country since 221 B.C. About ninty-four
percent of Chinese population is Han nationality. It is said that Chinese peopie are descendants
of dragon and the Emperor is the son of God. “China” in Chinese means "middle kingdom". The
national minorities in remote areas were ruled by courtiers of the Emperor and have been
assimilated as members of the Chinese family after age-long cuitural communications. The feudal
system was not abandoned until the beginning of this century. The cultural foundation of the
Chinese feudalism is Confucian philosophy. Confucious said: Those who study mentally should
govern the people who work physically, and those who work physically should serve the people
who study mentally. Thus, education is a vehicle to promote the social status of students’ family.

Nevertheless, the improvement of education is ciosely tied to development of the
Chinese economy. Because the feudal system impeded Chinese economic development for
more than 2000 years, China is still a third world country in many respects. For example,
compulsory education has not yet been fully enforced in China. In 1988, less than half of children
finished their middle school education. Those who studied at the ninth grade were selected by
regional Middle School Entrance Examinations. Thus, the Chinese model of prediction is based
on the information from the selected middle school students.

The authority to determine Chinese school curriculum belongs to the central
government The national curriculum has an effect of standardizing science education over the
country. Therefore, the prediction of students’ science achievement should be less complicated

in China given the unified culture, selected students, and standardized curriculum.
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The inconsistent results between the two countries may be caused by empirical error or
confounding factors which have not been includad in the mode! construction. It should be noted
that in Table 9 the number of predictors constructed by gender, attitude, classroom experience,
personal effort are different in the Chinese and U.S. models. The contribution of each predictor
on students’ achievement depends on the path coefficient and the predictor scale. Because not
ali the predictors are constructed on the same scale range, larger path coefficients do not
necessarily imply greater contributions to students’ achievement. Questions identified by this
research and subject to further exploration are:

1. Can the curvatures and interactions be further simplified to facilitate an appropriate comparative
interpretation?
2. Do specitic structures of the significant predictors re-appear in empirical studies in future?
3. Do the factor loadings and mode! complexity in the two countries have additional physical
meaning?
EPILOGUE

According to constructivist epistemology, the natural world can not be known directly in
any absolute sense, but must be interpreted through phenomena. Empirical inquiry is a research
methodology for interpreting the world through phenomena. The more phenomena that a
researcher studies, the better interpretation he or she can make. An empirical study does not
degrade the value of theoretical research, but rather pursues theoretical explanations for the
empirical phenomena.

The focus of this comparative research was to identify significant predictors of students’
science achievement based on the common variables investigated in SES and Phase Il SISS.
Since no theoretical solution to this problem is in sight, an empirical approach was adopted to
construct exploratory models. The underlying philosophy, however, is not empiricism. Prior
knowledge has played an important role in the construction of latent factors and interpretation of
results. Also, these exploratory results need further empirical reconfirmation and theoretical

interpretation.
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Most scientific theories are not based on a single empirical study. More empirical studies
need to be conducted in the area of international comparisons. Results which are consistently
reconfirmed by empirical studies form the foundation for theoretical interpretations. Hence,

empirical studies are indispensable in the construction of theory.
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APPENDIX 1: THE CHINESE VERSION OF SISS INSTRUMENTSI(]

LEGEND
STUDENT BOOKLET(2}

2M: Core Test(3]

2A: Rotated Test(4]

2B: Rotated Test

2C: Rotated Test

2D: Rotated Test

2Q: Mathematics Test

ST: Student Questionnaire, Opinion Questionnaire and Description of Science Learning
TEACHER BOOKLET

20TL: Opportunity to Leam (OTL) Questionnaire

TE: Teacher Questionnaire

PRINCIPAL BOOKLET

SC: School Questionnaire

NOTES

[1] The items which are employed in the Chinese and U.S. surveys are noted by ™" in this
appendix.

(2] Word Knowledge Test in Table 1 is excluded from this appendix because the test is not valid
for Chinese students.

[3]) Core Test is a science achievement test which has been taken by every student who
participated in the international study.

[4] Rotated Tests are science achievement tests which are grouped pairwisely into six

combinations, 2A & 2B, 2A & 2C,2A & 2D, 2B & 2C, 2B & 2D and 2C & 2D. Based on the SISS
design, each student should be randomly assigned to take one of the six combined tests.
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ABSTRACT

Appropriate assessment of students' science achievement is a fundamental question in
science education. One statistical approach to assessment suggests the establishment of a
prediction model. Yet, no prediction model is uniformly supported by theories. The research
presented in this dissertation explores a possible empirical model for prediction of students’
science achievement in China and the United States. Construction of the model is based on the
ninth grade data sets from the Phase .. of the Second IEA Science Study (SISS) in the United
States and the SISS Extension Study (SES) in Hubei province of China.

Previous research divides prediction models into linear vs. non-linear categories.
However, as an empirical exploration, neither linear nor non-linear relations should be imposed as
a pre-condition of the model construction. In this research, both linear and non-linear functions
are treated as special cases of a Taylor polynomial series. The shrinkage method favored by
Copas (1983) and Hebel, et. al. (1993) is employed to construct the polynomial coefficients in the
truncated Taylor model. The common variables observed in the SES and Phase Il SISS projects
are classified into five categories, students’' gender. attitudes, home background, classroom
experience. and personal effort, based on the distinction of visible and latent characteristics and
the scree plots trom principal component analyses. The latent categories, students' attitudes,
home background. classroom experience, and personal effort, are represented by their first
principal components. The factors of prediction are constructed by polynomials of the visible
variable (gender). the latent principal components, and their interactions. Significant factors are
selected through the backward elimination procedure in SAS.

Factor structures are expressed by factor loadings in each category. The differences in
the factor structure and the model complexity between the United States and China are
interpreted in terms of the differing educational, political, social and cultural contexts in each
country. The empirical results are: 1) Gender has a significant linear effect on students' science
achievement: 2) The effects of attitude, home background, classroom experience, and persona!

effort, are curvilinear. Curvature functions are derived for each factor to elaborate the
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curvilineanties. 3) In both countries. most significant interactions are at the third polynomial level.
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