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|. Introduction

School systems around the world differ in many respects. Important sources of variation
include examination systems, the existence of high-stakes incentives for students and
teachers, the provision of remedial instruction for lagging students or of enrichment
classes for outstanding students, the level and alocation of resources, the quality of the
teaching force, and the average class size. Given these differences, it is not obvious that
findings from any particular school system translate directly into general principles for
all systems. Although the effect of class size on student achievement has recently been
the subject of a great deal of research in the United States, the U.S. findings simply may
not generalize to school systemsin other parts of the world with distinctive institutional
configurations. This paper explores this possibility by providing estimates of class-size
effectsin 18 education systems scattered across four continents.

The central problem in estimating class-size effects is that various forms of
placement decisions undertaken by parents and schools obscure the causal relationship
between class size and student performance. For example, parents may place children in
schools with bigger or smaller class sizes on the basis of their educational performance;
administrative rules may track students into different schools depending on their
achievement; and individual educators may sort students within a school into differently
sized classes according to their behavior or demonstrated academic potential. As a
result, naive estimates of education production functions may be biased both by
endogeneity of class size with respect to student performance and by omitted variables.
Estimating “true” class-size effects, i.e. the causal effect of class size on student
performance, thus requires an identification strategy that restricts the analysis to
exogenous variations in class size, thereby allowing for the causal class-size effect to be
disentangled from the effects of sorting.

In principle, two kinds of such strategies are available. The first one is to conduct an
actual experiment, using random assignment of students to classrooms to ensure that all
observed variations in class size are exogenous. The second is to adopt a quasi-
experimental approach in which instrumental variable (V) estimates are used to restrict
the analysis to that part of the total variation in class size that is exogenous to student

achievement.



Evidence from the one large-scae random-assignment experiment on class-size
effects, the Tennessee Student/Teacher Achievement Ratio experiment (“Project
STAR?”), has been analyzed both in terms of its initial impact on student achievement
(Krueger 1999) and in its longer-term consequences for academic progress (Krueger and
Whitmore 2001). Unfortunately, however, the validity of the experiment may actually
have been undermined by the same decentralized sorting effects that the research design
was intended to eliminate. For example, non-random parental choices prior to the start
of the experiment — e.g. not to send their children to participating schools if they were
assigned to larger classes — cannot be ruled out and would bias any estimate of class-size
effects. Several other issues of design and implementation of Project STAR also call
into question the validity of its results (Hanushek 1999). Furthermore, any experiment
suffers from the so-called “Hawthorne effect” in that participants are aware that they are
being evaluated, and may respond by increasing their effort. Knowledge of one’s
participation in an experiment can also alter the prevailing incentive conditions in
important ways. For example, the schools participating in Project STAR may have
realized that their future resource endowments would be affected by the outcome of the
experiment, and may have adjusted their behavior accordingly (Hoxby 2000). In short,
the use of randomized experiments to assess the effects of class size has intrinsic
problems, and the implementation of the one major class-size experiment seems to have
been less than optimal. And it must be recalled that we have evidence from only one
experiment, conducted in a single U.S. state in the mid-eighties. The near universal
popularity of country music notwithstanding, the situation in Tennessee simply may not
be representative of school systems in other parts of the world.

Studies using quasi-experimental evidence also have important disadvantages.
Principle among them is the need to examine rather specific variations in class size that
make it possible to disentangle the causal effect of class size on student achievement
from the results of sorting. As a consequence, studies using this kind of identification
strategy are also only available for a few countries and situations. Angrist and Lavy
(1999) exploit a specific rule on maximum class size in Israel to extract presumably
exogenous variation in lIsraeli class sizes. While this identification strategy excludes
class-size variations due to student assignments within a school, it is not immune to bias

from parental residential choice. Moreover, they are only able to analyze the effects of



variation in class size between 20 and 40 students, which may not be the range most of
interest to policy-makers in many countries. Case and Deaton (1999) identify class-size
effects by looking at data on Black students in South Africa during apartheid, arguing
that the variation in class sizes for Black students was largely exogenous, because the
Black population at this time had neither freedom of residential choice nor control over
their schools' endowments. But the South African school system during apartheid was
obviously unique in its institutional configuration, and was characterized by district-
average class sizes of up to 80 students. It is therefore unclear whether the results are
relevant to more advanced countries. Hoxby (2000) exploits variation over time in
student enrollments due to random fluctuations in the timing of births and district rules
regarding maximum or minimum class sizes to identify exogenous variation in class
sizes, applying this approach to elementary schools in the U.S. state of Connecticui.
Unfortunately, her identification strategies require along panel of rich data and have yet
to be applied in other contexts.

In this paper, we use the international database of the Third International
Mathematics and Science Study (TIMSS) and develop a new identification strategy that
provides unbiased estimates of the effects of class size on student achievement in a host
of school systems from al over the world. The TIMSS database provides data on
representative samples of students in the two adjacent grades with the highest share of
thirteen-year-old students from about 40 countries, 18 of which have data rich enough to
support the implementation of our identification strategy. Our identification strategy is
designed to take advantage of several unique characteristics of this database.
Specificaly, it exploits the fact that the TIMSS database contains information on the
performance and class size of students in two adjacent grades of each school taking the
same achievement test, as well as on the average class size in each grade of each school.

In anutshell, our identification strategy uses the part of the between-grade difference
in class size in a school that reflects differences in the school’s average class size
between the two grades to predict that part of the between-grade difference in student
performance that is idiosyncratic to the school. In doing so, we exclude both between-
school and within-school sources of student sorting. Between-school sources of student
sorting are eliminated by controlling for school fixed effects, while within-school

sorting is filtered out by instrumenting actual class sizes by the average class size in the



relevant grade at each respective school. The remaining variation in class size between
classes at different grades of a school is random, and presumably reflects natural
fluctuations in student enrollment. We can use this random variation to identify the
causal impact of class size on student performance.

The paper is organized as follows. Section Il details our identification strategy, while
Section 11 illustrates the basic idea of this identification strategy on the basis of two
examples. Section 1V introduces our data. In Section V, we present our estimates of
causal class-size effects and examine their difference relative to naive estimates of class-
size effects. We also discuss the precision and magnitude of our estimates in greater
detail, comparing them to previous estimates from the United States. Section VI
concludes with some observations about the relationship between the institutional

characteristics of school systems and the existence of class-size effects.

[1. Theldentification Strategy

A. The Standard Method and Potential Sorting Biases

The standard method to estimate the relationship between class size and student
performance is a simple least-squares (LS) regression of test scores on class size,
controlling for a set of family-background characteristics. Basically all of the estimates
of education production functions surveyed in Hanushek (1986, 1996) and Krueger
(2000) use this method. Assuming that we use test-score data from different grades, the

following education production function would be estimated:

(1) Ticgs = alsc + Ctrlicgsﬁ + 1Gg + Uc +tE

icgs !

where Ticgs IS the test score of student i in class c at grade level g in school s, Sis the
class size, Ctrl is a vector of controls for student- and family-background characteristics,
and G is the grade level. The coefficients ai, £, and yare parameters to be estimated, v
is a class-specific component of the error term, and € is a student-specific component of
the error term. The following subscripts are applied throughout: i is for student, c is for
class, g is for grade level, and sis for school.

While this identification method has been commonly used in the literature, it would

clearly be naive to interpret the estimated parameter a; as a causal effect of class size on



student performance without considering ways in which it might be biased. The problem
with this estimate is that the variation in class sizes Sis not necessarily exogenous to the
variation in test scores T. One can come up with any number of plausible waysin which
class size may be influenced by student performance. For example, parents of high-
performing students may choose to live in residential districts with small class sizes to
better foster their abilities. On the other hand, it might also be the case that parents of
poorly performing students may choose schools with small class sizes because they feel
that their children need extra attention. Schools may set up smaller remedial classes for
laggards, or they may establish special enrichment classes for their most talented
students. Likewise, the school system as a whole may track students of different
performance levels into different kinds of schools with different average class sizes. In
short, al kinds of sorting effects are at work in every school system, and a priori it is not
even clear whether their overall effect is to place the worse- or the better-performing
studentsin smaller classes.

In effect, every decision by parents, schools, administrative entities, or whomever
that places students of different performance levels into classes of different size
introduces sorting effects. All these sorting effects influence the naively estimated
relationship between class size and student performance, so that the coefficient estimate
o, is a mixture of the “true” class-size effect (the causal impact of class size on student
performance) and of the consequences of sorting. The diversity and decentralized
character of these decisions makes it impossible to control for all these kinds of sorting
effects directly simply by including additional variables in the regression. Some kind of
omitted variable bias would almost inevitably remain, and it may be fallacious to assume
it to be of second-order magnitude. Instead, we need a strategy to identify causal effects
of class sizes on student performance that bases its estimation on exclusively exogenous

variation in class size.

B. School Fixed Effects to Account for Between-School Sorting

We can usefully divide the different kinds of sorting into two broad categories: sorting
taking place between schools, such as residential choice or tracking by schools, and
sorting taking place within schools, such as parents pressuring their children to be

placed into particular classes or heads of schools assigning students to different classes.



The development of the identification strategy used in this paper proceeds through two
stages, each of which eliminates one of these two categories of sorting effects.

The strategy used to eliminate the effects of between-school sorting is to control for
school fixed effects (SFE). Any systematic between-school variation, stemming from
any source whatsoever, is thereby removed when estimating the class-size effect. This

strategy is implemented simply by including adummy variable for each school:

(2 Tigs =0, S +CHrl( B+)G, + DO +0U, +€
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where D is a vector of school dummies. Obviously, this identification strategy requires

that our dataset has information on more than one class from each school.

C. Instrumental Variables to Account for Within-School Sorting

Even having controlled for school fixed effects, however, the estimates produced by
equation (2) might still be biased by sorting taking place within schools wherever there
is more than one class per grade in a school. Our strategy to dispose of within-school
sorting effectsisto use instrumental variables (1V) to ensure that only an exogenous part
of the class-size variation is used to estimate the causal class-size effect. To be used as
an instrument, a variable should be highly correlated with the endogenous explanatory
variable (class size), but it should not be correlated with the dependent variable (student
performance) except through the effect of the endogenous explanatory variable. This
entails both that the instrument should have no direct effect on the dependent variable
but only the indirect effect through the endogenous explanatory variable, and that the
instrument should not be endogenous to the dependent variable.

The variable we use to instrument for the actual class size is the average class size at
the respective grade level of the school. It is expected — and it is shown below — that

schools’ average class size in each particular grade is highly correlated with the actual

1 The average grade-level class size was first applied as an instrument for actual class size in
Akerhielm (1995). However, as Akerhielm did not control for school fixed effects, her estimates may still
be biased by between-school sorting effects. Furthermore, Akerhielm also used the overall grade-level
enrollment of a school as a second instrument in addition to average class size. However, this may be a
false instrument as there might be a direct relationship between overall enrollment and student
performance that is unrelated to differencesin class size (cf. Angrist and Lavy 1999). Moreover, none of
the coefficients on enrollment in Akerhielm’s first-stage regressions are significant, suggesting that it is
not agood instrument.



class size experienced by their students in that grade.2 There is no reason to expect that
the average class size would affect the performance of students in a specific class except
for through its effect on the actual size of the class of the students. Furthermore, we do
not see how student performance should have an impact on the grade-average class size,
once any school fixed effect is accounted for. Given this instrument, the second stage of
the two-stage least-squares (2SLS) estimation is then:

(3) Tiogs = a3éc +Ctr|icgsﬁ+ ng + D55+Uc + gicgs '

where éc is the predicted value of the first-stage regression of actual class size § on the

average class size of the grade level in the school A; and the other exogenous variables:
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The average difference in performance between students from the adjacent grades is
controlled for by the grade-level dummy G, so that the remaining performance
difference between the classes from the different grades is idiosyncratic to each school.
This idiosyncratic variation in student performance is then related to that part of the
actual class-size difference between the two grades that is due to differences in average
class size between the two grades. Arguably, this remaining class-size variation is
caused by random fluctuations in the cohort size between two adjacent grades of a
school. The coefficient estimate a3 can thus be interpreted as a true estimate of the
causal impact of class size on student performance which is unbiased by within-school
and between-school sorting.

Because equation (3) includes school fixed effects, and because every class size at a
given grade level is instrumented by the same average class size, this |V strategy (SFE-
V) requires that we have comparable information on student performance from more
than one grade level in each school. As the same achievement test can only sensibly be
administered to different grade levels if the students' performance levels are not too far
apart, the grade levels should be adjacent. Furthermore, there should not be institutional
differences in the rules determining class size between the two adjacent grades, as these

would constitute a source of non-random differences in class sizes between the two

2 When there is only one class at a grade level in a particular school, actual and grade-average
class size will be equal and the problem of within-school sorting does not exist.



grade levels. In short, our identification strategy requires a dataset with very unique
characteristics.

The class-size variation on which the estimate as is based, namely within-school
between-grade variation, certainly is a rather specific one. Any differences in class size
within one grade and any differences in class size between schools are excluded from
the analysis. However, as will be discussed below, this variation has the distinct
advantage of being in the relevant range of variation for potential policy initiatives in
each country. The variations in class size analyzed here are generaly of a magnitude
that may be affordable given the budget constraints on class-size reduction, and they

occur by design at the level most relevant for each country.

[11. Two lllustrative Examples

Before actually implementing this identification strategy, we first present two graphical
examples that illustrate visualy the basic intuition behind our identification strategy.
The specific examples we use — the mathematics performance of students in Singapore
and Iceland — are chosen purely on the basis of their capacity to demonstrate the
advantages of our identification strategy. While a more thorough discussion of the data
is relegated to Section 1V, it suffices here to point out that it comes from the Third
International Mathematics and Science Study (TIMSS), which tested representative
samples of seventh- and eighth-grade students in a host of countries. As a general rule,
one seventh-grade class and one eighth-grade class were tested in each school. TIMSS
mathematics test scores were scaled to an international mean of 500 and an international
standard deviation of 100. For these illustrative examples, we do not use student-level
data as discussed in Section Il, but rather look only at the average test score in each
classroom. Nor do we yet control for family-background characteristics; both will be

done in the implementation in Section V below.

A. Class Sze and Mathematics Performance in Sngapore

In Singapore, we have 268 classes in our sample — 134 schools with one seventh-grade
class and one eighth-grade class each. With an average mathematics test score of 623,
students in Singapore are the best performers of all countries participating in TIMSS.

The average class size in Singapore is 33.2. Figure 1 plots the average test-score



performance of students in class-size blocks of five students. Each block with five
students more on average has a higher average level of performance than the previous
block. Obviously, this pattern indicates that students in larger classes perform better —
not worse — than students in smaller classes.3 The same counterintuitive pattern is
apparent in the top panel of Figure 2, which presents a scatter plot of class-average test
scores versus class size.# Note that this positive correlation is not driven by outliers or
non-linearities. Rather, the relationship between class size and student performance
appears to be quite linear. Naively interpreting this correlation as causation would lead
to the counterintuitive conclusion that larger classes facilitate student learning. As
argued above, however, this relationship between performance and class size is likely to
be spurious, reflecting the differential sorting of students between and within schools.

Looking at differences-in-differences allows us to control for the effects of between-
school sorting. That is, for each school, we measure both the difference in average
student performance between seventh and eighth grade and the difference in class size
between seventh and eighth grade. This procedure removes any difference in the overall
performance levels between schools (school fixed effects), leaving only within-school
variation in both test scores and class sizes. The middle panel of Figure 2 plots within-
school differences in performance against within-school differences in class size. Once
again we observe a statistically significant positive correlation between performance
differences and class size, although the size of the positive correlation is substantially
reduced. This reduction suggests that on average in Singapore, poorly performing
students seem to be sorted into schools with smaller classes.

However, even the differences-in-differences picture might be distorted by various
types of student sorting that occur within schools. The next step in our identification

strategy accordingly attempts to eliminate any effects of within-school sorting by using

3 This pattern of performance steadily increasing with class size in Singapore is driven mainly by
performance differences within seventh grade. Within eighth grade, the only statistically significant
difference in performance between the different blocs of class sizes is that classes with more than 39
students scored higher, on average, than classes with 35-39 students. Within seventh grade, all the
performance differences between consecutive blocks reported in Figure 1 are statistically significant
excepting 35-39 versus 40-45 and 10-14 versus 15-19.

4 For purposes of clarity, the trend line in the top panel of Figures 2 and 3 does not control for the
grade level of each class. However, trend lines controlling for grade level would look just the same in
both cases.



only that part of the between-grade variation in actual class sizes that reflects variations
in grade-average class sizes. We first regress the between-grade difference in actua
class size on the between-grade difference in grade-average class size (that is, we
instrument actual class size by grade-average class size), and then use the predicted
between-grade difference in class size for each school from this regression as the
measure of between-grade difference in class size on the horizontal axis of the bottom
panel of Figure 2. This scatter plot reflects the basic idea of our identification strategy: It
relates that part of the between-grade difference in class size in each school that reflects
differences in the average class size of the two grades to the difference in student
performance between the two grades in the school. This excludes the effects of student
sorting both between and within schools. We thus interpret the bottom panel of Figure 2
as a picture of the causal effect of class size on student performance. The picture
suggests quite clearly that class size has basicaly no causal effect on student
performance whatsoever in mathematics in Singapore.

Taken as a whole, the three panels of Figure 2 show that in Singapore weaker
students seem to be consistently placed in smaler classes, both between and within
schools. The lack of an observable relationship in the third panel suggests that the
counterintuitive positive correlation visible in the upper panel reflects this sorting rather
than a causal effect of class size on student performance. At least in Singapore,
estimation strategies that do not take into account the ways in which class-size resources
are alocated to students of different ability levels at both the between- and the within-
school levelswill be severely biased.

B. Class Sze and Mathematics Performancein Iceland

The second country we use to illustrate our identification strategy is Iceland. The
mathematics sample in Iceland consists of 131 classes in 65 schools (there was one
school where two seventh-grade classes were tested). The average TIMSS test score in
mathematics was 467 in Iceland, and the average class size was 20.3. Figure 3 depicts
the same three scatter plots for Iceland that were depicted in Figure 2 for Singapore.

The top panel of Figure 3 shows that there is essentidly no straightforward
correlation between class size and mathematics performance whatsoever in Iceland.

Note that there are some extremely small classes in Iceland; however, these do not
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reflect extremely small schools, as unusualy small schools were excluded from the
TIMSS sample in Iceland. Using differences-in-differences to exclude between-school
differences in performance levels in the middle panel again reveals no obvious
relationship between class size and performance. The lack of a substantial change in the
slope of the trend lines between the first two panels of the figure suggests that in
Iceland, unlike in Singapore, students of lower ability are not systematically sorted into
schools with smaller classes. The bottom panel of Figure 3 again provides the picture
most representative of our identification strategy, which excludes any sorting effects.
This final picture reveals a negative relationship between class sizes and student
performance — smaller classes seem to cause better mathematics performance in
Iceland.5

Although the simple correlation between class size and student performance in
Iceland initially suggests that there is no relationship between the two, this lack of
correlation cannot be taken at face value. Our identification strategy reveals that smaller
classes do in fact enhance students’ learning in mathematics in Iceland. In this simple
class-level correlation without control variables, the negative coefficient on class-size
differences is statistically significant at the 10 percent level. The class-size coefficient is
slightly larger than 2 (in absolute terms), implying that a class size smaller by one
student elevates student performance by 2 TIMSS test-score points. That is, a class that
is 5 students (or a quarter of the average class size in Iceland) smaller than another one
would have performed, on average, slightly more than 10 test-score points (or 10
percent of an international standard deviation in TIMSS test scores) better as a result of

the class-size effect.

C. Examples of Individual Schoolsin Iceland

The basic features of our identification strategy, and of the class-size/performance link
in Iceland, can be further illuminated by looking at several cases of individual schools.
The four schools, A to D, that we discuss here are all real schools taken from the TIMSS

data for Iceland. In school A, the sampled seventh-grade class has 21 students, and the

5 Theresult stays virtually unchanged when the two outlying observations at the right-hand side of
the graph are dropped. Additionally dropping the outlying observation at the bottom of the graph, the
coefficient on class size grows (in absolute terms) to —3.01 and is statistically significant at the 5 percent
level.
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sampled eighth-grade class has 25 students. The same is true for the average class sizes
in seventh and eighth grade in this school, suggesting that the school may only have one
class in each of these two grades. The seventh-grade class is thus smaller, both on
average and actualy, in school A. The average performance of the seventh-grade
students sampled in school A is 462, and in eighth-grade it is 473. That is, the tested
eighth-graders in school A performed 11 test-score points better than the seventh-
graders tested in school A. On average across al schools in Iceland, however, eighth-
graders performed 31 points better than seventh-graders. This means that the smaller
class size in seventh grade in school A might have led to alag in performance relative to
eighth-graders that is smaller than the lag usually observed. It is informative to note here
that a between-school evauation in this case would have led to the opposite,
counterintuitive result. The average test score of seventh-graders in Iceland is 450, and
the average class size (when averaged over classes, not students) is about 14.5 in both
seventh and eighth grade. Although the size of the seventh-grade class in school A is
significantly above average, its performance is aso above average. However, this
between-school variation might be contaminated by various forms of sorting, and we
would not want to interpret this as a causal effect.

Just the opposite case is given in school B, in which the tested seventh-grade class
has 26 students, and the tested eighth-grade class has 19. The grade-average class sizes
in school B are 25 in seventh grade and 17 in eighth grade. That is, the tested eighth
grade is smaller than the tested seventh grade, and this difference seems to be caused by
a smaller student cohort in eighth grade in school B. The seventh-graders scored 429
points on average, the eighth-graders 494. The lead of the eighth-graders is thus 65 test-
score points, which is substantially larger than the country-average lead of 31 points,
and we would attribute the relatively better performance of the eighth-graders to their
smaller class size.

Yet another pattern is evident in school C. Here, the seventh-grade class actualy
tested was larger by 3 students than the tested eighth-grade class (24 versus 21
students). The lag in performance, however, was only 13 test-score points (as compared
to the country-average lag of 31 points). As such, this would seem counterintuitive. But
then note that in school C, the average class size in seventh grade was 23, while it was

24 in eighth grade. That is, although the average eighth-grade classin school Cis 24, the
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eighth-grade class actually tested has only 21 students. We might thus suspect that the
tested eighth-grade class in school C is one where poorer-performing students had been
sorted into a smaller-than-average class, perhaps in an effort to provide them with extra
attention. Therefore, the relatively small lead of tested eighth-graders in school C might
have nothing to do with a causal class-size effect, but might be due to within-school
sorting.

A fina example is school D, where seventh- and eighth-grade classes are virtualy
the same size. The tested seventh-grade class in school D has 19 students, the same
number as the average seventh-grade class in the school, and the eighth-grade class has
18 students (again the same as the average class in the grade). The eighth-graders in
school D performed 30 points better than the seventh-graders. That is, their lead in
performance is about the same as the country-average lead of eighth-graders; no sizeable
class-size difference, no sizeable performance difference in school D.

These illustrative examples at the country and the school level should have made
clear that it can be highly misleading to take naive estimates of class-size effects for
causal effects. However, by applying an identification strategy that accounts for sorting
effects, causal class-size effects can be distilled. The preliminary analyses presented
here suggest that there does not seem to be a causal class-size effect on mathematics
performance in Singapore, but that smaller classes do lead to superior mathematics
performance in Iceland. The between-country difference reinforces the importance of

assessing the impact of class-size resources independently for different school systems.

V. Data and Descriptive Statistics

A. Some Background on the TIMSS Database

As indicated in Section 11, the proposed identification strategy is rather demanding in its
data requirements. Specifically, it requires a dataset with two key features: first,
performance, class-size, and student-background data from more than one grade level in
each school taking the same achievement test; and second, additional information on the

average grade-level class size for each grade in each school. The data collected in the
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Third International Mathematics and Science Study (TIMSS) for a host of countries is
the only large-scale dataset we are aware of that meets these stringent requirements.®
TIMSS, conducted in 1994/95 by the International Association for the Evaluation of
Educational Achievement (IEA), was the largest and most encompassing international
study of student performance ever conducted, with more than 40 countries initialy
participating. Each of these countries administered the test to a nationally representative
sample of middle school students, defined as those students enrolled in the two adjacent
grades that contained the largest proportion of 13-year-old students at the time of testing
(grades seven and eight in most countries). All countries endorsed the curriculum
framework which was set up to ensure that the test content was appropriate for the
students in both grades and reflected their current curriculum. Students were tested in a
wide array of content dimensions in mathematics and science, using both free-response
and multiple-choice items. In addition, extensive background information was gathered
through student, teacher, and school-principal questionnaires. In the end, datasets for the
middle school years were made available for 39 school systems around the world.
Student performance in mathematics and science were measured separately using the
scale of international achievement scores which have an international mean of 500 and
an international standard deviation of 100. Data on the actual class size of each
mathematics and science class is available in the background questionnaires completed
by each teacher. Data on the school-level average class size in grades seven and eight
are avalable from the school-principal background questionnaires. Finaly, family
background data is contained in the student background questionnaires. We use the
international TIMSS database constructed by WoéRmann (2000), which merged
performance data and data from the different background questionnaires for each

individual student. This database also includes imputed data for missing values of the

6 Note that not even the other recent international student achievement tests allow for an
implementation of our identification strategy. In the repeat study of TIMSS conducted in 1999, data was
collected for students from only one grade (eighth, but not seventh), making the between-grade
assessment within each school which is necessary to implement our identification strategy impossible. In
the Programme for International Student Assessment (PISA), conducted by the OECD in 2000, the target
population was that of 15-year-old students, so the sampling frame did not provide for a clear sampling of
two classes in two grades per school. Furthermore, the PISA school questionnaire does not provide data
on grade-average class size, which would be necessary to implement our identification strategy.
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variables contained in the background questionnaires. Complete performance data is
availablefor all participating students.

Each country was meant to collect data for a sample of at least 150 schools. While a
few countries did not reach this target, others like Canada sampled as many as 429
schools. Generally, one class per grade was selected at random within each sampled
school, and all of its students tested.” Some countries tested more than one class per
grade. Schools in geographically remote regions, extremely small schools, and schools
for students with special needs were excluded from the target population. Within
sampled schools, disabled students who were unable to follow even the genera
instructions of the TIMSS test were excluded; students who merely exhibited poor
academic performance or discipline problems were required to participate (Foy et al.
1996; s. a Martin and Kelly 1998: Appendix B). The overall exclusion rate was not to
exceed 10 percent of the total student population.

In order to be able to implement our identification strategy, we were forced to restrict
the sample to those schools in which both a seventh-grade and an eighth-grade class
were actually tested. Furthermore, for a school to be included, both data on the actual
class size and data on the grade-average class size had to be available for both the
seventh-grade and the eighth-grade class. This second criterion ensures that our class-
Size estimates are based on non-imputed values for our variables of interest: actua class
size, instrument, and student performance.

We ultimately conducted our analysis on the 18 of the 39 countries for which data for
at least 50 schools in both mathematics and science remained after applying these
criteria. Two of the countries originaly participating in TIMSS did not test eighth-grade
classes at all. Two further countries did not administer the question on grade-average
class size. In another country, seventh-grade classes were sampled in different schools
than eighth-grade classes. In others, response rates for the class-size questions in the
teacher and school-principal questionnaires were dismal. Appendix 1 details the specific

reasons for the exclusion of these other TIMSS participants.

7 Deviations from this general rule for the sampling of schools and students are documented in
Martin and Kelly (1998: Appendix B).

15



B. Descriptive Satistics

The number of students, classes, and schools per country in our mathematics and
science sample are presented in the first three columns of Tables 1 and 2. In
mathematics, the number of schoolsin our sample ranges from 55 in Hong Kong to 168
in Canada; in science, it ranges from 50 in Hong Kong to 148 in Japan. The smallest
number of sampled studentsisin Iceland (1,448 in science), the largest in Japan (10,142
in mathematics). Tables 1 and 2 aso present descriptive statistics of the dataset. On the
overdl level of the performance scale, Portugal exhibits the lowest average test scores
(439 in mathematics and 453 in science), while Singapore achieves the highest (623 and
577). We use the following variables to control for student and family background: the
student’s sex, age, and country of birth, data on whether the student is living with both
parents, and parental education and the number of books in the student’s home (both
categorical variables with five categories).

Appendix Tables Al and A2 compare the sample of students included in our study to
the full sample of students tested by TIMSS. The highest share of students excluded in
our mathematics sample is in Iceland (55 percent), and it is Canada in our science
sample (75 percent). At the opposite extreme, less than 2 percent of the tested students
in either mathematics or science were excluded in Japan. The difference in the average
performance between the included and the full sample of students is quite small in all
the countries, except for science performance in Iceland, where the difference is 9 test-
score points. There are also almost no substantial differences in the student- and family-
background data for the included and the full samples of students. The largest
differences by far are that the share of female students included in the French school
system of Belgium is 4.2 percentage points larger than the original share in mathematics
(6.7 percentage points in science), and that the share of parents who finished university
in Iceland is 5.9 percentage points smaller in our mathematics sample (5.2 percentage
points in science). In the science sample, the share of parents with a university degree is
also smaller in Canada (6.1 percentage points), while the share of parents with some
education after secondary school is larger in Romania (6.1 percentage points). Apart
from these relatively minor exceptions, however, the sample of students that we include

in our study is very similar to the full sample of students tested in TIMSS, making us
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confident that the exclusion of students is unrelated to our variables of interest and thus
does not introduce bias to our estimation.

Tables 3 and 4 present descriptive statistics on class size. The smallest average class
size of 20.3 students per classis found in Iceland, closely followed by the two Belgian
school systems (column (1)). With an average of 56.9 students per class in mathematics
and 48.8 in science, Korea has the largest classes by far. The other East Asian countries
also feature relatively large classes of more than 30 students. The country averages of
the grade-average class size in a school (column (2)) are generally quite similar to actual
class sizes, except for the fact that Korea’s grade-average class size is only 50.5 students
in mathematics. The amount of within-country variation in grade-average class sizes is
somewhat smaller than the variance in actual class sizes. This is of course what we
would expect, as outlying cases of extremely small and large tested classes are balanced
out by other classes within the same grade.

Column (3) of Tables 3 and 4 reports the class-size difference between the seventh-
and eighth-grade classes actually tested in each school. On average, there are no sizable
differences in class size between seventh and eighth grade. The only exceptions are
Korea and Singapore, where on average over all schools, the eighth-grade classes have
between 4.2 and 6.9 students more than seventh-grade classes. In Korea, these
differences vanish once we look at the difference in the grade-average class size
(column (4)). Thus, with the exception of Singapore, there do not seem to be
institutional differences within countries in the rules governing class size between
seventh and eighth grade, which otherwise might be interpreted as another source of
sorting effects. That is, the between-grade differences in average class size appear to be
random.8

As outlined above, our estimation strategy focuses on the difference in class size
between seventh and eighth grade within each school. The standard deviations reported
in parentheses in the first four columns of Tables 3 and 4 demonstrate that the variation
in the grade difference in class size is by and large comparable to the variation in actual

class sizes in every country. That is, our estimates of class-size effects on student

8  Even in Singapore, where rules seem to prescribe alarger class size in eighth relative to seventh
grade, the effect of this rule should be controlled for by the inclusion of a grade dummy in the estimation
of class-size effects. Aslong as the existence of the rule is unrelated to student performance, our strategy
will yield unbiased estimates of class-size effects.
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performance draw from a range of class-size variations comparable to the actua
variation in each country.

The standard deviation in the between-grade difference in average class size ranges
from 1.1 in Hong Kong to over 6 in Spain and Singapore, with an average over the 18
countries in our sample of 3.5, which is 13 percent of the average actual class size. In
other words, our estimates of class-size effects draw on a range of variation that
encompasses the range of feasible policy initiatives in most countries. Columns (5) and
(6) of Tables 3 and 4 show the minimum and maximum of the difference in the average
class size between seventh and eighth grade in a school for each country, providing
further information on the range of variation in class sizes we are able to use.

Exceptions with low variation in class size are Hong Kong and Scotland, where there
is not much variation left once between-school variations as well as within-grade
variations in a school are accounted for. The standard deviation of the between-grade
difference in average class size is less than 2 in these two countries, while it is larger
than 2 in al other countries. The largest positive class-size difference between eighth-
and seventh-grade classes in a school is only 2 in Hong Kong, and the largest negative
difference between eighth- and seventh-grade classes is only 3. That is, there seems to
be basically no between-grade variation in average class size within individua schools
in Hong Kong and Scotland, leaving little variation in class size on which to base our
estimation.

In columns (7) and (9) of Tables 3 and 4, coefficient estimates of a simple regression
of actual class size on grade-average class size are reported for each country. The
regression reported in column (7) has no constant. As is evident, the estimates are very
close to 1 in al countries. Column (8) reports the probabilities, based on a Wald test,
that these estimates can be statistically significantly distinguished from 1. Even though
these coefficients are very precisely estimated, they are statistically indistinguishable
from 1 in most countries. This shows that the data on actual class size, collected from
teachers, are consistent with the data on grade-average class size, collected from school
principals, data from the different background questionnaires therefore seem
compatible. Furthermore, these estimates confirm that the sampled classes are of the
same size as the average class sizes of the grades of the sampled schools. Column (9)

reports coefficient estimates of the same regression of actual class size on grade-average
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class size, this time with a constant included in the regression. These estimates are all
smaller than 1 (with the exception of the Canadian science sample, where the estimate is
very imprecise). This confirms that grade-average class sizes are larger than actual class
sizes when actual class sizes are small, and smaller than actual class sizes when actual
class sizes are large. Thus, the classes actualy tested in TIMSS do indeed feature
unusually small and large classes, which might reflect decisions to sort students of
different ability levels into especially smal or large classes. This reinforces the
importance of our |V strategy, which enables us to use only that part of the variation in

actual class sizes that is dueto variations in grade-average class sizes.

V. Estimation Results

Estimates of class-size effects based on the different methods advanced in Section |1 for
the 18 countries in our sample are presented in Tables 5 to 8. The dependent variable in
the results reported in Tables 5 and 7 is the TIMSS mathematics score, while in Tables 6
and 8 it is the TIMSS science score. To facilitate comparisons of the estimates across
countries we use the non-standardized TIMSS test scores, which have an international
mean of 500 and an international standard deviation of 100. All reported results control
for grade level as well as for the complete set of student- and family-background
variables discussed in Section 1V. All regressions are performed at the level of the
individual student, which allows for a perfect matching of the student- and family-
background controls to the performance of each student.

In each of our estimations, attention was given to the complex data structure
produced by the survey design and the multi-level nature of the explanatory variables.
To achieve nationaly representative student samples, TIMSS used stratified sampling
within each country, which produced varying sampling probabilities for different
students (Martin and Kelly 1998). Thus, all estimations are weighted by students’
sampling weights in order to obtain nationally representative coefficient estimates from
the stratified survey data. This ensures that the contribution of the students from each
stratum in the sample to the parameter estimates is the same as would have been
obtained in a complete census enumeration (DuMouchel and Duncan 1983).

Furthermore, the explanatory variable of interest in our study, class size, is measured

at a different level than the dependent variable, student performance. As shown by
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Moulton (1986), such a hierarchica structure of the data requires the addition of a
higher-level error component to avoid spurious results. Thus, the error terms in
equations (1) to (4) have a class-specific error component v, in addition to the
conventional student-specific error component & The clustering-robust linear
regression (CRLR) method delivers consistent estimates of standard errors in the
presence of hierarchically structured data (cf. Deaton 1997). CRLR relaxes the usual
assumption of independence of all observations and requires only that the observations
be independent across classes, alowing any amount of correlation within classes. It thus

lets the data determine the structure of the error components in these equations.

A. Results of the WLS and SFE Methods

Column (2) of Tables 5 and 6 reports the coefficient on class size a; from a standard
least-squares estimation as in equation (1). More than half of these weighted |east-
squares (WLS) estimates in mathematics, and nearly half the estimates in science, have a
statistically significant positive sign; students in larger classes apparently performed
significantly better than students in smaller classes.® In other words, the naive WLS
estimation method leads to the counterintuitive result that students fare better in larger
classes. Moreover, this result seems to be quite universal: It emerges in Western Europe
(e.g., Belgium, France), in Eastern Europe (e.g., Czech Republic, Romania), in
Australia, and in East Asia (e.g., Hong Kong, Japan). These counterintuitive results
immediately suggest a problem with the WLS method. The only cases with statistically
significant negative coefficients on class size on the basis of the WLS method are Korea
in mathematics and Iceland and Scotland in science.

Results of the estimation method that takes into account school fixed effects (SFE) as
in equation (2) are presented in column (4) of Tables 5 and 6. These estimates of the
coefficient a, control for any between-school differences in student ability or

educational quality. The number of countries with statistically significant positive

9 These estimates confirm the results of Hanushek and Luque (2002), who estimate class-size
coefficients for mathematics performance in TIMSS using ordinary least squares (OLS) and find
statistically significant positive estimates in the majority of countries. Hanushek and Luque (2002) use
only classroom-level rather than student-level data, and their controls for student background are inferior
to the detailed data on individual students used in this paper as they do not use the student background
questionnaire. Thus, although they can control for a few school-level indicators based on principals’
assessments, they lack such information as parental education or the number of books in an individual
student’s home.
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coefficient estimates decreases to about half the number found with the WLS method.
On the other hand, there is only one additional statistically significant negative estimate
(in science). The increased prevalence of statistically insignificant results cannot be
attributed to a lower degree of precision in our estimates. On average over the 18
countries, the standard deviation of the estimates actually decreases slightly from 0.628
in mathematics (0.490 in science) with the WLS method to 0.619 (0.469) with the SFE
method. There seems instead to be less evidence of any relationship between class size
and student performance once between-school differences are eliminated. Still, there
remain a large number of counterintuitive results, as 10 out of the total of 36 estimates
exhibit a statisticaly significant positive sign. As discussed before, the a, estimates also
cannot be interpreted as causal effects, however, because the SFE method does not

eliminate the effects of within-school sorting.

B. First- and Second-Stage Results of the SFE-1V Method

The final identification strategy presented in Section Il was designed to eliminate any
effect of between- and within-school sorting from our class-size estimates by combining
school fixed effects with an instrumental variable approach (SFE-1V). The correlation
between our instrument, the grade-specific average class size in the school, and the
endogenous explanatory variable, actual class size, was aready reported in columns (7)
to (9) of Tables 3 and 4. It was shown that there is a strong and statistically highly
significant correlation between actua class size and grade-average class size within al
countries in both mathematics and science, with only 3 exceptions. Once controlling for
a constant, the coefficient on grade-average class size was statistically insignificant in
Flemish Belgium and Korea in mathematics and in Scotland in science. However, the
estimates reported in Tables 3 and 4 contained no further controls as additional right-
hand-side variables.

Column (1) of Tables 7 and 8 reports the coefficient g on grade-average class size of
the first-stage regression of the 2SL S estimation of our SFE-1V method (equation (4) in
Section 1), where school fixed effects, grade level, and the whole set of student- and
family-background variables are controlled for. Even after controlling for these factors,
grade-average class size remains highly correlated with actual class size in nearly all

cases. Exceptions with statistically insignificant estimates include the 3 cases mentioned
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above, the United States in mathematics, and Australia, Hong Kong, Korea, and the
United States in science.10 In these cases, the grade-average class size does not retain
any useful information as an instrument for actual class size after controlling for school
fixed effects, grade level, and background characteristics. That is, our instrument in
these countries is quite poor, and our preferred identification strategy cannot be properly
applied. One potential reason for the weak correlation of grade-average and actual class
size in these countries may be that the relevant subject (mathematics or science) is
taught in specia classes, created for example by breaking down or rearranging regular
classes. Such a policy would explain why classes in these subjects do not appear to be of
the same size as typical classesin the relevant grade.

The estimates of class-size effects a; based on our SFE-1V method (eguation (3) in
Section 1) are presented in column (5) of Tables 7 and 8. As explained in Section II,
this method excludes any variation caused by between- and within-school sorting, so the
coefficient a, can be interpreted as an unbiased estimate of the causal effect of class size
on student performance. The most notable feature of our SFE-IV results is the
disappearance of the counterintuitive, statistically significant positive coefficients on
class size in al but one case, namely Portugal in mathematics. We find a statistically
significant negative coefficient on class size in France and Iceland in mathematics, as
well asin Greece and Spain in science. In these four cases, smaller classes seem to have
produced superior student performance. In the vast majority of cases, however, the
estimated coefficient is not statistically significantly different from zero. A further
noteworthy feature is that in science, the majority of statistically insignificant estimates
now exhibit the expected, negative sign.

In what follows, we discuss the results in greater detail. Section V.C compares the
results of the three different identification methods with respect to the sign and
significance level of the estimated class-size effects. Section V.D comments on the
precision of our SFE-IV estimation, while Section V.E gives a detailed assessment of
the magnitude of our estimates of class-size effects. In the end, it is the potential size of
any class-size effect that decides whether a class-size reduction will be worth its costs.

And while many of our estimates may not be statistically significantly different from

10 The coefficient estimate in the United States in science actually has a negative sign and is
statistically significant at the 10 percent level.
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zero, this does not preclude meaningful conclusions as we can statistically test whether
we can or cannot reject the existence of sizable class-size effects. Section V.F expands

on some issues in the interpretation of our results.

C. Comparison of the Three Methods

A comparison of the estimates of class-size effects based on the three methods is
revealing. Imagine, for example, that we were to conduct a meta-anaysis of our
estimates similar to the meta-analyses in the surveys of class-size estimates conducted
by Hanushek (1986, 1996) and Krueger (2000). Figure 4 depicts the distribution of the
total of 36 estimates — pooling mathematics and science results — into statistically
significant positive, statistically insignificant positive, statistically insignificant negative,
and statistically significant negative categories for each of the three methods. Taking the
WLS estimates at face value, we would have to conclude that in more than half the
school systems in our sample larger classes produce better student performance. Only in
6 of the 36 cases would a (statistically significant or insignificant) negative coefficient
be detected — indicating that students learn more in smaller classes. With the SFE
method, we would still find a statistically significant positive coefficient in more than a
quarter of the cases. Among the statistically insignificant estimates, the relative number
of negative signs increases.

Using our SFE-1V identification method, we do not detect a statistically significant
effect of class size on student achievement for most school systems in our sample. In
four cases, however, we observe that smaller classes have led to a superior level of
student performance. Only in one case do we obtain a counterintuitive statistically
significant positive effect.1l The statistically insignificant estimates are rather evenly

split between positive and negative results, with a slight majority negative.

D. Precision of the SFE-IV Estimates

The question arises whether the increasing prevalence of statistically insignificant

estimates of the class-size coefficient with the SFE-IV method relative to the other

11 This pattern of results contrasts with Hanushek and Luque’s (2002) conclusion, also based on
TIMSS data, that sorting effects do not heavily influence estimates of class-size effects. Their assessment
relies primarily on the use of weak proxies in an attempt to restrict their analysis to schools with only one
class per grade, and it does not address the possibility of student sorting at the between-school level.
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methods reflects a genuine lack of a causal impact of class size on student performance,
or whether it is just due to alack of precision of the SFE-1VV method. In several cases,
the standard error of the estimate of as is extremely large. This is the case for five
countries in mathematics and for three countries in science. These countries are
Australia (standard error of 3.9 in mathematics and 9.5 in science), Hong Kong (7.2 and
12.8), and Scotland (6.3 and 51.9) in both subjects, plus Flemish Belgium (6.7) and the
United States (69.6) in mathematics.

The lack of precision in these cases seems to be a direct consequence of the rather
demanding data requirements of our identification strategy, as we can account for them
in the following ways. It is obvious that the quality of the instrument as depicted by its
statistical significance in the first-stage estimation is directly reflected in the precision of
the estimates of the second-stage estimation. Flemish Belgium and the United States in
mathematics, as well as Australia, Hong Kong, and Scotland in science, were al cases
with statistically insignificant estimates in the first stage. This leaves the cases of
Australia, Hong Kong, and Scotland in mathematics.

For Hong Kong and Scotland, we saw that there was basically no variation in the
average class size between the two gradesin a school (Section 1V). The largest between-
grade difference in average class size, positive or negative, observed in mathematics in
any school in Hong Kong isonly 3, and it isonly 5 in Scotland (columns (5) and (6) of
Table 3). That is, in these two countries there is smply not much of the within-school
variation in grade-average class size on which our estimation strategy relies. Similarly,
in Austraia, Scotland, and the United States approximately 50 percent of the sampled
schools exhibit no difference in average class size between the two grades, and in al
three countries this is true both in mathematics and in science. Consequently, in all three
countries our estimates of a are highly imprecise.

The reduced-form association between student performance and grade-average class
size, reported in column (3) of Tables 7 and 8, shows that the extremely imprecisely
estimated outliers in the estimates of class-size effects are indeed consequences of weak
instruments in these cases. In the reduced-form results, the extreme values vanish both
among the coefficient estimates and among their standard errors. This underscores the
weakness of the instrument in these cases, and it revedls that if there were any causal

class-size effect in these cases, the instrument would be too weak to detect it.
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Thus, the five cases in mathematics and three cases in science with extremely
imprecise estimates of a, can be attributed to data insufficient to implement the
demanding SFE-1V identification strategy. Excluding these cases, however, the standard
errors of the estimates of our identification strategy SFE-IV are only about half a test-
score point larger than the standard errors of the estimates produced by the less
demanding WLS and SFE methods. Excluding the five countries with standard errors
larger than 3.9 in mathematics (Australia, Flemish Belgium, Hong Kong, Scotland, and
United States), the average standard error of the remaining 13 countries is 1.022 with
the SFE-1V method, compared to 0.583 with the WLS method and 0.594 with the SFE
method. Similarly, excluding only the three countries with standard errors larger than 9
in science (Australia, Hong Kong, and Scotland) leaves an average standard error
among the other 15 countries of 1.151 with the SFE-1V method, compared to 0.440 with
the WLS method and 0.450 with the SFE method.

A standard error of approximately 1 is equal to the effect of a class-size reduction
leading to a gain of 1 test-score point per student. This corresponds to a reduction in
class size by 5 students leading to an increase in student performance by 5 test-score
points, or only 5 percent of the international standard deviation in TIMSS test scores. In
other words, a class-size reduction of 5 students that produced an increase in test scores
of only 10 points, or 10 percent of a standard deviation, would be satisticaly
significantly estimated at the 5 percent level with our SFE-1V method. Apart from the 8
out of 36 cases with extremely large standard errors, therefore, the estimates produced

with the SFE-1V method seem precise enough to pick up any sizable class-size effect.

E. Magnitude of the Class-Sze Effect

Given the precision of the SFE-IV estimates in the remaining 28 cases, we can now
assess Whether there are any sizable class-size effects in educational production in these
cases. As most of the previous studies that build on exogenous variationsin class size by
using an experimental or quasi-experimental design have been implemented for the
United States, it seems sensible to compare the magnitude of our estimates of class-size
effects in different countries to the previous estimates from the United States. The
problem in thisis that the magnitude of the existing estimates of causal class-size effects
varies widely even within the United States. On the one hand, Krueger (1999) finds in
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his analysis of Project STAR in Tennessee a quite substantial increase in student
performance due to the experimental reduction in class size. On the other hand, Hoxby
(2000) provides quasi-experimental evidence from Connecticut that rules out the
existence of even very modest causal effects of class size on student performance.12

As not even the studies on the United States come to conclusive results, we chose to
assess the magnitude of our estimated effects for other school systems by comparing
them to the estimates produced by Krueger (1999), which lie at the upper bound of the
estimates produced so far. Krueger presents a very rough cost-benefit analysis based on
these estimates suggesting that the economic benefits in terms of increased future
earnings due to improved test scores caused by reducing class size fall in the same
ballpark as the costs. Implicit in this analysis is that, at least in the United States, the
benefits of smaller classes would have to be of roughly this same magnitude in order for
a policy of reducing class size to be cost effective. Krueger (1999: 530) found that the
students in classes that were 7 to 8 students smaller on average than regular-sized
classes performed about 0.22 standard deviations of a test score better. This means that
students performed about 3 percent of a standard deviation better for every 1 student
less in the class. In terms of the international TIMSS test score, this is equivaent to 3
test-score points.

The first observation to make is that none of our statistically significant point
estimates of class-size effects, replicated in column (1) of Tables9 and 10, isas large as
3 (in absolute terms). However, in three of the four cases in which we find a statistically
significant negative coefficient on class size, the value of this coefficient is larger in
absolute terms than 2.4. These are France and Iceland in mathematics and Greece in
science. That is, in three out of the 28 reasonably precisely estimated cases we do find
point estimates that are not too distant from the order of magnitude presented by
Krueger.

As most of our class-size estimates are statisticaly insignificantly different from
zero, the second question to ask is whether we can reject with reasonable confidence an
effect of the magnitude of Krueger’s estimates. Columns (3) and (4) of Tables 9 and 10

present results of Wald tests that test whether our estimated coefficients are statistically

12 Angrist and Lavy’s (1999) estimates for Israel lie somewhere in between these two extremes.
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significantly different from —3.13 For eight countries in mathematics, and also for eight
countries in science, the tests reject a class-size effect of that order of magnitude at the 1
percent confidence level. In another three cases, such an effect can be rejected at the 5
percent confidence level, and in another two cases at the 10 percent level. Thus, in 16 to
21 (depending on the degree of confidence) of the 28 rather precisely estimated class-
size effects, we can reject a class-size effect of the order of magnitude of Krueger’s
(1999) estimates. This is not to say that in all of these cases, we can reject any class-size
effect of any order of magnitude whatsoever. It only shows that in these cases, we can
be rather confident that the causal effect of class size on student performance is not as
large as the one estimated by Krueger for the Project STAR.

To assess whether even smaller class-size effects can be rejected for specific school
systems, columns (5) and (6) of Tables 9 and 10 test whether our identification strategy
can reject an effect of a class being smaller by one student leading to an improvement of
student performance by only 1 TIMSS test-score point (equivalent to 1 percent of an
international standard deviation). We can reject even such a small impact in three cases
at the 1 percent level, and in a total of eight cases at the 10 percent level. This shows
again that in many cases, our identification strategy has considerable power to identify
the existence of class-size effects.

In sum, we can split our total of 36 estimates of class-size effects from different
school systems into four (slightly overlapping) broad categories: First, a group of four
cases in which we find a statistically significant beneficial effect from smaller classes
(France and Iceland in mathematics, Greece and Spain in science); second, eight cases
where we can reject any sizable class-size effect with reasonable confidence (Japan and

Singapore in both subjects, plus French Belgium, Canada, and Portugal in mathematics

13 While -3 would be the order of magnitude of Krueger’s (1999) estimates in terms of standard
deviations of the international test score (which has a standard deviation of 100), the standard deviations
of the test scores within each country vary around 100 (see column (4) of Tables 1 and 2). These within-
country standard deviations of test scores range from 63.6 (in Portugal in mathematics, which is an
outlier at the lower bound) to 108.0 (in Korea in mathematics). On average across the countries in our
sample, the within-country standard deviation is slightly less than 100. To estimate the magnitude of the
class-size effects in terms of the standard deviation of test scores within each country, we also did the
Wald tests in terms of —0.03 of a within-country standard deviation. This did not introduce any
substantive changes to the results presented in columns (3) and (4) of Tables 9 and 10. Thus, we chose to
present the tests relative to the same value of —3 in each country in order to maintain direct comparability
across countries, which is feasible because the test scores have been scaled in the same way for all
countries.
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and Romania in science); third, another thirteen cases where we can reject class-size
effects of the order of magnitude reported by Krueger (1999) with reasonable
confidence (Flemish Belgium, Czech Republic, Korea, Slovenia, and Spain in both
mathematics and science, plus French Belgium, France, and Portugal in science);14 and
fourth, a group of twelve cases where we cannot say any of these things about the class-
size effect with a reasonable degree of confidence on the basis of our identification
strategy (the eight cases with extremely imprecise estimates referred to before except for
Flemish Belgium, plus Greece and Romania in mathematics and Canada, Iceland, and
the United States in science). These results confirm that the question of whether there
are sizable class-size effects in educational production is one that has to be answered
separately for each school system. In Appendix 2, we show that our results on class-size
effects are robust against severa alternative specifications of the estimated relationship
and against several peculiarities of the dataset.

F. Interpretation of the Results

In the majority of cases, our identification strategy leads to sufficiently precise estimates
of class-size effects. There are 16 (23) out of the total of 36 cases where the standard
error of the class-size estimate is less than 1 (1.5). In these cases, if a reduction in class
size by two students were to improve student performance by just 4 (6) test-score points
— equal to just 4 (6) percent of an international standard deviation —, this improvement
would be statistically significant at the 5 percent confidence level. This degree of
precision is equivalent to what Hoxby (2000) calls “precisely estimated” class-size
effects.

When interpreting the results, it should be noted that there are many aspects of the
level and quality of educational resources that may influence student performance, of
which class size is only one. These other classroom inputs, however, are also likely to
be endogenous. Lacking suitable instruments for these variables, we were forced to
restrict our analysis to the effects of class size. To the extent that they are correlated
with grade-level average class sizes, any class size effects we identify could actually be

attributable to these other factors. Therefore, our estimates are most precisely interpreted

14 Note that the science estimate in Spain belongs to both the first and the third group, as it is
estimated precisely enough to reject both that it is equal to zero and that it is equal to —3 with reasonable
confidence.
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as the effects on student achievement of class size and all other resource inputs with
which it is associated (cf. Boozer and Rouse 2001). If smaller classes are also more
likely to receive more of other resources, our results may overstate the effect of class
size on achievement.

Another issue to be addressed is our use of level scores as opposed to gain scores as
our measure of student achievement. Because students in the TIMSS sample were only
tested at a single point in time, our data do not support the estimation of value-added
models of educational production. Level formulations of the kind we use instead
essentially rely on the similarity in the size of students’ classes over the course of their
recent careers. To the extent that this assumption is violated, our estimated class-size
effects will be biased towards zero. Confidence in the validity of this assumption for our
purposes, however, is increased by the fact that our identification strategy is explicitly
designed to identify only those variations in class size caused by natural differences in
student enrollment between adjacent grades in a school, which should be relatively
constant over time. Moreover, the TIMSS exam was itself designed to test concepts in
mathematics and science covered during the middle school years, further minimizing the
potential bias resulting from this form of measurement error in our explanatory variable.
In our specific case, therefore, the use of level scores seems quite plausible, and may
even be superior to the use of value-added measures given the latter’s greater
unreliability (Kane and Staiger 2001).

Finally, in addition to estimating the causal effect of class size on student
performance, our identification strategy also allows to quantify the sorting effects of
how student performance affects the choices of parents, teachers, and school principals
with respect to class sizes. The large differences in the estimated coefficients on class
size between our three different methods of estimation (see Tables 5 to 8) suggest that
there is substantial sorting of students according to achievement levels in most of the
school systems we analyze. West and WoRmann (2002) show that the existence, nature
(within or between schools), direction, and magnitude of the implied sorting effects in
the different school systems can be plausibly linked to such likely sources of student
sorting as student and family mobility, distribution of responsibility for the placement of

students and classes, academic selectivity of schools, and availability of remedial or
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enrichment teaching, giving additional confidence in the plausibility and importance of

our identification strategy.

V1. Conclusion

Are there sizable class-size effects in educational production? Our results suggest that
the answer to this question depends on which school system you are looking at. It is
possible to boil down the pattern of our 36 class-size estimates to a basic picture for the
18 countries, ignoring differences between the two subjects, without doing too much
harm to the detailed findings presented above. In four countries — Australia, Hong Kong,
Scotland, and the United States — our identification strategy leads to extremely
imprecise estimates that do not allow for any confident assertion about class-size effects.
In two countries — Greece and Iceland — there seem to be non-trivial beneficial effects of
reduced class sizes.’> France is the only country where there seem to be noteworthy
differences between mathematics and science teaching: While there is a statistically
significant and sizable class-size effect in mathematics, a class-size effect of comparable
magnitude can be ruled out in science. The nine school systems for which we can rule
out large-scale class-size effects in both mathematics and science are the two Belgian
systems, Canada, the Czech Republic, Korea, Portugal, Romania, Slovenia, and Spain.16
Finally, we can rule out any noteworthy causal effect of class size on student
performance in two countries, Japan and Singapore.

In short, class-size effects estimated in one school system cannot be interpreted as a
general finding for all school systems. In the majority of countries in our sample (11 out
of 18), we can be quite confident that the effect of class size on student performance is
not as large as the one Krueger (1999) found for the Project STAR. Given that in
Krueger's (1999) own analysis of class-size reductions, the benefits only marginally

outweigh the costs, this raises considerable doubts about the desirability of class-size

15 This assertion rests on the statistically significant sizable estimates for Greece in science and for
Iceland in mathematics. The estimates for Greece in mathematics and for Iceland in science are less clear-
cut, but cannot rule out a sizable effect. Actually, the mathematics estimate in Greece is statistically
significant at a confidence level of 13 percent, and the reduced-form estimate is statistically significant at
aconfidence level of 8 percent.

16 The rejection of a class-size effect of the Krueger magnitude for Canada in science and for
Romaniain mathematicsis statistically significant at the 15 percent level only.
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reductions as a policy intervention in most of the school systems we examine. However,
the results for individual countries are much more diverse. While a one extreme, Greece
and Iceland do seem to show sizable class-size effects, there seem to be no class-size
effects whatsoever in Japan and Singapore. In these two school systems, our estimates
resemble Hoxby’s (2000: 1280) “rather precisely estimated zeros”.

The existence of class-size effects in Greece and Iceland, and their total absence in
Japan and Singapore, obviously raises the question of why class-size effects exist in
some countries, but not in others. A successful answer to this question might serve to
guide policymakers by indicating when class-size reductions are most likely to be
effective. As an initial hypothesis, one might expect the existence of class-size effects to
be related to such characteristics of a country as its level of development or its overall
level of resources. However, as is obvious from columns (1), (3), and (7) of Table 11,
there is no clear pattern in countries” GDP per capita or overall class-size level that
might distinguish the countries where substantial class-size effects do exist (mainly
Greece and Iceland) from those where no class-size effect exists (Japan and Singapore),
or from the larger sample of 9 school systems where large class-size effects can be ruled
out (“no-large-CSE”). If the main influence were diminishing returns to resource inputs,
one would expect the countries with notable class-size effects to be those with a lower
GDP per capita and with larger class sizes. While Greece’s GDP per capita is slightly
below the mean of the countries where we rule out large class-size effects, Iceland’s is
above it; and while class sizes in Greece are similar to the mean of the no-large-CSE
sample, they are actually substantially below it in Iceland. Thus, the existence of class-
size effects does not seem to be driven by diminishing returns.?

Additionally, the countries with significant class-size effects actually perform below
average in terms of overall achievement on the TIMSS tests (column (5) of Table 11),
while the countries where even small effects are ruled out perform above average. That
is, the significant class-size effects in Greece and Iceland do not at all suggest that these
are especially “effective” systems. Quite to the contrary, they are achieving much lower
performance levels than Japan and Singapore with much smaller classes. The significant

class-size effects in Greece and Iceland simply imply that class-size reductions would

17 This confirms previous findings based on standard OLS estimates of class-size coefficients
(Hanushek and Luque 2002).
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seem to work as policy instruments to raise student performance within their current
institutional environments, which as awhole are rather ineffective.

To understand the existence of class-size effects (and the lack thereof), we thus have
to turn to other characteristics of the different school systems. Columns (8) to (11) of
Table 11 suggest that the overall level of educational spending is relatively low in
Greece and Iceland. Columns (8) and (9) take data from Lee and Barro (2001) for 1990
(their latest available year), while columns (10) and (11) have data from the OECD for
1994. As each of these datasets is available for a different sample of countries, we
present both. All these indicators suggest that, both in absolute terms and relative to the
countries’ GDP per capita, educational expenditure per student in Greece and Iceland
are substantially below the average of the subset of countries without class-size effects.

Given that class sizes in these countries are equal to (Greece) or below (Iceland) the
mean class size of the countries without sizable class-size effects, these expenditure data
suggest that Greece and Iceland spend rather little per employed teacher. This is indeed
reflected in the available data on teacher salaries. Columns (12) to (16) present data on
teacher salaries in the different countries. Lee and Barro’s (2001) teacher-salary data
(columns (12) and (13)) are available only for primary-school teachers in 1990, while
the OECD data (columns (14) to (16)) refer to teachers in lower secondary education in
1994. Teacher salaries in Greece and Iceland are below the mean of the no-large-CSE
countries, both in absolute terms, in terms of salary per teaching hour, and relative to the
country’s GDP per capita, which might be viewed as a proxy for the overall salary level
in a country and thus as the opportunity cost of becoming a teacher. Conversely, teacher
salaries seem to be above average in Japan and Singapore.

Offering teachers a relatively low salary level on average probably means that a
country is drawing its population of teachers from a relatively low level of the overall
capability distribution of all employees in this country. If this is the case, the different
countries seem to have chosen different points on the quantity-quality tradeoff with
respect to teachers: Greece and Iceland have relatively many but poorly-paid teachers,
while Japan and Singapore have relatively few but well-paid teachers.

The assumption that paying teachers less would lead to a lower average level of
capability in the teacher population also seems to be borne out by the available data on

teacher quality. In Greece, the highest level of education reached by the vast majority of

32



teachers is the equivalent of a BA without any teacher training (columns (17) to (22) of
Table 11), based on the sample of teachers of the TIMSS students. In Iceland, about a
third of the teacher population does not even have a proper degree of secondary
education, but only some basic teacher training. In both countries, the share of teachers
with the equivalent of an MA or Ph.D. isvery small, at about 2 to 3 percent. Meanwhile,
in the sample of countries without large class-size effects, more than 60 percent of the
teachers received more education than a BA without additional training, and nearly 20
percent have an MA degree. Judging solely from teachers’ educational levels, therefore,
Greece and Iceland appear to have a population of teachers that is less capable on
average than the population of teachers in the 11 countries where we can reject the
existence of large class-size effects.

The evidence on class-size effects now seems to suggest that capable teachers are
able to promote student learning equally well regardless of class size (at least within the
range of variation that occurs naturally between grades). In other words, they are
capable enough to teach well in large classes. Less capable teachers, however, while
perhaps doing reasonably well when faced with smaller classes, do not seem to be up to
the job of teaching large classes. This view is corroborated by the responses given by
teachers sampled in TIMSS when asked to what extent their teaching was limited by a
high student/teacher ratio in their classroom. While 48 percent of teachers in Greece and
42 percent in Iceland reported that their teaching was limited “a great deal” by a high
student/teacher ratio (column (23) of Table 11), the percentage of teachers who gave this
response averaged only 22 percent across those countries with no large class-size
effects, and it was similarly low in Japan and Singapore. Given that actual class sizes in
Greece and Iceland are, on average, smaller than those in Japan, Singapore, and the
group average of countries without substantial class-size effects, this response pattern is
suggestive both of differences in the quality of teachers in the two groups of countries
and of the plausibility of the link between these differences and the existence of class-
size effects.

The explanation we propose is able to explain jointly why class-size effects exist in
some countries but not in others, and why the countries where sizable class-size effects
do exist are those with a poor overall performance level (and vice versa): Greece and

Iceland exhibit class-size effects and poor overall performance because they have a
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population of relatively less capable teachers, while Japan and Singapore (and, to a
lesser extent, the other countries for which large class-size effects are ruled out) exhibit
no class-size effects but high overall performance because they have a population of
relatively capable teachers. An apparent implication of our research, therefore, is that it
may be better policy to devote the limited resources available for education to
employing more capable teachers rather than to reducing class sizes — moving more to
the quality side of the quantity-quality tradeoff in the hiring of teachers. The merits of

this admittedly speculative conclusion seem a promising topic for future research.



References

Akerhielm, Karen (1995). Does Class Size Matter? Economics of Education Review 14
(3): 229-241.

Angrist, Joshua D., Victor Lavy (1999). Using Maimonides Rule to Estimate the Effect
of Class Size on Scholastic Achievement. Quarterly Journal of Economics 114 (2):
533-575.

Boozer, Michael, Cecilia Rouse (2001). Intraschool Variation in Class Size: Patterns
and Implications. Journal of Urban Economics 50 (1): 163-189.

Case, Anne, Angus Deaton (1999). School Inputs and Educational Outcomes in South
Africa Quarterly Journal of Economics 114 (3): 1047-1084.

Deaton, Angus (1997). The Analysis of Household Surveys. A Microeconometric
Approach to Development Policy. Baltimore: The Johns Hopkins University Press.

DuMouchel, William H., Greg J. Duncan (1983). Using Sample Survey Weights in
Multiple Regression Anayses of Stratified Samples. Journal of the American
Satistical Association 78 (383): 535-543.

Foy, Pierre, Keith Rust, Andreas Schleicher (1996). Sample Design. In: Michael O.
Martin, Dana L. Kelly (eds). TIMSS Technical Report Volume |: Design and
Development. Chestnut Hill, MA: Boston College.

Hanushek, Eric A. (1986). The Economics of Schooling: Production and Efficiency in
Public Schools. Journal of Economic Literature 24 (3): 1141-1177.

Hanushek, Eric A. (1996). School Resources and Student Performance. In: Gary
Burtless (ed.). Does Money Matter? The Effect of School Resources on Student
Achievement and Adult Success. Washington, DC: The Brookings I nstitution.

Hanushek, Eric A. (1999). Some Findings from an Independent Investigation of the
Tennessee STAR Experiment and from Other Investigations of Class Size Effects.
Educational Evaluation and Policy Analysis 21 (2): 143-163.

Hanushek, Eric A., Javier A. Luque (2002). Efficiency and Equity in Schools Around
the World. Economics of Education Review: forthcoming (Stanford University,
Mimeo, May 2001).

Hoxby, Caroline M. (2000). The Effects of Class Size on Student Achievement: New
Evidence from Population Variation. Quarterly Journal of Economics 115 (4): 1239-
1285.

Kane, Thomas J, Douglas O. Staiger (2001). Improving School Accountability
Measures. NBER Working Paper 8156, March.

Krueger, Alan B. (1999). Experimental Estimates of Education Production Functions.
Quarterly Journal of Economics 114 (2): 497-532.

Krueger, Alan B. (2000). Economic Considerations and Class Size. Princeton
University, Industrial Relations Section, Working Paper 447, September.

35



Krueger, Alan B., Diane M. Whitmore (2001). The Effect of Attending a Small Classin
the Early Grades on College-Test Taking and Middle School Test Results: Evidence
from Project STAR. Economic Journal 111 (468): 1-28.

Lee, Jong-Wha, Robert J. Barro (2001). Schooling Quality in a Cross-Section of
Countries. Economica 68 (272): 465-488.

Martin, Michagl O., Dana L. Kelly (eds.) (1998). TIMSS Technical Report Volume I1:
Implementation and Analysis, Primary and Middle School Years. Chestnut Hill, MA:
Boston College.

Moulton, Brent R. (1986). Random Group Effects and the Precision of Regression
Estimates. Journal of Econometrics 32 (3): 385-397.

OECD (1996-2001). Education at a Glance. OECD Indicators. Paris. Organisation for
Economic Co-operation and Devel opment.

West, Martin R., Ludger Wo6Rmann (2002). Regressive and Compensatory Education
Systems: Sorting Between and Within Schools Around the World. Harvard
University and Kiel Institute for World Economics, Mimeo, March.

World Bank (2000). World Development Indicators CD-Rom. Washington, DC:
International Bank for Reconstruction and Development.

WoRmann, Ludger (2000). Schooling Resources, Educational Institutions, and Student
Performance: The International Evidence. Kiel Working Paper 983, December.

36



(0oor'0) (6Ov'0) (tsv0) (czeo)  (Gv0) (@6v0) (e8e0)  (2ze0) @ (66€0) (vSz0) (ST20)  (0050) | (00S0) | (96T°T6)
vOS0 €120  ¥8Z0  8ITO | EvE0  TIF0 610  GS00 2080  TE60  OELET 2060 | 66v0 | 9ogoey | 46 £8¢ 0009 | SIS paMun
(lzvo)  (96c0) (T20) (S870) | (S9e0) (Leeo) (tee0) (Tv0) | (6820) (BSTO)  (298°0)  (00S0) | (00S0) | (£8S5°€L) o8 1 eTep ureds
orz’0 670 T€€°0 08T°0 85T°0 2210 STANI] 0220 8060 v.6'0  ¥RLET 8810 1060 | TOS'89Y :
(66€0) (Goro) (zsv0) (e80) | (e€0) (e9v'0) (€40) (€9z0) | (e8z0) (6.T0)  (v€90)  (0050) | (00S0) | (222°88) 08 09T proc eleAOIS
86T°0 10Z°0 18€°0 8.T°0 19T°0 110 LEE0 600 Z16°0 1960 v/ZYT  ¥IS0 7870 | 888'L1S :
(Gzeo) (ese0) (@ev0) (evo) (65200 (eve0) (96v0)  (##0°0) ) (89z0) (0e80) (00s0) = (00S0) | (bzTEB) beT 89z 6018 alodebuig
0z1°0 SrT°0 60%°0 6120 €100 GET'0 7950 2000 - 2260 LE6E€T 2610 €050 | L26'229 :
(otvo) (16€0) (€9v0) (9200  (21€0) (B0) (S870) (09e0) = (29¢0) (G9z'0)  (1090)  (00s0) | (00S0) | (162°€8) 0L o 6728 PUEN0IS
€120 8870 TI€0 0.T°0 v11°0 ¥5€°0 08€°0 2510 0r8'0 ¥26'0  STZET 0050 ¥15°0 | 266'SLY
(ov0) (8ee0) (BTr0) (Sov0)  (G6820) (Q9v0) (eov0) (62v'0) = (Ozy0)  (2T20) (9690)  (00s0) | (0050) | (215°68) 2 - - RIEWOY
292°0 Z€T0 S2Z°0 90Z°0 680°0 81€°0 80€°0 €¥2°0 2LL0 €560  SYTYT 8050 8050 | 666'GLY :
(29e0) (eve0) (99v0) (evv0)  (e9z0) (eezo) (8620) (62v'0) @ (Soe0) (18z0) (9rT'T)  (00S0) | (00S0) | (€T9€9) 90T 212 8505 ebnuiog
09T°0 LET0 0Z€0 99Z°0 GL0°0 LS00 860°0 S ZA] 968°0 ¥16'0  186°€T SIS0 98y'0 | 028’8tV
(ezro)  (oevo) (t2v0) (Soe0)  (wewo)  (Gre0) (e6v0) (SL€0) | (eeeo) (9600) (609°0)  (96°0) | (00S0) |(220°80T) 621 85z 1205 2210y
€€2°0 Sv2°0 2€€°0 ¥0T°0 Y€2°0 2170 6TH'0 0.T°0 £88°0 166'0  LOLE€T LEV'0 ¥05°0 | 822765
) ¢) ) ¢ ) ) ) Q] ) ) (G250) (00s0) | (00S0) |(STS00T)
- - - - - - - - - - £06€T €80 2150 | evoges | OYF 86 cvlOl ueder
(6ov'0) (esr0) (89v0) (ezo) | (v6e0) (66v'0)  (Geeo) (89z0) @ (90€0) (6T20)  (e850)  (0050) | (00S0) | (EVTL) 9 T z01 ougleo]
9z€'0 G8Z°0 €2€°0 850°0 Z6T°0 1250 8210 8100 G680 0S6'0  EYTET 6.%°0 GOS0 | €€8'99Y
(treo)  (Gog0)  (sv0)  (Sv0) | (e9eo)  (9eco)  (0sv'0)  (vev'0) | (920)  (6ee0)  (6980)  (86v0) | (00S0) | (T8S°66) - 0T Sgep Buos| Buok
80T°0 ¥0T°0 162°0 062°0 7100 6500 2820 2o LT6°0 1180  ¥89°€T 850 L0S0 | 8€¥'8.G
(ozeo) (6€0) (G6v0) (8T¥0) = (26e0) (Tvr0) (€Tv0) (Tor0) = (Beeo) (9ez0) (se20)  (00s0) | (0050) | (Tec68) 80T o1z 8756 208815
9170 v.T°0 ZEV°0 §2Z°0 0ST°0 §22°0 6120 102°0 1180 T76'0  OTT'ET 18%°0 187°0 | €58'65Y
(toro) (oov0) (8y0) (200  (cte0) (vevo) (e6v0) (8.£0)  (62€°0) ) (teg0)  (00s0) | (0050) | (9v5'82) 28 boT gs6e souel
102°0 00Z°0 98€°0 19T°0 60T°0 252°0 LT¥'0 €70 11870 - evL €T 16%°0 187°0 | 2¥S'81S
w0 Bsy0) (ovo) (cozo) @ (Ttyo)  (€ovo) (08y0)  (S6€0) | (ezz0)  (LoTO)  (¥S90)  (00s0) | (00S0) | (2TSV6) el ovT 908e -do 40929
ore0 662°0 y1€0 £70°0 912°0 ¥02°0 T9€°0 €6T°0 6160 886'0  6/8°€T 5050 260 | L6S'SKS
(evo)  evo) (wro) (coc0) | (esy0)  (0v0)  (2280) (2220) | (98e0) (€620)  (9220)  (0050) | (0050) | (r2z's8) 89T 65e h08 epeues
GeE0 2520 1120 20T°0 1.0 82€°0 T.T°0 ¥80°0 8180 906'0  9¥9E€T 6610 66v°0 | 6SE'STS
(Gy0)  (etyo)  (Byr0)  (cog0) - (09v'0)  (06v0) (v6£0)  (6¥20) = (0s€0) (v2z0) (288°0)  (16¥°0) | (66¢°0) | (29528) G 65T b00E (1) wribjog
evE0 1120 6.2°0 20T°0 ¥0€°0 86€°0 Z6T°0 9900 1580 816'0  8EL'€T 8550 0£5°0 | €19'22S :
(etvo)  (68€0) (12v0) (69€0) @ (Bov0) (6Tv'0)  (18F0) (6¥E€0) | (LZ20) (B9T0) (6€L0)  (66¥0)  (B6V0) | (GvG¥8) 26 6T ByLe (14) wileg
1120 G810 15€°0 29T°0 1120 1220 29€°0 ZrT0 9160 T/60  8T9CT  ¥ES0 9e5°0 | 98t'59S :
(oe'0) (evv0) (eev0) (eveo)  (Br0) (o)  (cev0) (0tb0) | (€2€0) (1€0) (S690) (0050) | (005°0) | (€6€°96) oTT 988 0806 Bieasny
86€°0 99Z°0 052°0 2900 1120 S9Z°0 1€2°0 ¥12°0 ££8°0 1880  lZLET 9050 88y'0 | 009¥TS :
00z uey} Aisianiun -09s Jaye Arepuodas Alepuodas siualed  Anunod
30N 002-TOT  00T-9¢  Gg-TT | pausluld  BwoS  paysiul4  3Wos | Ylog yum ut apelo 21005 | S|00YIS SBSSEID  SIUBPMS
3WOH 1e $y00g uoneoNp3 swualed Buin ulog aby aewsa4 Jaddn 1591 9z1S 9jdwes
(1) (91) (sT) (1) (em) (1) (T (o1) (6) (8) (2) (9 ()] () (e) (2 (1) Solfewsyre N

"sasayualed ul suoneiAsp prepuels ‘sueaw pajybiapn ((21)-(v) — siequinu anjosqy :(€)-(T)

a|dwes solrewsayle |\ 8yl Ul puno Jbyoeg 1uapniS pue ‘@oueW I0) Bd 1uapniS ‘9ziS ajdwes SoIsiels aAndiiosaq T ajgqel



(toro) (otyo) (tsv0) (zzeo)  (v0)  (16v0) (28e0) (2ze0) | (w6e0) (0sz0) (czz0)  (00s0) | (00S0) |(T88°90T) 28 2z aT0s | somes pauun
90€0 €120 €82°0 2210 670 9010 LIT0 ¥50°0 8080 €6'0  €2LET SIS0 vev'0 | 2.5'.2S :
(tevo) (66€0) (0.0) (e8e0) = (69c0) (vee0) (6ec0) (sTv0) | (e620) (b910) (8v8°0) (0050) @ (00S0) | (€0Z°T8) 28 JoT — ureds
wz0 86T°0 82¢0 8.T°0 £97°0 8210 €210 1220 9060 7.6'0  OELET 1050 96v'0 | 8vZ L6V :
(cor0) (wovo) (sro) (1820) = (B€0) (6Sv'0) (w2v0) (2920) @ (€sz0) (s8T0) (6€90) (00S0) = (00S0) | (297°88) - ol £z00 eleAOIS
€02°0 50Z°0 88€°0 9/T°0 Z.T0 T0€°0 0re0 8100 £16°0 ¥96'0  8/Z¥T  ¥IS0 6/v'0 | 95L°2vS :
(9ze0) (ese0) (@6v0) (e1r0) | (0920) (tve0) (96v0)  (S40°0) ¢ (69z0) (reg0) (00s0) = (0050) |(zzzzom) 671 e al0debuIS
1210 9rT0 80%°0 8120 €100 GET'0 €950 2000 - 1260  OF6'E€T 9810 €050 | £69°9.G :
(tezvo) (B6c0) (09v0) (89g0)  (Seeo) (v0) (8y0) (ese0) | (9€0) (6920) (0090) (0050) | (0050) | (289°86) 91 26T e PUEN0IS
0£Z°0 86T°0 S0€0 19T°0 0210 0S€°0 G8e0 7v1°0 €780 2260 LITET 8810 2150 | §8L°€6Y
(9er'0) (1ec0) (86£0)  (2O¥0)  (90g0) (1240) (twv0) (Sev0) | (Tvv0)  (tozo)  (€120)  (00s0) | (0050) |(TSz20T) c9 05T — RIEWOY
952°0 9210 L6T°0 602°0 ¥0T°0 2€€°0 S9Z°0 €52°0 98’0 856'0  0.T¥T 8810 L0S0 | 6¥ZYLY :
(r9e0) (ove0) (99v0) (evy0)  (8S20) (vezo) (e620) (2zv0) = (oe0) (€2z0) (SerT)  (00s0) | (00S0) | (08992) Vel avz €065 ebnuiog
LST'0 €eT’0 81€0 692°0 2L0°0 8500 ¥60°0 6£2°0 768°0 6160  986'€T %050 18Y°0 | 2€52SY
(ozvo) (Bevo) (ev0)  (F1e0)  (LTP0)  (€1€0) (e6v0) (62600 @ (Tzeo) (2600) (9090)  (#67°0) & (0050) | (€28°€6) . 2z . 2210y
622°0 1720 YEE0 1170 §22°0 0170 8T¥'0 v.1°0 £88°0 1660  9TLET  ¥2r0 ¥05°0 | 882°0SS
) ¢) ) ¢ ) ) ) Q] ) ) (62500 (00s0) | (00S0) | (2€5°06)
- - - - - - - - - - 206€T €80 2150 | 606Tss | oYF  96¢ L9001 ueder
(Gov0) (wv0) (€v0) (svz0) | (0ov0) (66v'0) (92€0) (€920) & (Boeo) (20z0) (e650) (00s0) = (00S0) | (TZE'L) Js ST ohbl ougleo]
LTE0 G120 LEE0 990°0 6610 8250 0z1°0 7200 768°0 G560  8YTET 18%°0 €060 | 658'89Y
(Goeo) (6z0) (eov0) (tsv0) | (1620) (bezo) (esy0) (G6v0) | (6820) (2ee0) (22800 (6v0)  (00S0) | (STv'88) 05 00T Su6e Buoy| BuoH
¥0T°0 8600 60€°0 G8Z°0 8900 €500 882°0 12v'0 8060 €88'0  889°€T w0 G0S'0 | LLT°60S
(ozeo) (ese0) (s6v0) (0zv0)  (G9e0)  (6T¥0) (9ov0) (cov0) @ (eee0) (Bezo) (ver0)  (00s0) | (00S0) | (980°68) 81T 9ez 8665 208815
9170 LIT0 120 822°0 85T°0 1220 80Z°0 202°0 €180 or6'0  TITET 810 98y'0 | LISTLY
(etvo)  (tovo) (gsyo)  (22€0) @ (Seeo) (evvo) (6v0)  (€9€0) | (2€€°0) ) wv80)  (0050) | (0050) | (¥89°'62) 69 gsT 056e souel
1120 202°0 19€°0 T.T°0 0210 192°0 0T¥'0 9570 698°0 - TISLET ¥67°0 88y'0 | 96T'9/Y
(89r'0) (09v'0) (Bov0) (66T0) = (90¥'0) (9ov0) (L2v0) (Lov0) @ (6820) (bTT0) (2#90) (0050) & (00S0) | (¥6.98) o8 01 0688 -do 40929
€2€°0 £0€°0 92¢'0 170°0 802°0 602°0 0S¢0 0120 8060 1860  €68°€T 2610 8050 | 8T9'€SS
(0ov0) (9ev0) (syo)  (01€0) | (8SP'0)  (B.40)  (BOv0)  (9620) @ (88€0) (Bez0) (epr0)  (00s0) | (00S0) | (T2T°68) ve T - epeues
S0€°0 952°0 162°0 80T°0 00€°0 G5€°0 2120 1600 S18°0 66'0  V99'€T €610 06v'0 | 689'22S
(os0) (etv0) (wr0) (9620) @ (ecv0)  (8y0) (92800 (8ve0) | (ve0) (88z0) (088°0) (e6v°0) | (66v°0) | (625°T8) 1 - 2687 (1) wribjog
65€°0 6120 692°0 1600 vEE0 98¢0 T.T°0 9900 0980 606'0  089'€T €850 G250 | 89Z'T9V :
(ttv'o)  (0oro) (osv0) (t90) | (Oty0) (0ev0)  (€80) (tve0) | (T920) (9910)  (26900)  (0050) = (00S0) | (60%°22) vy S~ (14) wniblog
9120 66T°0 09€°0 ¥ST°0 €120 S¥Z°0 0.€°0 YET0 926'0 2160  BSSET GI5°0 LTG0 | S89°'S¥S :
(e6’0) (Bev0) (0oev0)  (0gz0) | (Ss#'0)  (wv0)  (9Tv0)  (eov0) | (T2€0) (Soe0) (889°0)  (0050) | (00S0) |(€S8+0T) 5 128 —_— Bieasny
6T0 652°0 S1Z40) 950°0 262°0 0.2°0 €22°0 €02°0 GEB'0 968'0  €2L€T €250 G8y°0 | 981'SZS :
00z uey} Aisianiun -09s Jaye Arepuodas Alepuodas siualed  Anunod
30N 002-TOT  00T-9¢  Gg-TT | pausluld  BwoS  paysiul4  3Wos | Ylog yum ut apelo 21005 | S|00YIS SBSSEID  SIUBPMS
3WOH 1e $y00g uoneoNp3 swualed Buin ulog aby aewsa4 Jaddn 1591 9z1S 9jdwes
() (o1) (s1) () (€1 @1 (129} (o1 (6) ® @ () ©) ) ) @ @ s0WPS

"sasayualed ul suoneiAsp prepuels ‘sueaw pajybiapn ((L1)-(¢) — ‘siequinu anjosqy :(€)-(T)

a|dwes a0ua19S a1 Ul puno Jbxoeg 1UBPNIS puR ‘DouRW I0}Bd 1UapNIS ‘9zIS ajdwes SaIsieis aAndiiosaq Zzajgqel



‘ueoked T , — usoled G | — “Jusoked T :(Slo.d plepuess 1snqou-Butieisnio uo paseq) spas| souediubis

Y | wo &0 | o @ | GED Gmp | @ oD | owsmw
o | w9 | o | @9 Gma | Gy G ot
DY | e G | e | @ @ | @ | e
[ IR R R R
- - I o | @y em | @m e s
o | wo B9 g e | @ G| Gms G
e | e B w | G0 Gy | ey e s
R - P | mw | mm e o
W | o @9 | o | @ GG oy s
o | we B o | w9 | by oy
- o | tmp | Gmn &9 e
- T B - -
oo | o @ : -
oy | e G | o | @yl
B R B I wo | @9 @ | my
o | o Gmo : oo | G Emp |l D) e
w9 | e G co | G| lsm | ue
o | e G : o | G2 Gmn | Gy
‘s abelaay Ul 'S D abeIBAY Ul [8zIS sse|D abelany  9zIS Sse|D [enioy
JUEISUOD Ul 'S D | T =oewnsg  JURISUOD ON 'S D | dualaylg apeID  BdualalId dpeID | Ul sdualepId IELITETEN g 9zIS SSe|D 8718
afesony Uo [endy | Jo ANjiqeqold  aBeIaAY UO [en)OY | -19g JO WNWIXRIA -19g JO WNWIUIA | epelo-usamisg  apesD-usamipg | abelany-apelo sse|D [enPy
(6) (8) (2) () (9) (¥) )] (@ 0] sonewaye N

'sasaljuated Ul S10419 pJepuels 1Sngod (azIs sse|d abielane-apelb uo [enide Jo uoissalbal e Jo JuaIo1e0D (6)-(2) — “Jaquinu ainjosqy :(9)-(S) — 'sesayiua.ted uisuoirR ISP prepuels ‘sueaw paiyb A :(17)-(T)

a|dwes solrewayIe |\ 8yl U18zZIS sse|D SoIsieIs aAndiiosaq g a|qel



‘ueoked T , — usoled G | — “Jusoked T :(Slo.d plepuess 1snqou-Butieisnio uo paseq) spas| souediubis

] w0 | s o | G e | e @D | swsmen
- R I o | @ emw | Gy G ot
@) | e G| e | @ G | G @Y | e
[ IR B R R
- < S o | wp o | Lem e s
| wo G| e | @ G| lms Gy
N - B I | Gmo Gm9 | bmy s
o | o @9 | W P | Gmp o Gwe | Ly e o
- o | ww o Gmy |y Gy s
e I B wo |y wmw | ey G
WY e o) e | om0 |l B e
e T B e | P G| Gm o w0
o | ewo 9 | . P | G ey | ma e
e | we 9 | o | mP o mn e = e
b | o B9 | o | G2 @ | = @
e : A N -
=9 | e EmO co | e | mm | e
G0 | owo G : o | W9ty | by
‘s abelaay Ul 'S D abeIBAY Ul [8zIS sse|D abelany  9zIS Sse|D [enioy
JUEISUOD Ul 'S D | T =oewnsg  JURISUOD ON 'S D | dualaylg apeID  BdualalId dpeID | Ul sdualepId IELITETEN g 9zIS SSe|D 8718
afesony Uo [endy | Jo ANjiqeqold  aBeIaAY UO [en)OY | -19g JO WNWIXRIA -19g JO WNWIUIA | epelo-usamisg  apesD-usamipg | abelany-apelo sse|D [enPy
(6) (8) (2) () (9 (¥) )] (@ 9] S0UBIIS

'sasayjuated Ul S10419 pJepuels 1SNgoJ (azIs sse|d abielane-apelb uo [enide Jo uoissalbal e o JuaIo1e0D (6)-(2) — “Jaquinu ainjosqy :(9)-(S) — 'sesayiua.ted ui suoirR ISP prepuels ‘sueaw paiyb M :(#7)-(T)

a|dwies 90UR IS A1 U1 9Z1S SSe|D :SaIIsITels aAnd1osaq v alqe L



“usoked T , — usosed G | — "jusousd T _ :(SI0u18 pJepuels 1snqou-Butisisn|o uo paseq) sjaas| 8duediubis
"UOIJELUIS? JO SPOYISLU 3L} UO S|1E}ap 10} 1X3) 89S — "S}0944a Paxly [00YIS :34S — 'Safenbs 15ea| palubeMm 'STM .

(e21°0) 2000 (60T°0) €910~ 0009 SIS paruN
(061°0) S60°0- (991°0) v.T0 foakoid ureds
(62°0) 0S0°0- (re9°0) 7250 779 elNoIS
(80v°0) £0oT'e ((YA40)) 889" 6018 alo0ebuis
(816°0) 26T (199°0) S15C 6T2E puejods
(€990) ¥0€0 (¥25°0) SeTe 8G8¢ elUBWOY
(0ce0) .1S8°0 (692°0) 1220 850G febnuod
(620°0) £120- (5200) 1¢ST0- T20S ©I0M
(8v€0) ¥62°0- (€280) s08€ Zr10T ueder
(185°0) EVr0- (¢15°0) 8ST0 29T puep|
(czs0) o0 (2907T) 197 g8eY Buo BuoH
(#99°0) 8/80- (C74740)) 0970 8255 803019
(222°0) 12091 (¥08°0) .885C 8E6E souel
(8€L'T) 960'T- (€6T°T) 0.£7C 90ge 'aoy Yoezd
(62t°0) 1020 (¥62°0) 09L°0 7708 epeueD
(ce6°0) 6250~ (2€8°0) GOST ¥00€ (1) wnibpg
(08T°7) 1280 (ToT'1) SLTC 6v7.€ () wniBpg
(1290) 1627 (8120 gzey 0806 elRlSNY
{013 prepuels () Wep 00 lo113 prepueIs (o) wepiypoo
=ES SN (Suepnis) suoireABSIO
(©) (2] (€) @ )] solreweyre N

'sasayiua.ed Ui sJoe prepues 1Sngol-Bulieisn|D sajdeLleA punolbxIeq-A|ie) pue -Juspnis ZT pue | apelb

Joy Bu

Solfews e | Ul S9Tew ST S109))3-paxIi pue s9 fenbs-1ses ] :ga|qe L

10D "9J00S 1531 SOITBWBYIR [ 3|0 LIeA JuspuRda "8Z!S SSe|0 UO 1US1014§800 8U} JO SafeW s



“usoked T , — usosed G | — "jusouad T _ :(SI0u18 pJepuels 1snqou-Butisisn|o uo paseq) sjaas| 8duediubis
"UOITEWIISA JO SPOUIBW B} UO S[1e1ap J0j 1X8) 89S — S1I9}49 PaxIy |00ydS :34S — 'satenbs 15ea| peIybBM 'STM o

(6vT°0) TST0 (L1°0) 6€00 810§ SIS paruN
(eLT0) 6600 (991°0) ¥6T'0 STy ureds
(25°0) TET0 (2650) €6€°0- €20r BIUAOIS
(ear0) JTve (82%°0) 620G 228l alo0ebuis
(692°0) 12€9°0- (£1€0) 1LG9°0- Phsis puejods
(#59°0) €0L0 (ce80) 62T 457 elUBWOY
(962°0) 000 (cog0) 19T°0 €065 febniiod
(Tot0) ¥,00 ((2140)] S8T0 (0)9i4 €910
(80€°0) 8EV0- (€290) 1852 /900T ueder
(€020) 2Lvo- (0s€0) S00°T- 8T puep|
(20 .T0S°€ (t92'1) 615G G168 Buo BuoH
(5v00) 1500 (160°0) V620 866G 809819
(625°0) T0T'0 (015°0) L¥S0 osee aoue.ld
(658°0) 818'T- (6020) VEVT 068¢ 'aoy Yoezd
(6£00) 89T°0 (680°0) 6800 GETY epeued
(€18°0) 1969°T- (159°0) 1850~ 2582 (1) wnibpg
(Tv0'7) 8.¥0 (298°0) YT €20¢€ () wniBpg
(889°0) SSv'T (6£9°0) AP9E vvLL elRIsNY
lou13 prepuels () We 00 {013 prepuels ('0) o100
2335 ST (SIUBPNIS) SUOITRAIBSAO
@) ) (€) @ )] 20105

'sasayiua.ed Ui sJoL prepues 1Sngol-Bulieisn|D sajdeLleA punolbyIeq-A|iie) pue -Juspnis ZT pue | apelb

104 BuI[01UOD ‘B103S 1591 BOUBIOS B[R L_A JUspuBde( "9Z1S SS2|0 U0 JUSID1}J900 8} JO Sotew s

9OUBIDS UI'SaTewW IS S199}43-paX14 pue s fenbs-1sea 19 a|qe L



Jue0sed OT , — "Wedked G | — usosad T | :(s10419 prepuess 1snqol-Butisisn|o uo paseq) s|As| 8duealiublS
"UOIeWNSS JO POLISW 3} UO S|Ielsp 104 1X8) 89S — 'S9|eLieA eusWinIsUl pue s109448 poX1y [00UdS AI-3IS .

(009°69) 19202 (580°T) S6CT- (812°0) ¥90°0- SIS paruN
(¢s8°0) TT€0- (8v€0) TET0- (5200) £2r0 ureds
(8sv'T) 1627 (c290) 6£9°0 (esT°0) 0150 BIUBAOIS
(S05°0) Y570 (2s7°0) Y00 (090°0) .168°0 alodebuis
(€2€9) 861" (016'T) LT6'T- (0e2°0) .G8E0 puejods
(80L°T) ¥0€0- (e120) ¥ero- (L1T°0) L0v'0 elUBWOY
(co2°0) JTVST (8v5°0) £80°T (91170 .£0L°0 febnuod
(695°0) 2060~ (€28°0) 9/GT- (e121) LT €310
(9er°0) 5900 (S6T°0) 000 (621°0) 1950 eder
(058°0) 65T (e220) ,809°¢- (901°0) 900°T puep|
(CYAWD)] 91Z’S- (91EY) 018" (cse0) 020 Buo BuoH
(¥66°0) 925 T- (T1€°0) G650~ (260°0) Yoe0 001D
(69€'T) Lzle (816'0) 1S90°C- (580°0) ALSL0 aoueld
(esz2) 699 (€26'0) SOv'T (esT°0) 1250 ‘09 Yo9zD
(5190 €520 (69°0) 1920 (021°0) £E0T epeueD
(€86°0) 8610 (T68°0) €2.0 (€60°0) 060 (1) wnibpg
(729'9) €608 (€Tr'T) 08’ (¥82°0) (0i53740] () wniBpg
(206°€) 6.0C- (602°T) €960~ (82t1°0) £9v'0 eleisny
lo113 prepuels (*0) Wo01}20D lo113 prepuels WBDI40D lo.3 prepuels @) We14p00
=SS SHNSSY WI0-4-paonpay S}nsay afers-isiH
© ©) (2] € @) )] solreweyre N

'sasayua.ed Ui sJoe prepues 1Sngol-Buisisn|D 'sa|delien punotbydeg-A|iLe) pue -Juspnis ZT pue ‘pas|apelb ‘S19948 paxiy jooyds Joj Buljjonuod
'31035 159] SOIRWAYR N :(G) pue (£) suwn|od ulajgelieA Juspuada 9zIs Ssed en1dY :(T) uwn|od ulajgelen Juspuadeq

‘() pue (T) suwn|od ulazss ssejo afieeNe-apeIf) 8z1s SSe o Uo JUS1D14J902 8y} JO SSleW s

S914JUN0D §T U1 SOIfeWRYTR I\ UIS109))T 9Z1S-5se[D 1/ d|ge L



Jue0sed OT , — "Wedked G | — usosad T | :(s10419 prepuess 1snqol-Butisisn|o uo paseq) s|As| 8duealiublS
"UOIeWNSS JO POLISW 3} UO S|Ielsp 104 1X8) 89S — 'S9|eLieA eusWinIsUl pue s109448 poX1y [00UdS AI-3IS .

(852°2) €82°T- (02071) 1150 (812°0) 466€°0- SIS paruN
(592°0) ,969°0- (8€20) ,8€9°0- (6£00) 160 ureds
(€280 ¥62°0 (ces0) z8T0 (621°0) 1290 elBNoiS
(915°0) 2250 (62t°0) 9/%°0 (650°0) 2160 alodebuis
(52819) 0851 (seTT) 8v0'C- (e0T°0) G900~ puejods
(061°2) L0g'E (2L 0) 867'T (evT0) £S7'0 elUBWOY
(295°0) 80€°0- (T9g°0) €020 (T91°0) .859°0 febniiod
(TSeT) 8Ty 0- (¢88°0) €520~ (T9r°0) 1090 €310
(L17°0) ¥92°0- (Tzz0) 02T 0" (621°0) 1950 eder
(TesT) 9/G°T- (608°0) 6860~ (sot°0) 9650 puep|
(918°21) 186°CT- (r22€) 81€9- (e0g0) 1870 Buo BuoH
(55z°1) 01V'e- (5e€0) G80'T- (90z°0) 0570 001D
(¢£80) ZrTo (2990) L0T°0 (9€T°0) LSL0 aoueld
(616'0) €e0'T- (565°0) LT90- (¥eT°0) 650 ‘09 Yo9zD
(812'T) 82T 1- (L180) /860~ (182°0) £080 epeueD
(oT'T) 6990 (886°0) 0190~ (22T°0) 2760 (1) wnibpg
(evv'T) 280°T (eLeT) /S0'T (¥52°0) L1670 () wniBpg
(89v'6) 8690~ (e19°7) 6TT0- (seT0) 0.T0 eleisny
lo113 prepuels (*0) Wo01}20D lo113 prepuels WBDI40D lo.3 prepuels @) We14p00
=SS SHNSSY WI0-4-paonpay S}nsay afers-isiH
©)] ©) ) € @) 0] 20105

'sasayua.ed Ui sJoe prepues 1Sngol-Buisisn|D 'sa|delien punotbydeg-A|iLe) pue -Juspnis ZT pue ‘pas|apelb ‘S19948 paxiy jooyds Joj Buljjonuod
'91035 1591 80UBI0S :(G) pUe (£) Suwin |02 Ul 3|ge e Juapuadeq '9z1s SSejd [enidY :(T) uwinjod ulajge LieA uepuadaq

‘() pue (T) suwn|od ulazss ssejo afieeNe-apelf) 8z1s SSe|o Uo JUS1D14J902 8y} JO SSleW s

$911JUN0D T UI99USIOS UIS109)J3 9ZISSSe|D 8 a|qe L



“usosed T , — usoled G | — “Jusoked T _ :(SIoue plepuess Isnqou-Butisisnio uo peseq) spAs| soued i iubis

(092°0) 600 (6€2°0) 1T0 (009°69) 19202 SIS paruN
(0zv0) 590 (2000) 166 (cs8°0) T1€0- ureds
(s2t1°0) 8E'C (#00°0) 058 (8sv'1) 1SCT eIUBAOIS
(¥00°0) 828 (000°0) yLov (s05°0) ¥Sv0 alodebuis
(0es°0) (0140 (¥52°0) 010 (€2€9) 2861~ puejods
(¥89°0) .T0 (LTT°0) 6v'C (80L°T) ¥0€0- elUBWOY
(000°0) ZTET (000°0) 06Ty (c0L0) VST febnuod
(#98°0) €00 (000°0) J09¢€T (695°0) 2060 €310
(510°0) 116G (000°0) Sver (9ev°0) G900 ueder
(€90°0) TG (€£90) €20 (058°0) £65°C- puep|
(855°0) GE0 (8520) 010 (5LT°2) 9Tz~ Buo BuoH
(8650) 820 (ovt0) 0zz (v66°0) 925°T- 808919
(602°0) 65T (ev80) 00 (69€°7) L2Le- aoueld
(901°0) 59T (€700) 1£€9 (ese2) 699°C ‘09 Y0920
(cv00) STV (000°0) 86'L¢ (5190) €520 epeueD
(690°0) SE€ (000°0) £67T (€86°0) 86L°0 (14) wniBpg
(5.1°0) 98T (860°0) 9.2 (7299) €608 (1) wniBpg
(€820) 800 (¥180) 900 (206°€) 6.0 eleasny

d4<Au|icego.d olsieISo d4<Ai|ieqod a1s1RISo Joug plepuels ("0) Wo 14200
T- = 9L PEM €- = 1IBLPEM AlI-34S
) ©) (2] (€ (@ (9] solewsyre N

SoIfewey e | Ul 1984j3 9ZIS-5se|D a1 Jo apniiube |\ 8yl JoSIsa L 6 9|ge L



‘usoked OT , — usoled G | — “Jusoked T _ :(Slous plepuess 1snqou-Butisisnio uo peseq) sps| souediiubis

(676°0) 100 (#€5°0) 6€0 (85272) €821~ SIS paruN
(es20) €T (000°0) BY'SL (592°0) .969°0- ureds
(ov1°0) 0ce (000°0) STt (€280) ¥62°0 eIUBAOIS
(€000) 2.8 (000°0) 299 (915°0) 2250 alodebuis
(T€S°0) 60 (905°0) 0 (52819) 085'1E puejods
(150°0) 18 (500°0) 0e8 (061°2) 10g€ elUBWOY
(€220) 6v'T (000°0) ysee (295°0) 80€0- febnuod
(299°0) 6T°0 (250°0) 199°€ (tse'T) 8T 0- €910}
(820°0) JIT€ (000°0) 862 (L17°0) 920~ ueder
(90£°0) ¥1°0 (T5€0) 880 (Tes'1) 95T~ puep|
(cse0) 180 (8ev0) 190 (918°21) 186°CT- Buo BuoH
(c9z°0) 91T (6£9°0) 220 (ssz'1) 0Tv'z- 803019
(¢6T°0) LT (000°0) 66T (c,80) vt o aoueld
(126°0) 000 (#£0°0) 85V (616°0) €80T~ ‘09 Y0920
(¢s80) ¥0'0 (8v1°0) 1T°¢ (812°7) 8¢C’1- epeueD
(s9£°0) 600 (9g0°0) oy (rotrT) 6990 (14) wniBpg
(TST°0) 80C (500°0) T08 (evv'1) 2801 (1) wniBpg
(526'0) 000 (8080) 900 (89v'6) 8690~ eleasny
d4<Au|icego.d olsieISo d4<Ai|ieqod a1s1RISo Joug plepuels ("0) Wo 14200
T-=°0 191 PEM €- =0 191 PEM AlI-34S
) ©) ) (€ (@ (9] 20UBS

80USIOS Ul 108})3 8ZIS-SSe (D 31 Jo apn1iube |\ 8Y) Jo SS9 L 0T d|ge L



'966T 5 — '866T , — 6661 o — 'PAUIGUIOD UOIEINPS JO S|I9AI] |1V

—"€66T , — "AJUO 3UBIDS , — "3|qe) SIY) JO [auUed WONOG SU) Ul A|[enpIAIPUI PalSI] ‘S108)4a 821S-558]9 AULIOMBI0U |[B INO S]NJ JOULED 1N 193448 9Z1S-SSefd 8[eas-abie| IN0 3]NJ M YIIYM IO} S3LIUNOD SU) JO UL ,

‘saJreuuonsanb punoibxoeq

J1aydeal SSINIL :224n0s “apelb yybie pue YlusAaS Ul 9JUSIDS pue SJITRWBYIEW JO UeaW ‘oljel Jaydealpuspnis ybiy e Aq Jesp 1ealb e,, panwil si Buiyoesy Jisyy eyl Buiodas siayoesy Jo abejusalad :(£2)

— 'SWBISAS |eUOIIBU 1Y) Y)IM 32UBPI0IIR Ul SUo1do palyipow 10 paRiwo SalIuNod awos ‘Bulutel) Jaydes) ou yum ale (1z) pue (6T) “Q’Ud 40 VI 0}
J1ajal (zz) pue (T2) ‘usfeAlnbs 1o g 01 Jajal (0z) pue (6T) "Bulurely o sieak 01 dn snjd Alepuodas pue Ajuo Alepuodas sauiquiod (8T) ‘Arepuodass Buns|dwod Inoyum Bulurely Jayoea) si (£T) ‘sadreuuonsanb
punoifxoeq Jayoeal SSIAIL :824n0S apelf yiybla pue YIUSASS Ul 80USIS pue SIITeLaYleW JOo ueaw ‘(Juadiad ul) SSIAIIL Ul palss) Sasse[d ayl JO SIaydes) ayl JO UoIedNpa [ewio) Jo [aAd] 1saybiH :(zz2)-(LT)

—(T002-966T) A0 :924n0S *(ssejjop SN ajeAINba ‘ddd ‘suonniisul a1jgnd ul 8dusLIadxa SIeak GT e salefes AI0INJelS [enuue) y66T ‘UOIRINPa AJBpuU0Ias JI8MO| Ul salejes ,slaydea] :(9T)-(¥T)
—*(T00g) o.41eg pue 997 :824n0S *(SJe|jop |euoireuldul G86T paisnipe-ddd) 066T ‘Siaydesl jooyds Asewrid Jo Arejes eal abessay :(E1)-(2T)
—"(266T '966T) ADI0 :82In0S “(SIe||10p SN ‘ddd) ¥66T ‘19A8] Arepuodas Je suonninsul aleatid pue a1jgnd uo wuspnis Jad ainupuadx3 :(TT)-(0T)
—(T00Z) o4reg pue 837 :824N0S "066T ‘100Yds Arepuodas 1e j1dnd Jad ainiipuadxa [euoiieanpa JuaLnd Juswuidnoh [eay :(6)-(8)
~*(0002) Yueg PIOAN :82In0S *($ [EUOHRUIBIUI JUBLIND ‘ddd) ¥66T ‘ended Jad dao :(2)
— g pue ‘/ ‘7 01 T S3|qeL :924N0S "dJUBIIS Pue SINeWwayew Jo ueaw ajdwis :(9)-(T)

Tve 00 ey €8 085 8'0¢ 98 95 G6'T G669Z 8ET 8€8ZZ | vZ  0lze  8€T  <CZeT | ¥eevT | (2L) 628y | (T6) w6z | (90) SO ureds
8'€C 00 00 06 0T 8'88 €T - - - - - - - - - GyT2T | (988) €0es | (6€) Sve | (€T) 80 BIUBAO|S
0'6€ 10 70 9'Gy 4 €15 €0 - - - - - - - - - 8e8s | (6's6) TGLv | (6S) T8z | (6T) ST eluBWOY
Sz 00 00 9v. | §SZ 00 00 Tr  ¥vr'Z 6006 90T 8EWST | — - 78T  T9eT |¢€z6el | (TOL) rsvy | G¥) TGe | (90) 90 febnuiod
AT vET 00 7’98 00 70 00 1L 6TE - [2€ S6/T¢ | T2 0Tz  TOT  T.9 |/.t2zl |(6700T) €2.6 |(T61) 825 | (0T) Lo €310
61T 296 €2 00 00 97T 00 €T 60 - - - 0 0692 - - vIvIT | (L06) 96vS | (L€) 862 | OT) 80 | ‘doyyoszd
GTI L€T 10 €Ll z0 9'8 00 - - - €67 0L66€ | €€ ,0V99 L'vZ  TGev | 2ozee | (e28) 0615 | (96) 08z | (60) GO epeued
G917 44 ) i . (tes) 616y | L) 71712 | (0T) 710 |(d)wnibeg
) - - - - - - L€T 166/ ¥.T 8¥0€Z | 8¢  08.S  GlZ 0€9E | ¥62TZ | , . ) ) i ) )
62T 9 (0T18) 9655 | (€%) 80¢ | D) LT'T |(14) wnibjeg
»350-801e7
122 9.1 0T oty | vl Sz ST o S6'T /SE8Z  9€'C 8I9YC | LT OTTY | 68T  /vez |esovT | (098) 9¢€1s | (T2) v8z | OTT) +0 -ON U\
Sz g'g 00 6'LG €T 062 €9 - - - - g8sTE | - - - - Levoz | (126) 8665 | (02) €€e | (G0) GO alodebuis
L9T - - - - - - - LT - €17 1606E | ¢z  08Sy  ZLT 9S¥z | lSeze | (Gse) €06 | (Ov) 99 | W0) ToO ueder
0°€e G'6T G'8T 697 891 6.2 70 Sy 66T /8G/C STT T8E9T | 06  0I8S 80Z 1682 |v196T | (T62) +i6v | (9€) ¢€sz | (TT) €T aouel
STy 0T 80 8'1S AL L'6 ST | ¥€ 5280 - - 9uee |.¥LT 8S2€ 6 GeeT | geozz | (6v.) 8.9v | (69) €0z | (€T) T pue|ad|
v'8y 80 v'e gTT ¥'G8 00 00 8¢  /ZT 9¥eYT S0'C 698ST | €T  06VT  L¥T 966 | L.G2T | (@68) LS9y | (L) o8z | (TT) O 808319
Burures | Burures | Arepuo
dl1s anid anid Kiep 0 InoH ended (QD30) ended  (g1) |ended (@O30) ended  (g7) endes | 21005 | az1s wau3
Buniwin | VIN | Ve ooeg S Bur  sad  Amees  Jsad  Atepes | Jsad  juspms  Jad  uapnis 1ad 7XTq] o nea o0 | doug T
uodey | VW ve Bulurell|.yoes) ggo JeyoesL dao Jeyoesl| dao  Jsed  d4ao  Jed ms L g 1 g 'S
. . . . . . . dd9 uesin ues|n -SSe|D
SJayoes | uolneonp3 ,siayoes | Jad 01°]9Yy 'puodss 0} 1oy Alewlid |01 |9y ‘puadx3 03 '[9y ‘puadx3
(€2) (c2) (12) (02) (61) (81) 1) | 1) @G & € @D | G (1 (6) (8 (2) ) (©) w © | @ O

$109)J3 9ZIS-SSe|D JO 80URISIXT 8Y] pue SalsIelde reyd A1uno) IT9|qel



Test Score

Figure 1: Mathematics Performance by Class-Size Blocsin Singapore
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Figure 2: Class Size and Mathematics Performancein Singapore
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Figure 3: Class Size and M athematics Performance in | celand
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Figure 4: The Coefficient on Class Size®

Positive Negative
Signific. Insign.  __Insign. Signif.

o
T
SFE-1V 14 17 n

& Number of cases showing a statistically significant positive (black), a statistically
insignificant positive (white), a statisticaly insignificant negative (light gray), and a
statistically significant negative (dark gray) coefficient, respectively. — WLS: Weighted
least squares. — SFE: School fixed effects. — SFE-1V: School fixed effects and
instrumental variables. — See text for details on the methods of estimation.



Appendix 1: The Sample of Countries

Originaly, 46 countries participated in TIMSS. As Argentina, Indonesia, and Italy were
unable to complete the steps necessary to appear in the data base, Mexico chose not to
release its results, and Bulgaria, the Philippines, and South Africa had insufficient data
quality for the background data to be included in the international data base,
performance and background datasets were available for 39 countries.

Data limitations made the implementation of our identification strategy impossible in
a number of countries. Israel and Kuwait tested only eighth-grade students and no
seventh-grade students. In Sweden, the seventh grade isin elementary schools, while the
eighth grade is in secondary schools, so that there is no single school in the sample with
both a seventh-grade and an eighth-grade class in it. Ninth-grade classes, which were
additionally tested in both Sweden and Switzerland, could not be used as no information
on grade-average class size was available for these classes. In England and Hungary, the
guestion on grade-average class sizes was not administered in the school-principal
background questionnaire.

In a couple of countries, response rates on the class-size questions in the teacher and
the school-principal background questionnaires were dismal. For example, data on the
actual class size from the background questionnaires of the mathematics teachers were
missing for 68 percent of the sampled students in Austria, 59 percent in Thailand, 53
percent in the Russian Federation, and 45 percent in Switzerland. Data on the grade-
average class size from the background questionnaires of the school principals were
missing for 44 percent of the sampled students in Norway and for 43 percent in
Germany. Thus, the following countries were excluded because they had less than 50
schools left in either math or science for whom the appropriate data were available:
Austria, Colombia, Cyprus, Denmark, Germany, Iran, Ireland, Latvia, Lithuania,
Netherlands, New Zealand, Norway, Russian Federation, Slovak Republic, Switzerland,
and Thailand.

This left us with our sample of 18 school systems. Austraia, Flemish Belgium,
French Belgium, Canada, Czech Republic, France, Greece, Hong Kong, Iceland, Japan,
Korea, Portugal, Romania, Scotland, Singapore, Slovenia, Spain, and the United States.



Appendix 2: Robustness of the Results

We checked our results for robustness against alternative specifications of the estimation
equation and against peculiarities in the data. These robustness checks include using the
log of class size, controlling for teacher characteristics, checking for imputed student-
and family-background data, and checking for outliers.

The first aternative specification is to use a different functional form for the class-
size/performance relationship. While the analysis before used a linear form — as, for
example, also applied by Angrist and Lavy (1999), among many others — Hoxby (2000)
suggests using the natural logarithm of class size, consistent with the observation that
the proportional impact of a one-student reduction in class size is greater the smaller the
initial size of the class. Tables A3 and A4 present the coefficients on the log of class size
using each of the identification strategies applied above. As is apparent in columns (6)
and (7), this adjustment produces only two noteworthy changes in our estimates
generated using the SFE-IV method: In Korea in mathematics, the previously
insignificant negative coefficient on class size becomes statistically significant at the 10
percent level, as does the positive coefficient on class size for science performance in
Romania. A version of Figure 4 based on estimates using the log of class size would
therefore contain an additional statistically significant result on each end of the
distribution, bringing the total number of statistically significant estimates to five on the
negative side and two on the positive. Our basic substantive conclusions regarding the
magnitude of these effects, however, remain the same.

We also checked whether our results are robust to a specification that includes
variables controlling for teacher characteristics. These characteristics are the sex, age,
years of experience, and level of education of the specific mathematics and science
teacher in each class in the TIMSS sample. Results from the re-estimation of our
regressions with teacher controls included are presented in Tables A5 and A6. The
figures in columns (17) and (18) confirm the lack of any substantive changes in our
estimates of causal class-size effects produced by the SFE-IV method. The estimated
coefficients on the vast majority of the teacher variables across countries do not reach
statistical significance. This suggests that excluding the teacher controls in the initial

specification seems warranted in order to preserve degrees of freedom. Among the



statistically significant teacher results, there is no clear pattern in the coefficients on
teacher’s sex or age. The estimated coefficients on teaching experience are consistently
positive, suggesting that, controlling for age, teacher’s experience may have a positive
impact on student achievement. The statistically significant coefficients on the different
educational levels of the teacher are mostly positive in mathematics, although this
pattern is less clear in science. It is important to emphasize, however, that any
interpretation of these estimated coefficients on teacher characteristics needs to take into
account that, like other resource inputs in education, they are potentially endogenous
with respect to student performance (see Section V.F). Lacking good instruments for
these variables, their inclusion provides only limited additional information about causal
influences on student achievement.

The family-background data for which we control contain imputed values in cases
where values were missing. The procedures used to generate these values are described
in W6RBmann (2000). While this allows for the inclusion of students for whom some
family-background data was missing to have a full dataset for all participants in the test,
the imputed values of the family-background data are no real data and might introduce
uncertainties about the estimated effects. We have thus re-estimated the class-size
effects under exclusion of all students with any missing value in the family-background
data, which includes the data on the students’ sex and age, the data on whether the
student was born in the country and is living with both parents, and the data on parents’
education and the number of books at home. The results of the re-estimation without
imputed background data are presented in Tables A7 and A8. Column (1) reports the
number of students with full original data. The exclusion rate relative to our original
samples is highest at 19 percent in Greece (both in the mathematics and the science
sample), and it is less than 1 percent in Japan and Singapore. As is obvious from
columns (2) to (7) of Tables A7 and A8, no substantial changes in the results occur. To
note, the significance level of the SFE-1V estimate for Greece in science drops to 11.5
percent, although the coefficient estimate remains within 0.21 of the previous result. In
essence, the estimates of class-size effects excluding observations with imputed
background data remain substantively the same.

In some countries, outliers of especially large or small classes are present in the

dataset. It is not clear whether these outliers indeed represent actual large or small



classes, or whether there are errors in the data. There are reasons for especially large or
small classes to exist in redlity. In small villages, a student cohort might by chance be
especially small, which would result in an especially small class size. Likewise, chronic
illness of teachers might lead to particularly large classes in specia cases. Very large
classes do exist in a lot of countries, and this class-size variation might reasonably be
used to estimate class-size effects. Nevertheless, it is always possible that outlying cases
in the dataset are caused by misunderstandings of questionnaire items on part of the
teacher or the school principal, by mistakes in writing when filling in the questionnaires,
or simply by typing errors in the construction of the database. As we cannot tell whether
an error exists in any particular case, we chose to leave any outlying cases in the
database for our estimations. However, to check whether any of our results are driven by
such outliers, we went through the data for each country and subject, excluded any
obvious outliers, and re-estimated our results. None of the results changed in any
substantial way, so that we can be confident that our results are not driven by any
outliers. In a few instances, the number of students in the database who were actualy
tested in a class was larger than the class size reported by the teacher. We replaced the
reported class size by the number of tested students in these cases, continuing to leave

out any outliers. Again, this had no noteworthy impact on our results.
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