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ABSTRACT

Essays on Matching and Market Design
by

Ming Jiang

Chair: Yan Chen

Using a combination of experimental, theoretical, computational and empirical
methods, my dissertation studies matching and market design with applications to
education policy including school choice and college admissions. I tackle three prob-
lems: the effect of standardized tests on matching mechanisms (Chapter 2); experi-
mental evidence of matching in a large market (Chapter 3); and quasi-experimental
evidence of the theoretical properties of matching mechanisms (Chapter 4).

In Chapter 2, I investigate the matching of college admissions, where students’
admission priorities and colleges’ preferences over students are misaligned, due the
imperfect measure of student aptitudes by standardized entrance tests. I show that in
this case any matching mechanism that is stable with regard to priority is not stable
with regard to preference. The resulting instability leads to market unraveling. How-
ever, a manipulable mechanism, combined with limited information about priorities,
may succeed in mending this market failure. A laboratory experiment confirms this

theoretical prediction.
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In Chapter 3, we study the role market size plays in school choice. We evalu-
ate the performance of the Boston and the Deferred Acceptance (DA) mechanism in
laboratory with different market sizes. The results show that increasing the market
size from 4 to 40 students per match increases participant truth-telling under the DA
but decreases it under the Boston mechanism, leading to a decrease in efficiency but
no change in the large stability advantage of the DA over the Boston mechanism.
Furthermore, increasing the scale to 4,000 students per match has no effect on ei-
ther individual behavior or mechanism performance. Our results indicate that “large
market” in practice is smaller than in theory.

In Chapter 4, we evaluate the Immediate Acceptance (Boston) mechanism and the
parallel mechanism in college admissions, both in the laboratory and with naturally-
occurring data. Through both channels, we find that the more emphasis a mechanism
put on the first choice, the more likely students rely on their rankings in the test to
manipulate their reported preferences, which confirms the theoretical predictions.
Although in the laboratory, the parallel mechanism proves to be more stable, we do

not observe economically significant difference in stability in the field.
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CHAPTER I

Introduction

Matching and market design is a growing field in economics. Matching prob-
lems involve pairing members of one group of agents with one or more members of
another disjointed group of agents. Examples include college admissions, matching
medical school graduates to hospitals, assigning students to public schools, assign-
ing students to on-campus housing and overseas trips, facilitating pairwise kidney
exchanges, and matching cadets to army branches. My dissertation focuses on the
application of matching and market design theory to education policy, particularly
the school choice and college admissions problems. I investigate three questions that
have not been answered in the literature: What is the effect of standardized tests
on matching stability? How does matching in a large market work in an experimen-
tal setting? What is the quasi-experimental support for the theoretical differences
in matching mechanisms? The next three chapters address each of the three prob-
lems using different combinations of theoretical, experimental, computational, and
empirical methods.

In Chapter 2, I study matching problems where priorities and preferences are
misaligned. In the case of test-based college admissions, students are matched based
on their test scores in standardized tests, which determine their priorities. However,

the tests, due to measurement errors, are noisy realizations of students’ aptitudes,



which capture colleges’ preferences. I investigate two questions: Why can the Deferred
Acceptance mechanism produce unstable matchings and cause market unraveling?
How can the Boston mechanism outperform the Deferred Acceptance mechanism in
mending such market failure? These research questions are motivated by the real
world college admissions matching in China.

To answer the question of why, I formally model the game of college admissions
with standardized tests. I show that in centralized college admissions, a stable match-
ing mechanism that respects test scores produces unstable matching outcomes in
terms of student aptitude. This directly predicts market unraveling, as most cases of
market unraveling are caused by perceived instability in matching outcomes.

I then design and conduct a laboratory experiment to answer the question of how.
I combine the two mechanisms - the Boston mechanism and the Deferred Acceptance
(DA) mechanism - with two timing conditions of the submission of students’ rank-
ordered lists of colleges. The environment is designed as a hybrid of one-sided and two-
sided markets, where there is a centralized, one-sided matching stage, and preceding
it is a decentralized, two-sided stage where colleges can send early admission offers to
students. The experimental results confirm the theoretical predictions, and show that
the Boston mechanism combined with pre-exam submission performs best in terms
of reducing market unraveling, yet it achieves that with little sacrifice on the stability
of eventual matching outcomes.

In Chapter 3, coauthored with Yan Chen, Onur Kesten, Stephane Robin, and
Min Zhu, I complement the active and growing literature in matching theory on large
market properties within the context of student assignment, using a combination of
experiments and computational methods. There is a growing body of theoretical
literature showing that as the size of the market becomes larger, many properties of
matching mechanisms may change. In terms of policy implication, because laboratory

experiments are used as wind tunnels to test mechanisms that are being used or will



be used in the real world, and the market size in the real world is usually much larger
than in the lab, it is necessary to see if findings in the lab can be generalized to the
field.

Creating a large market in the laboratory is challenging because of obvious physical
and financial constraints. To test the effect of market size on behavior and matching
outcomes, we conduct two experiments, studying two mechanisms, Boston and DA. In
one experiment, we compare two markets of size 4 and 40, by replicating the smaller
market tenfold. To allow random rematching, each large session has 80 subjects
making decisions simultaneously. In the other experiment, instead of pairing human
subjects with each other, we pair each of them with either 39 or 3999 computer
agents who behave as if they are human subjects. We do so by letting them play
the strategies of human subjects in the first experiment. We find that when the size
of the market goes from 4 to 40, more subjects report their true preferences under
DA, which has truth-telling as the dominant strategy, and more subjects manipulate
their preferences under Boston, which itself is a manipulable mechanism. DA also
remains stable under large market, and Boston becomes more unstable. However
further increasing the size of the market from 40 to 4000 has no significant effect.
This result shows that what is considered “large market” in the theoretical literature,
might actually be much smaller in application.

In Chapter 4, coauthored with Yan Chen and Onur Kesten, I study how different
matching mechanisms in college admissions affect students’ strategies and subsequent
matching outcomes, using both a naturally occurring experiment and a laboratory
experiment. The natural experiment comes from a policy change in China’s Sichuan
Province between the year 2008 and 2009. Since when students participate in college
admissions is mostly determined by birth, while the mechanism change happens much
later, it eliminates selection bias to a large extent. Moreover, the mechanism change

only affects a portion of the students, therefore it allows us the use of difference-in-



differences estimators. The dataset we obtain for a city in that province contains
students’ test scores, students’ reported preferences, as well as the colleges that ad-
mitted them for the two years. We find that when the mechanism changes from the
sequential mechanism to the parallel mechanism, (1) students list more colleges in
their rank-ordered list; (2) students list better colleges as their first choices; (3) stu-
dents are less likely to list local colleges as their first choices; and (4)fewer students
get admitted to their reported first choices.

To further study the effect of mechanism change in a well controlled environment
where we can induce students’ true preferences, we design a laboratory experiment
fashioned after the real world matching market and its mechanisms. Specifically, each
of these mechanisms either emphasizes first choice, emphasizes first two choices, or
is strategy-proof. The results from the laboratory corroborate most of the findings
in the field. Further, we find that the more emphasis a mechanism puts on the first
choice, the less likely students will report their true preferences. Both the results from

the laboratory experiment and from the field confirm the theoretical predictions.



CHAPTER II

When Do Stable Matching Mechanisms Fail?
The Role of Standardized Tests in College

Admissions

2.1 Introduction

College admissions mechanisms affect the career choices and labor market out-
comes of many young people around the world. They belong to a broader class of
matching problems that involve pairing members of one group of agents with one or
more members of another disjointed group of agents. Other examples include col-
lege admissions (Gale and Shapley, 1962; Roth, 1985; Balinski and Sénmez, 1999),
matching medical school graduates to hospitals (Roth, 1984, 1986), assigning stu-
dents to public schools (Abdulkadiroglu and Sénmez, 2003; Abdulkadiroglu et al.,
2005a,b), assigning students to on-campus housing and overseas trips (Abdulkadiroglu
and Sonmez, 1999; Chen and Sonmez, 2002; Featherstone, 2013), facilitating pairwise
kidney exchanges (Roth et al., 2005), and matching cadets to army branches (Sonmez
and Switzer, 2013). Matching mechanisms are algorithms used to accomplish assign-
ments in these cases.

For such matching problems, stable and strategy-proof matching mechanisms such



as the Deferred Acceptance mechanism® (Gale and Shapley, 1962) are widely praised
as a superior alternative to priority matching mechanisms, such as the Boston mecha-
nism, which is manipulable and may thus lead to unstable outcomes (Abdulkadiroglu
et al., 2005b; Chen and Sénmez, 2006; Ergin and Sénmez, 2006). This is because
if a matching mechanism is stable, it produces matching outcomes in which no pair
of agents would both prefer to be matched to each other than to their current part-
ners. If a mechanism is strategy-proof, then participants do not have incentives to lie
about their true preferences. A significant issue with unstable matchings is market
unraveling (Roth and Xing, 1994): the transaction date is pushed further and further
ahead, often circumventing the centralized matching process. For example, in the
case of matching new physicians to hospitals, when the job market unravels, hospi-
tals sign employment contracts with medical school students sometimes years ahead
of their actual graduation date. Market unraveling also manifests itself through early
admissions in college admissions (Avery et al., 2009). Roth (1991) shows that if a
mechanism frequently yields unstable matchings, even if such market is centralized,
it still causes market unraveling, and is no better than the decentralized market it
tries to replace. Such unraveling is believed to be inefficient (Fréchette et al., 2007),
and reduces market mobility (Niederle and Roth, 2003). In addition to the cost of
instability, Ergin and Sénmez (2006) and Chen and Sénmez (2006) also suggest that
strategic manipulation in the Boston mechanism leads to efficiency loss both in theory
and in the laboratory.

Stability, however, does not ensure that market unraveling would not happen.
One instance from two-sided matching comes from Sénmez (1999), which states that
stability does not prevent manipulation through pre-arranged match. Even for cen-
tralized college admissions, which is a one-sided matching market, market unraveling

stills occurs under stable mechanisms. In 2008, the government of Shanghai switched

INote however, the Deferred Acceptance mechanism is strategy-proof for one side of the matching
market. It is not so for the other side of the market.



its college admissions mechanism from a variant of the Boston mechanism called the
“sequential mechanism” to a variant of the Deferred Acceptance mechanism called the
“parallel mechanism,” which is more stable and less manipulable (Chen and Kesten,
2014)2. Yet, after the policy change, the top universities in Shanghai increased the
number of their early admission offers from 893 to 13532, an almost 50% increase,
which all happened months before the actual college entrance exam. Consequently,
more than half of the students those universities admitted were through early ad-
missions, circumventing the centralized matching process. Since a stable matching
mechanism would predict less market unraveling, why did this happen? *

To explain why this happened, first we need to note that college admissions in
China are organized as a centralized matching market, where a central authority
administers an annual standardized test, and places students into colleges based on
their test scores®, with the aim of the test being to measure students’ aptitudes. This
standardized test-based college admissions problem differs from the school choice
problem (Abdulkadiroglu and Sénmez, 2003) in that although colleges, like public
schools, follow priorities based on test scores, colleges themselves actually have strong
preferences over students that may be different from priorities. It is understandable
that colleges prefer better students with higher academic abilities (aptitudes) as better
students are more likely to improve college reputations and may bring more future
donations. It also differs from decentralized college admissions systems like those
in the United States (Gale and Shapley, 1962; Roth, 1985), because colleges can

not express their preferences over students during the centralized matching process,

2T will henceforth simply refer to them as the Boston mechanism and the Deferred Acceptance
mechanism respectively.

3http://edu.qq.com/a/20081208/000066.htm. Retrieved on 8/25/2014.

4Although the change in mechanism is the only major policy change that year that I am aware
of, and students are randomly selected into high school cohorts by birth, there may be other factors
that can possibly influence colleges’ early admission decisions. In this paper, I try to establish the
connect between mechanisms and unraveling (in the form of early admissions) by controlling for
other factors, both theoretically and experimentally.

5To my best knowledge of the author, the following countries also use centralized college admis-
sions based on standardized test: South Korea, Japan, and Turkey.



since the matching is carried out by a computer program. Colleges’ preferences and
students’ priorities are perfectly aligned only if standardized tests yield scores that
do not distort the relative standings of students’” aptitudes. In practice, however, this
is unlikely, because even if a test is unbiased, that is, the expected test scores always
respect the relative standings of aptitudes, all tests have measurement errors, defined
as the lack of “consistency with which the [test] results place students in the same
relative position if the test is given repeatedly” (Bloom et al., 1981). Therefore, if a
test is taken only once, such as in centralized college admissions, the ranking of test
scores may not reflect the ranking of aptitudes.

To see why measurement errors in tests can cause unstable matchings, let us
look at an example. Suppose Students A and B are two top students in a college
admission market with many students, and Colleges 1 and 2 are the two top colleges,
and each has one available seat. Student A is better than B, and College 1 is better
than 2. All students prefer better colleges, and colleges better students. Although
Student A is better than Student B, she still has 30% of chance to score lower in
the test than B, caused by measurement errors in the test. Under the Deferred
Acceptance mechanism, since revealing one’s true preference is the dominant strategy,
both students list College 1 as their first choices, and College 2 second choices. Since
priorities are given based on the test scores, therefore, there is a 30% chance that
Student A goes to College 2 and Student B goes to College 1 ¢. In this case, both
Student A and College 1 prefer each other to what they are currently matched with.
So College 1 has an incentive to circumvent the centralized matching, and admits
Student A early; and Student A certainly has the incentive to accept such offer. What
was it about the mechanism that was used prior to the policy change in Shanghai
that it did not have as serious an issue of market unraveling?

The answer to the question above may lie in one policy detail: instead of submit-

6This, and the example in the next paragraph assume that no other student can score higher
than both Students A and B under any circumstance.



ting their rank-ordered lists of colleges after knowing their test scores and rankings,
students report their preferences before taking the exam, therefore the only thing
they know is the relative standings of their academic abilities. Let us go back to the
previous example. Now when Student B submits his list of colleges without knowing
his realized test score, he knows that he has a 70% chance to score lower than A.
Since under the Boston mechanism, emphasis is put on the first choice, and the cost
of not getting into one’s first choice is very high, Student B may not want to take
the risk and rank College 1 first, and therefore he will rank College 2 as his first
choice. In this case, Student A can go to College 1, and Student B to College 2, with
certainty. The matching is therefore stable for the top two students and colleges. So
in short, the manipulability of this mechanism, combined with limited information of
the priorities (test scores) of the matching, actually helps better students go to better
colleges, regardless of their test performances.

Previous literature has also shown, in different aspects, that the Boston mechanism
could outperform the Deferred Acceptance mechanism in some aspects under some
conditions. In terms of market efficiency, the Boston mechanism is shown to be ex ante
more efficient under incomplete information than the Deferred Acceptance mechanism
both theoretically (Abdulkadiroglu et al., 2011) and experimentally (Featherstone and
Niederle, 2014). In terms of strategy, contrary to the Deferred Acceptance mecha-
nism, the Boston mechanism is immune to manipulation by schools through misre-
porting enrollment capacity (Kesten, 2011). In addition to the Boston mechanism,
other manipulable mechanisms can also take the advantage of their manipulability
and perform better than truth mechanisms. For example, manipulable mechanisms
that encourage reporting indifferences can outperform strategy-proof Random Serial
Dictatorship mechanism in terms of efficiency (Fragiadakis and Troyan, 2013).

In addition to the properties of mechanisms, the context of this study - centralized

college admissions in China - has also been explored in the literature. Chiu and



Weng (2009) show that popular schools will use early commitment to “lock-in” good
students. Zhong et al. (2004), and Lien et al. (2012) show that the Boston mechanism
combined with preference submission before knowing the test scores has an efficiency
advantage in centralized admissions. Wu and Zhong (2014) provide empirical support
by using data from a top university in China and find that students admitted through
the above mechanism have better academic performance in college.

In this paper, motivated by a real world anomaly, I answer two questions: why the
Deferred Acceptance mechanism can produce unstable matchings and cause market
unraveling; and how the Boston mechanism can outperform the Deferred Acceptance
mechanism in mending such market failure. To answer the question of why, I formally
model the game of college admissions with standardized tests, and show that without
the possibility of early admissions (a form of market unraveling), a stable matching
mechanism that respects test scores produces unstable matching outcomes in terms of
student aptitude. This directly predicts market unraveling, as most cases of market
unraveling are caused by perceived instability in matching outcomes. I then design
and conduct a laboratory experiment to answer the question of how. I combine the
two mechanisms (the Boston mechanism and the Deferred Acceptance mechanism)
with two timing conditions of the submission of students’ rank-ordered lists of colleges.
The environment is designed as a semi-two-sided market, where there is a centralized,
one-sided matching stage, and preceding it is a decentralized, two-sided stage where
colleges can send early admission offers to students. The experimental results confirm
the theoretical predictions, and show that the Boston mechanism combined with pre-
exam submission performs best in terms of reducing market unraveling, yet it achieves
that with little sacrifice on the stability of eventual matching outcomes.

The remainder of this paper is organized in the following way: Section 2.2 formally
models the game of college admissions with standardized test as well as introducing

the two mechanisms. Section 2.3 presents theoretical results. Section 2.4 describe
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the design of the experiment. Section 2.5 presents experimental results. Section 4.8

concludes.

2.2 The Environment

2.2.1 The Model

I outline a matching economy with a continuum of students to be assigned to a
finite number of colleges.

The set of students is denoted by S, with any student s whose type is represented
by his aptitude a € R. The total mass of students is normalized to 1, and the
distribution of their aptitudes follows a density function f(-). Each student also has
a test score t after taking the entrance test. A standardized test determines the
relationship between the test score and the aptitude: ¢ = a + 7, where n € R has
a distribution with density function g(-), and a and 7 are independent. It captures
the measurement error of the test, and is individually determined for each student. I
assume that 1 has mean 0. That is, a test is unbiased.

The set of colleges is denoted by C' = {c1,...,cm},m > 2. Each college ¢; has
capacity to enroll a mass of g., students. Without loss of generality, I assume that
the mass of total quota equals to the mass of students.

A matching p is an allocation of college slots to students such that the mass of
students assigned to any college does not exceed its quota. A matching mechanism
accomplishes this matching using students’ reported rank-ordered lists (ROL) of col-
leges, and students’ priorities. In college admissions, students’ priorities at every
college during the admissions are determined by their test scores: s has a higher
priority than s if and only if ¢ > /. T also assume that all colleges have the same
preferences over students, which are determined by students’ aptitudes.

A student also has ranking in aptitude, r, and ranking in test score, r;, measured
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by the mass of students with higher aptitudes and test scores, respectively.

I also make the following assumptions: the distributions of aptitude and mea-
surement error of the test (captured by f(-) and g(-)) are common knowledge to all
students; every student knows his ranking of aptitude and test score after the exam;
and all students have the same preferences over colleges. The assumption that stu-
dents know their is justified by the fact that after many testings done in high schools,
students have good ideas about where they stand within each school, and they are
able to extrapolate that knowledge to other schools based on the relative qualities of
different schools. The last assumption is based on the nature of college admissions:
good colleges are sought after by almost all students and students’ preferences are
highly correlated.

Next, since both test score-based priorities and aptitude-based preferences coexist,
I define two sets of stability criteria.

A matching p is stable with respect to test score if there is no student-college pair
(¢, s) such that student s prefers college ¢ to the college he is assigned to, and college
¢ has students assigned to it who are ranked lower in test scores than student s.

A matching p is stable with respect to aptitude if there is no student-college pair
(¢, s) such that student s prefers college ¢ to the college he is assigned to, and college

¢ has students assigned to it who have lower aptitudes than student s.

2.2.2 The Mechanisms

In this section I describe the algorithm of the two mechanisms I study in this
paper.

The first mechanism I study is the Boston mechanism (Boston). The procedure
of this mechanism is listed below.

There is a priority ordering of students. In the case of centralized college admis-

sions, it is determined by the ranks of students’ test scores.
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Step 1: The first choices of the students are considered. For each college, consider
the students who have listed it as their first choice and assign seats of the college
to these students one at a time following their priority order until either there

is no seat left or there is no student left who has listed it as her first choice.

Step k (k > 1): For the students who have been rejected after step k-1, only the kth
choices of them are considered. For each college with available seats, consider
those students who have listed it as their kth choice and assign the remaining
seats to these students one at a time following their priority order until either

there is no seat left or there is no student left who has listed it as her kth choice.

The algorithm terminates when there is no rejected student. The Boston mech-
anism is manipulable (Abdulkadiroglu et al., 2005b; Ergin and Sénmez, 2006), and
its manipulability has also been observed experimentally (Chen and Sénmez, 2006)
and empirically (He, 2014); particularly, it puts heavy emphasize on how students
list their first choices, since admission at every step is final. Such manipulability
therefore often yields matching outcomes that are unstable (Roth, 1991; Chen and
Sénmez, 2006).

The second mechanism studied in this paper is the Deferred Acceptance mecha-
nism (DA) (Gale and Shapley, 1962). This mechanism played a key role in school
choice reforms in Boston and New York City (Abdulkadiroglu et al., 2005b,a). The
procedure of the DA mechanism is listed as the following algorithm.

For each college, a priority ordering of students is determined by the ranks of

students’ test scores.

Step 1: The first choices of the students are considered. For each college, consider
the students who have listed it as their first choice and temporarily assign seats
of the college to these students one at a time following their priority order until

either there is no seat left or there is no student left who has listed it as her
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first choice.

Step k (k > 1): Each student who was rejected applies to the next college on his list.
Each college then considers the students it has already temporarily accepted
along with the new applicants, accept the ones with the highest priorities within

their enrollment capacities among those students, and then rejects the rest.

The algorithm terminates when there is no rejected student. The DA mechanism
is strategy-proof (Dubins and Freedman, 1981), and it also produces stable matchings

that are most favorable to students (Roth, 1982).

2.3 Theoretical Results

In this section, I present the theoretical predictions for the two mechanisms under
the test-based college admissions environment. Since the stability and incentive com-
patibility of the Deferred Acceptance mechanism with deterministic priorities are well
established (Dubins and Freedman, 1981; Roth, 1982), I will start with the incentives
for truth-telling under DA when students submit their rank-ordered list of colleges
(ROL) before they take the exam. In this case, they only know their rankings in apti-
tude and the distribution of measurement error. It turns out that the strategy-proof

property of DA still holds.

Proposition 1 (Roth, 1989). It is a dominant strategy to reveal one’s true preference

under DA with pre-exam ROL submission.

The next proposition is the extension of the standard stability result for the DA

mechanism.

Proposition 2. The DA mechanism with pre-exam ROL submission yields stable
matchings with respect to test score under the Bayesian Nash equilibrium in dominant

strategies.
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Proof. First, it is straightforward to see that the set of stable matching (with respect
to test score) is a singleton, because all students have identical priorities at every
college, which are determined only by test scores. Next, by Proposition 1, we see that
truth-telling is a dominant strategy under DA pre-exam, therefore truth-telling is the
Bayesian Nash equilibrium in dominant strategies. Moreover, it is unique, because
every other strategy is dominated by truth-telling. Finally, DA yields stable outcome

(w.r.t. test score) when everyone is truth-telling. O

Different from DA, the Boston mechanism encourages strategic manipulation.
Specifically, students manipulate their first choices based on their rankings in test
scores. I define the following kind of strategic manipulation under the test-based

college admissions, which has been observed in the laboratory as well as in the field

(Chen et al.).

Definition 1 (Rank bias). A student s with rank r, exhibits rank bias, if he ranks
the least commonly preferred college as his first choice among all the colleges that
satisfy that the total quotas of all more commonly preferred colleges does not exceed

his ranking in test score (ry). That is, a student lists college ¢; as his first choice if

1 .
22:1 qu < T't, 2221 QCk Z Tt.

In other words, it means a student will rank a college whose rank in quality, quota
considered, corresponds to the student’s rank in test score. The definition of rank
bias is closely related to the concept of district bias in the school choice literature
(Chen and Sénmez, 2006). The following result shows that it is a Nash Equilibrium

strategy under Boston with post-exam ROL submission.

Proposition 3. Rank bias is a Nash equilibrium strateqy under both the Boston and

the DA mechanisms with post-exam ROL submission.

Proof. See Appendix 2.7.1 O
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From the above results, we can see that the relative standings of aptitude are
totally ignored during the matching. For DA, it is ignored because it is always best
to reveal one’s true preference, and assignment process depends on priorities that are
entirely decided by test scores. It is also ignored under Boston, because as long as
students know their test scores, the rankings of test scores are the only thing they
need in order to strategize their first choices.

The following theorem then illustrates the consequences of such matching out-
comes, when there are a continuum of students whose aptitudes are distributed fol-
lowing f(-), students and colleges have homogeneous preferences over each other,
and test scores are noisy realizations of students’ aptitudes with measurement error

following g(-). It show the conflicting nature of the two stability definitions.

Theorem 1. In the continuum economy of the test-based college admissions, with a
continuum of students whose aptitudes are distributed following the density function
f(+), any matching outcome that is stable with respect to test score is not stable with
respect to aptitude with probability 1. Specifically, the proportion of students each col-
lege prefers to be matched with rather than what it is matched with after the centralized

admissions 18 Non-zero.
Proof. See Appendix 2.7.2. m

Theorem 1 provides a non-parametric look at the potential unstable outcomes of
the matching. Intuitively, how large the measurement error of a test is affects how
unstable the matching outcomes is, with respect to aptitude. To give a concrete
example, I conduct a simulation with a set of parameters. In this simulated example,
there are 1000 students and five colleges, each with 200 seats. Students’ aptitudes are
uniformly distributed from 50 to 100, and the measurement error follows a normal
distribution with mean 0. All students report their true preferences and are matched

using the Deferred Acceptance mechanism. Figure 2.1 reports the number of students
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with whom colleges would form blocking pairs, after varying the standard deviation
of the distribution of measurement error (from 0 to 10). From this graph we can see
that the proportion of blocking pairs (out of each college’s capacity) increases as the

standard deviation of measure error increases.

Proportion of students with whom colleges would form blocking pairs
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Figure 2.1: Number of blocking pairs increases with measurement error

The next graph (Figure 2.2) goes into what actually happened behind each dot
in the previous graph by showing the distribution of aptitudes of students admitted
by each college in a single simulation. The simulated matching has a standardized
test with standard deviation 8. The distribution curves from left to right are for
Colleges 1, 2, 3, 4, and 5, in order. Vertical lines from left to right are 20%, 40%,
60%, and 80% quantiles for students’ aptitudes. In a matching that is stable with
respect to aptitude under the simulated environment, the top 20% of students should
be matched with College 1, the next 20% with College 2, etc. Therefore, for College
1, the area to the right of the 80% quantile line that is a part of the distribution
of aptitudes of students admitted by colleges of lower quality is the proportion of

students College 1 forms blocking pairs with. The same applies to Colleges 2, 3, and
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4. Figure 2.2 illustrates the pattern of unstable mismatch with respect to aptitude
through overlapped areas under the aptitude distributions, which are in term caused

by the measurement error of the standardized test.

Distribution of students' aptitudes
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Figure 2.2: Number of blocking pairs increases with measurement error

Since DA under truthful preference revelation, and Boston with post-exam sub-
mission under the Nash Equilibrium strategy both yield the same matching outcomes

that are stable with respect to test scores, we now have the following corollary.

Corollary 1. In the test-based college admissions, DA under post-ROL condition,
and Boston under post-exam condition yield Nash equilibrium matching outcomes
that are not stable with respect to aptitude with probability 1. Moreover, DA under
pre-exam condition has a Bayesian Nash equilibrium in dominant strategies that yields

an outcome unstable with respect to aptitude with probability 1.

While the instability with respect to aptitude under the DA mechanism is due
to the fact that DA is strategy-proof, and allocation is entirely based on priorities,
the reason for instability under the Boston mechanism is different. Under the Boston

mechanism, students manipulate based on their priorities. When test scores are
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revealed after the exam, and ranks are known, aptitude plays no role in decision
making. However, when scores are not known, and aptitude and the rank of it are
the only clues students can follow to make their decisions, the fact that the Boston
mechanism is manipulable may make students reveal more information about their
true aptitudes through submitted ROL. To show this, first I extend the definition of

rank bias to aptitude.

Definition 2 (Aptitude-based rank bias). A student s with rank r, exhibits aptitude-
based rank bias, if he ranks the least commonly preferred college as his first choice
amonyg all the colleges that satisfy that the total quotas of all more commonly preferred

colleges does not exceed his ranking in aptitude (r,). That is, a student lists college

¢; as his first choice if Zz;ll Qe < Tas 22:1 Qe > Tt

Proposition 4. When students play the strategy of aptitude-based rank bias, the
Boston mechanism with pre-exam ROL is not stable with respect to test scores, but is

stable with respect to aptitude.

Proof. Similar to students playing score-based rank bias under Boston with post-
exam ROL, playing aptitude-based rank bias yields an matching outcome that is
assortative in aptitude, which also means that it is stable with respect to aptitude.
The instability result follows from Theorem 1, where we replace test scores with

aptitudes, and vice versa. O

The above proposition is only true under the best case scenario, however. The
actual strategies students may employ under this mechanism-timing combination de-
pend on their cardinal utilities as well as their risk preferences, therefore generalizing
the equilibrium strategies is challenging. In the following section, the matching mar-
ket in the experiment design serves as an example, showing that in some cases, the
Boston mechanism with pre-exam submission indeed outperforms all other combina-

tions in terms of stability w.r.t. aptitude.
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One of the most important consequences of matchings that are not stable w.r.t.
aptitude (i.e. preference) is market unraveling. This phenomenon has been observed
in many real world matching markets where matching mechanisms produce unstable
outcomes. Examples include matching of couples in the National Resident Matching
Program (Roth, 1984), sorority rush at American universities (Mongell and Roth,
1991), and new physicians matching in Newcastle, Edinburgh, Birmingham, UK
(Roth, 1991). In the next section, agents of both sides are allowed to circumvent

the centralized matching, which captures the unraveling of the market.

2.4 Experimental Design

The previous section outlines the theoretical stability results under different com-
binations of mechanisms and submission timings. The equilibrium under the Boston
mechanism with pre-exam submission, however, is difficult to derive for a general case.
In this section, I design a specific, discrete market, where equilibrium strategies can
be reasonably derived for the Boston mechanism, and test the associated theoretical
predictions using a laboratory experiment.

I implement a 2(timing) by 2(mechanism) factorial design to investigate the per-
formance of the two mechanisms under two different timing conditions regarding when
ROLs are submitted (pre-exam and post-exam). The four treatments are henceforth

referred to as Boston-pre, Boston-post, DA-pre, and DA-post.

2.4.1 The Environment

The game environment consists of three students, {1,2,3}, and three colleges,
{A, B,C}. Each college has exactly one slot, and each student can occupy at most
one slot. Three students are ranked by their aptitudes, 1 >, 2 >, 3, and three colleges
their qualities, A = B >, C. Students’ and colleges’ preferences over each other are

described by utilities: {30, 20,10}, which is the experimental points they earn given
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the students or colleges they are matched with.

In the theoretical derivation, I do not explicitly model the early admissions stage.
In the experiment, colleges are allowed to make early offers, which captures the conse-
quences of market instability. Therefore, the game in this experiment consists of four
stages: Early Admission Stage, Exam Stage, ROL-submission Stage, and Centralized
Matching Stage. Under the pre-exam timing condition, the game follows the following
order: EarlyAdmission-ROL-Exam-Matching, while under the post-exam condition,
the game follows Early Admission-Exam-ROL-Matching.

Before students take the exam and submit their ROLs, colleges are given the
opportunities to send binding early admission offers to students by paying a fee of 3
utility points. The fee represents the cost associated with the consequences of market
unraveling 7. The choice of 3 utility points (15% of the average utility) is based on
the consideration that some colleges have the incentive to pay the fee to participate
in early admissions under some mechanisms, while under others it is too costly. After
paying the fee, each college can send exactly one offer to any student. Students who
receive the offers can choose to accept or decline the offers. Students and colleges that
have reached the early admission agreements are removed from subsequent centralized
matching market. The design of the early admissions stage is similar to Kagel and
Roth (2000).

During the Exam Stage, the computer simulates the exam by giving each student
a test score. The measurement error of the test is characterized by the probability
parameter p as well as the spread from the mean. Each student can perform normally
with probability p, or either overperform or underperform each with probability %.
Students know their types (aptitudes) and distribution of test outcomes of all other

students. The detailed testing outcome for the students are shown in Table 2.1. In

"This can be thought of as the cost associated with market unraveling, for example, the cost of
screening students individually; the cost of students not studying for the rest of their high school
since they know they can go to colleges for sure; etc.
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this experiment I choose p = 0.5.

Table 2.1: Exam outcomes for each student, p = 0.5
Student 1 2 3 Prob.
Underperform 12 7 2 0.25

Normal 20 15 10 0.5
Overperform 28 23 18 0.25

Either after or before taking the exam depending on the timing condition, students
who have not been admitted early by the colleges submit their ROLs of all three
colleges, regardless whether the slot in some colleges are taken or not. If a college
has reached an agreement and admitted a student, that college is removed from
each student’s ROL and does not occupy a position in students’ ROLs. For example,
Student 1 lists A— B —(C and College A has already admitted Student 2, then College
A will simply be removed before the algorithm starts and College B becomes Student
1’s first choice in the subsequent matching. This design is chosen to let college players
think about, through repeated play, what would have happened if they choose to or
not to participate in early admissions.

One concern we may have, with respect to still allowing students to rank all
three colleges even though one or more colleges have admitted students early, is that
students’ strategies may alter colleges’ early admissions decisions. However, 1 will
now show that as long as a student believes that a college, who should participate in
early admissions, does not do so with any positive probability, his best response is to
play the strategy as if no college participates in early admissions.

Under the post-exam condition, Student 3 is the only one who will make decisions
after early admissions. Suppose he believes College A will not participate with prob-
ability p > 0 and College B with probability ¢ > 0. Then he believes he plays the
matching game with three colleges with probability pq, with Colleges B and C with

probability (1 —p)g, and with Colleges A and C with probability (1 —¢)p. Under DA,
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there are multiple best response strategies for the second and third scenario toward
which Student 3 is indifferent. However, the only common best response for all three
scenario is the strategy of truth-telling, which is the strategy he will play. The same
goes for the Boston mechanism, where the only common best response strategy is to
play rank bias.

Under the pre-exam condition, Students 1 and 3 will both list three colleges.
Suppose they believe College B will not participate with probability p > 0. Then
they believe they play the matching game with three colleges with probability p, and
with Colleges A and C with probability 1 — p. It is easy to see that truth-telling is
always the best response strategy for Student 1 under both mechanisms. For Student
3, listing B — A — C'is the only common best response for both scenarios. Therefore,
both Students 1 and 3 will play the strategies under the game where there are colleges.

To predict what will happen in this game environment, first we only look at the
equilibrium strategies when there is centralized matching only, without the possibility
of early admissions. Since under the DA mechanism under both timing conditions,
truth-telling is the dominant strategy, and under Boston-post, rank-bias is the equi-
librium strategy once the test scores are revealed®, for all the three mechanisms,
matching outcomes are the same for any given realization of test scores. Table 2.2
summarizes the probability of ranking realizations of test scores and corresponding
equilibrium outcomes. Most of the outcomes have blocking pairs and are unstable

with respect to aptitude.

8Note that the last-ranked student is indifferent among all strategies.
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Table 2.2: Possible ranking realizations after the exam
Realized rankings DA and Post-exam Boston NE Probability # Blocking pairs

1-2-3 1-2-3 0.406 0
2-1-3 2-1-3 0.266 1
1-3-2 1-3-2 0.266 1
3-1-2 3-1-2 0.016 2
3-2-1 3-2-1 0.031 3
2-3-1 2-3-1 0.016 2

Given the distribution of matching outcomes, College A will have lower risk-
neutral expected utility (26.25) compared to the utility from its match under stable
matching (30). It will have sufficient incentive to pay the 3-points fee and send an
early admission offer to Student 1, and Student 1 will accept because accepting first-
order stochastically dominates not doing so. Conditional on the strategies of College
A and Student 1, College B will now have its own incentive to send an early admission
offer to Student 2, and Student 2 will accept as well. Only College C will be left now
and it admits Student 3. The outcome is now stable, but at a cost of 6 points out of

60. This is summarized in Table 2.3 and 2.4.

Table 2.3:
Colleges’ incentives to make their move before the centralized matching

begins

College Exp. Payoff post-exam Payoff Stable Matching w.r.t. Aptitude Incentive

A 26.25 30 3.75
B 20 20 0
C 13.75 10 0
Total 60 60
Table 2.4:

Colleges’ incentives to make their move before the centralized matching
begins, conditional on the equilibrium strategy of College A

College Exp. Payoff post-exam Payoff Stable Matching w.r.t. Aptitude Incentive

B 16.875 20 3.125
C 13.125 10 0
Total 30 30
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Boston-pre however is a different story. Since students do not know the eventual
realization of their test outcomes, they use strategies that maximize their expected
utility. Again we only look at the equilibrium strategies for the centralized matching
first. Under this game environment, students will play the following Bayesian Nash
equilibrium strategies: Student 1 submits: A — B — C'; Student B: B — A — C'; and
Student C: B — A — C'. Note that Student 1 and 2 exhibit aptitude-based rank-bias
strategies ? This Bayesian Nash equilibrium is unique and robust to risk attitude and
parameter choices, as simulation using different combinations of parameters shows
that equilibrium strategies do not change for 0.4 < p < 0.6 and for risk-seeking and

very risk-averse players .

Table 2.5:
anie Colleges’ incentives to make their move before the centralized matching

begins

College Exp. Payoff pre-exam Payoff Stable Matching w.r.t. Aptitude Incentive

A 30 30 0
B 16.875 20 3.125
C 13.125 10 0
Total 60 60
Table 2.6:

Colleges’ incentives to make their move before the centralized matching
begins, conditional on the equilibrium strategy of College B

College Exp. Util. post-exam Payoff Stable Matching w.r.t. Aptitude Incentive

A 28.75 30 1.25
C 11.25 10 0
Total 30 40

Given such strategies, College B will now have a strong incentive to send an early
admission offer to Student 2, because Student 2 will accept it and Student 1 will not.

Conditional on College B’s play, College A will not have a strong enough incentive to

9 Aptitude-based rank-bias happens to coincide with truth-telling for Student 1.

'®This BNE does not change for risk parameter 0.3 <y < 1.1 with functional form U(w) = %~
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send an offer to Student 1. Consequently, Student 1 goes to College A with probability
93.75%, and Student 3 6.25%. This is summarized in Table 2.5 and 2.6.

2.4.2 Experiment Procedure

Each session consists of 15 participants in 3 groups with 5 students in each group.
Three participants of them play the role of the students, and two participants play
the role of either College 1 or College 2. Since in equilibrium, College 3 never sends
any offer, to reduce strategic uncertainty and control the beliefs of other players, it
is played by the computer using the equilibrium strategy (”doing nothing”), which is
common knowledge explained to the subjects in the instruction.

The experiment repeats for 20 rounds to facilitate learning. Each participant is
assigned the role of either a college or a student at the beginning. Each round they
are randomly rematched with different group members. Which college or student a
participant plays is randomly decided each round. That is, a participant may play as
different colleges or students, but he or she also plays as either a college or a student
throughout the experiment.

During the early admission stage, I use the strategy method to elicit students’
entire strategy profiles. Specifically, before students receive offers from colleges, they
will be asked the following questions: ”If you receive offers from both Colleges 1 and
2, what would you do? 1. Accept College 1’s offer; 2. Accept College 2’s offer; 3. Do
not accept any offer.”, ”If you receive offer only from College 1, what would you do?
1. Accept the offer; 2. Do not accept the offer.”, and "If you receive offer only from
College 2, what would you do? 1. Accept the offer; 2. Do not accept the offer.”.

At the end of the experiment, I elicit subjects’ risk attitude using the lottery game
from Holt and Laury (2002). The features of the experiment is summarized in Table
2.7.

The experiment was conducted in summer 2014 at the Experimental Economics
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Table 2.7: Design features of the experiment

Pre-exam

Boston

Students and colleges submit early admissions decisions
Students submit ROLs

Test scores are revealed

Matches are calculated using the Boston mechanism
Risk preference elicitation at the end

DA

Students and colleges submit early admissions decisions
Students submit ROLs

Test scores are revealed

Matches are calculated using the DA mechanism

Risk preference elicitation at the end

Post-exam

Boston

Students and colleges submit early admissions decisions
Test scores are revealed

Students submit ROLs

Matches are calculated using the Boston mechanism
Risk preference elicitation at the end

DA

Students and colleges submit early admissions decisions
Test scores are revealed

Students submit ROLs

Matches are calculated using the DA mechanism

Risk preference elicitation at the end

27



Laboratory at the Ohio State University and the Behavioral and Experimental Eco-
nomics Laboratory at the University of Michigan School of Information. There are
180 subjects across 12 sessions, with 3 sessions for each treatment. No one subject
participated in more than one session. The average payment is $19.1, including a $5

show-up fee. Each session lasts about 90 minutes.

2.5 Experimental Results

Since the environment is two-sided, I report the behavior of colleges and students
separately. In this section, I first report the decisions by colleges. Then I report the
decisions by students. Finally, I report the matching outcomes, including matching
stability with respect to both test scores and aptitude. Throughout this section,
the general null hypothesis is that there is no difference in behaviors or matching

outcomes.

2.5.1 Decisions by Colleges and Efficiency of the Market

First, I examine the proportion of colleges who participate in the early admission
process. Recall that as long as a college sends an offer to a student, the college
pays a fixed amount of fee, regardless of whether that student accepts the offer or
not eventually. Since without early admissions, the sum of payoff is the same for
all matching outcomes, the proportion of colleges who send early admission offers
therefore serves as the proxy for the efficiency of the market.

Figure 2.3 shows the overall proportion of colleges who participate in early ad-
missions as well as the proportions for College A and B separately. Theorem 1 and

equilibrium for the game environment lead to the first hypothesis

Hypothesis 1 (Participation in early admissions). There are significantly fewer col-

leges who participate in early admissions under the Boston mechanism with pre-exam
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ROL submission than under the Boston mechanism with post-exam submission or the

Deferred Acceptance mechanism with either of the two timing conditions.

Result 1 (Participation in early admissions). The Boston mechanism with pre-exam
submission performs best in reducing participation in early admissions. Specifically,
the four treatments have the following order in occurrences of market unraveling (early

admissions): Boston-prej DA-postjDA-prejBoston-post.

Support. Two-sided proportion test shows that Boston-pre has a significantly lower
participation rate than the second best, DA-post (46.7% vs 58.1%, p = 0.002). Simi-
larly, DA-post has a lower rate than DA-pre (58.1% vs 66.7%, p = 0.017), and DA-pre
has a lower rate than Boston-post (66.7% vs 76.9%, p = 0.002). Additional probit
regressions with clustered standard errors confirm this finding, shown in Table 2.15

in the appendix.

By Result 1, we reject the null in favor of Hypothesis 1. This finding confirms the
theoretical prediction that the Boston mechanism, combined with pre-exam ROL sub-
mission, performs best in reducing market unraveling, while the Deferred Acceptance
mechanism can relatively increase the level of such unraveling.

I further break down the differences by colleges, and find that the difference be-
tween Boston-pre and other three mechanisms becomes even larger for the top college,
College A (46.1% vs 70.6% (second best), p < 0.001), and diminishes for the mid-tier
college, College B (47.2% vs 40.6%, p = 0.203). This is consistent with the equi-
librium prediction of the experimental environment, where it predicts that College
B under both mechanisms and both timing conditions would have incentives to par-
ticipate in early admissions, while only under Boston-pre it predicts that College A
would not have enough incentive to do so.

In addition, Table 2.8 shows which students colleges send early admission offers

to. Not surprisingly, the majority of College A’s early admission offers are sent to
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Figure 2.3: ) o
Proportion of colleges who send out early admission offers (error bars

show 95% confidence intervals)
Student 1, and College Bs send more offers to Student 2 than Student 1. However,
contrary to the equilibrium prediction which suggests that College A’s will not send
out early admission offers, in the experiment I find that there are about 43.9% of
College A’s nevertheless send out offers to Student 1. These decisions can in part
be explained by players’ risk attitude, since even under Boston-pre, College A still
has 6.25% chance of admitting the worst student. Therefore, sending out offers early
ensures College A of a match with a better student (given the equilibrium strategy
of Student 1). Regression confirms this conjecture (see Table 2.14 in the appendix):
the more risk averse a College A player is, the more likely he or she will send out an
early admission offer!! (probit regression, marginal effect 11.4%, p = 0.023, standard
errors clustered at the session level). Figure 2.4 looks at the relationship between risk

attitude, measured by the switching points in the lottery game, and the likelihood of

1193.3% of subjects who switch multiple times are excluded.
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participating in early admissions.

Table 2.8: Percentage of students to whom offers are sent by colleges

Pre-exam
Boston DA
College A College B College A College B
S1 (%) 43.9 16.1 69.4 21.1
S2 (%) 2.2 24.4 0.6 39.4
S3 (%) 0.0 6.7 0.6 2.2
None (%) 53.9 52.8 29.4 37.2
Post-exam
S1 (%) 85.0 12.2 75.0 11.7
S2 (%) 1.1 55.0 0.6 27.8
S3 (%) 0.0 0.6 0.0 1.1
None (%) 13.9 32.2 24.4 59.4

Proportion of College A's participating in early admissions
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Risk aversion (switching point in the lottery game)
Figure 2.4:

Relationship between risk attitude and likelihood of participating in early
admissions
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2.5.2 Students’ Strategies

In this section, I look at the decisions by students who form the other side of the
market.

First I report students’ decisions during the early admissions stage. Tables 2.9,
2.10 and 2.11 summarize the proportion of decisions when students receive both
offers, the offer from only College A, and the offer from only College B, respectively.
Consistent with the equilibrium prediction, an overwhelming majority of the students
choose the offer from College A over the offer from College B. However, note that
there are significant numbers of Student 1s in all treatments that are also willing
to accept the only offer from College B. This could be because they simply choose
randomly, since assuming Colleges play equilibrium strategies, by accepting the offer
from College A, students are either certain to get into the best college (Boston-
post/DA-pre/DA-post), or they will not receive the offer from College B (Boston-
pre), and therefore this decision becomes irrelevant. Also, under Boston-post, there
is a sizable proportion of Student B (proportion test against 0%, p < 0.01) who
choose College B over College A (Table 2.9), even though that is a strictly dominated
strategy. This is equivalent to rank bias, except that this happens during the early
admissions. Such bias is also unjustified.

Next, let us turn to the strategies for the ROL-submission during the centralized
matching stage. The following hypothesis comes from the theoretical prediction of
the truth-telling property of the DA and Boston mechanism. Figure 2.5 reports the
proportion of truthful preference revelation among students who are not admitted
early and therefore participate in the main admissions (note that students who are
admitted early do not make these decisions). We can see clear difference in the

proportions of truth-telling between Boston and DA.

Hypothesis 2 (Truthful preference revelation). More students will reveal their true

preferences over colleges under the Deferred Acceptance mechanism than under the
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Table 2.9: Students’ decisions when receiving both offers

Pre-exam
Boston DA
S1 S2 S3 S1 S2 S3

Accept A (%) 98.89 88.89 84.44 98.89 87.78 86.67
Accept B (%) 056 889 1056 056 1222 10.56
Reject (%) 0.56 2.22 500 056 000 2.78

Post-exam

Accept A (%) 922 778 756 994 91.1 81.7
Accept B (%) 39 200 200 0.0 89 16.1
Reject (%) 39 22 44 06 00 22

Table 2.10: Students’ decisions when receiving offer from College A only

Pre-exam
Boston DA
S1 S2 S3 S1 S2 S3

Accept (%) 99.4 96.7 90.6 98.9 98.3 95.6
Reject (%) 0.6 33 94 11 17 44

Post-exam

Accept (%) 96.1 922 87.8 994 96.7 93.3
Reject (%) 3.9 7.8 122 0.6 33 6.7

Table 2.11: Students’ decisions when receiving offer from College B only

Pre-exam
Boston DA
S1 S2 S3 S1 S2 S3

Accept (%) 41.1 933 95.6 47.8 789 96.7
Reject (%) 58.9 6.7 44 522 211 33

Post-exam

Accept (%) 46.7 83.3 922 322 75.6 97.8
Reject (%) 53.3 16.7 7.8 67.8 244 2.2

Boston mechanism.

Result 2 (Truthful preference revelation). Conditional on not being admitted early,
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Figure 2.5:

Proportion of truthful preference revelation by students (error bars show
95% confidence intervals)
significantly more students report their true preferences of colleges under DA than

under Boston.

Support. Two-sided proportion test shows that Boston-pre has significantly lower
truth-telling rate than DA-pre (39.3% vs 62.1%, p < 0.001). Similarly, Boston-
post has lower rate than DA-post (25.5% vs 81.3%, p < 0.001). Additional probit
regressions with clustered standard errors confirm this finding, shown in Table 2.16

in the appendix.

The above result rejects the null hypothesis that there is no significant difference
in truth-telling between the two mechanisms, in favor of Hypothesis 13. In addition
to the mechanism effect on truth-telling, I also observe the effect of timing. Signifi-
cantly more students reveal their true preferences under DA-post than under DA-pre

(proportion test, 81.3% vs 62.1%, p < 0.001). Further investigation shows that this
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is mostly attributed to the misrepresentations by Student 2 and Student 3.

On the other hand, the difference in truth-telling under Boston is mostly at-
tributed to the top ranked student, Student 1. Many fewer Student 1s reveal their
true preferences under Boston-pre compared to each of the other three treatments.
This is not surprising because under Boston, when a student knows that he no longer
ranks at the top after the test, the best strategy is not to list the best college as his
first choice, but rather the college that corresponds to his ranking instead.

In addition to whether to reveal preferences truthfully, the strategy of rank bias
also predicts that what a student actually lists as the first choice is determined by
his or her rank in test scores, especially under Boston since it is manipulable. I
summarize the prediction in the following hypothesis. Table 2.12 reports four ordered-
profit specifications testing the effect of rank in test score on Student 2’s first choice.
Student 2 is the most interesting target of this task, because most Student 1s are

admitted early, and Student 3 is indifferent among multiple strategies.

Hypothesis 3 (ROL strategies). More students will rely on their rankings of test
scores when submitting ROLs under the Boston mechanism with post-exam submis-
sion, while more students will rely on their rankings of aptitude under the Boston

mechanism with pre-exam submission.

Result 3 (ROL strategies). Students exhibit rank bias under Boston with post-exam

ROL submission, while they do not with pre-exam ROL submission.

Support. Specifications (1) to (4) in Table 2.12 represent the effect of ranks in
different treatments. Under the pre-exam timing conditions ((1) and (3)), rank in
test score has no significant effect. Under Boston-post, having a higher rank in the
test leads to a significantly higher chance of listing a better college as first choice.
Surprisingly, we also observe rank-bias under DA-post, although the effect is smaller

than under Boston-post.
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Table 2.12: Order probit: Rank of test score on Student 2’s first choice

Dep. Var. First Choice College

(1) (2) (3) (4)
BOS-pre BOS-post DA-pre DA-post

Rank at FirstChoice=1  0.021 -0.252*%*FF 0.092  -0.148***
(0.051)  (0.043)  (0.061)  (0.036)

Rank at FirstChoice=2  -0.019 0.105**  -0.071*  0.098***
(0.048)  (0.052)  (0.040)  (0.031)

Rank at FirstChoice=3  -0.001 0.147**  -0.021 0.051*
(0.003)  (0.054)  (0.027)  (0.028)

Observations 135 93 125 141

Notes: Standard errors in parentheses are clustered at the session level. Reporting
marginal effects for different outcomes. *** pj0.01, ** p;0.05, * p;j0.1

By Result 19 we reject the null in favor of Hypothesis 14. In addition to what
is stated in the hypothesis, I also observe that submission timing even has an effect
under DA as well, which is consistent with the district bias findings in experimental
school choice literature (e.g. Chen and Sénmez (2006); Chen and Kesten (2014)),
where students exhibit district school (high-priority) bias under DA.

I do not separately report the regressions for aptitude-based rank bias, because
(1) for Student 1s, it is captured by their truth-telling behavior; (2) for Student 2s,
non-significant coefficients in score-based rank bias mean that the first choices are
not dependent on the ranks in the test; and (3) Student 3s are indifferent among all
three colleges for their first choices under conditions other than Boston-pre, therefore

the results are very noisy.

2.5.3 Matching Outcomes

After looking at the decisions by both sides of the market, I now analyze the
matching outcomes. The prediction for the proportion of students and colleges who

are matched early is summarized in the following hypothesis. Figure 2.6 shows the
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proportion of colleges who admit students early, while Figure 2.7 shows the proportion
of students who are admitted by colleges early. This helps to explain the empirical
observation that after the policy change in Shanghai, more students were admitted

early by elite colleges.
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Figure 2.6: . .
Proportion of colleges who admit students early (error bars show 95%

confidence intervals)

Hypothesis 4 (Early matchings). Fewer students and fewer colleges will be matched
through early admissions under the Boston mechanism with pre-exam ROL submis-
sion than under the Boston mechanism with post-exam submission or the Deferred

Acceptance mechanism with either of the two timing conditions.

Result 4 (Early matchings). Fewer colleges admit students early under Boston-pre,
and fewer students are admitted early by colleges under Boston-pre, than under each

of the other three treatments.
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Proportion of students who are admitted early (error bars show 95% con-

fidence intervals)

Support. For colleges, two-sided proportion test shows that Boston-pre has signif-
icantly lower early admission rate than the second best, DA-post (38.9% vs 49.2%,
p = 0.005). DA-post is not significantly different from DA-pre (49.2% vs 53.3%,
p = 263), and DA-pre has lower rate than Boston-post (53.3% vs 65.3%, p = 0.001).
For students, two-sided proportion test shows that Boston-pre has significantly lower
early admission rate than the second best, DA-post (25.9% vs 32.8%, p = 0.013). Sim-
ilarly, DA-post is not significantly different from DA-pre (32.8% vs 35.6%, p = 0.336),
and DA-pre has lower rate than Boston-post (35.6% vs 43.5%, p = 0.007). Additional
probit regressions with clustered standard errors confirm this finding, shown in Table

2.17 and Table 2.18 in the appendix.

By Result 4, we reject the null in favor of Hypothesis 4. The above result can be

further broken down to different types of colleges and students. Generally, College
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As admit more students early than College Bs. Consistent with prediction, College
As admit far fewer students early under Boston-pre than three other mechanisms.
However, such difference does not exist for College Bs. Instead, College Bs admit
most students under Boston-post, and fewest under DA-post.

On the students’ side, the proportion of students who are admitted early is directly
related to the student quality of each type, and almost no Student 3 is admitted early.
Pattern similar to colleges’ early admission outcomes can be observed for students
as well: far fewer Student 1s are admitted early under Boston-pre than three other
mechanisms, and more Student 2s are admitted early under Boston-post.

Next, I look at the matching outcomes in terms of the two criteria of stability:
stability with respect to test score, and stability with respect to aptitude. Note that
in the experimental game environment, through early admissions, the Boston mecha-
nism with post-exam submission and the Deferred Acceptance mechanism under both
timing conditions completely eliminate instability with respect to aptitude, there is
still a small chance (6.25%) of a matching outcome being unstable under the Boston
mechanism with pre-exam submission. The opposite is true for stability w.r.t. test
score. Stability predictions are summarized in the following two hypotheses. Note
that the predictions are the opposite of what would happen in the absence of early
admissions. Figure 2.8 shows the proportion of matching outcomes that satisfy each

of the two stability notions.

Hypothesis 5 (Stability w.r.t. test score). When early admissions are allowed, the
stability w.r.t. test score for the four treatments has the following order: Boston-

pre>Boston-post=DA-pre=DA-post.

Result 5 (Stability w.r.t. test score). DA is more stable than Boston with respect
to test score under both timing conditions. There is no difference within mechanisms

between the two timing conditions.
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Support. Two-sided proportion test shows that Boston-pre has significantly lower
proportion of stable matchings w.r.t. test score than DA-pre (48.9% vs 61.1%, p =
0.020). Similarly, Boston-post has lower proportion than DA-post (50.0% vs 67.8%,
p < 0.001). There is no timing effect (p = 0.186 and p = 0.833 for Boston and DA
respectively). Additional probit regressions with clustered standard errors confirm

this finding, shown in Specification (1) in Table 2.19 in the appendix.

Result 5 fails to reject the null hypothesis that there is no difference in stability
(w.r.t. test score) within in Boston between pre and post timing conditions, when
early admissions are present. It also contradicts the prediction that (1) Boston-pre is
more stable than DA-pre and (2) there is no difference across mechanisms under the
post timing condition. These contradictions to theoretical prediction can be explained
by colleges’ failure to employ Nash equilibrium early admission strategies. Note that
under DA, if colleges do not participate in early admissions, truth-telling by students
leads to matching outcomes that are stable w.r.t. test scores. Table 2.8 indeed shows
that significant proportion of college players deviating from the equilibrium strategies.

Next we explore stability with respect to aptitude.

Hypothesis 6 (Stability w.r.t. aptitude). When early admissions are allowed, the
stability w.r.t. aptitude for the four treatments has the following order: Boston-

pre<Boston-post=DA-pre=DA-post.

Result 6 (Stability w.r.t. aptitude). Boston-post is more stable with respect to apti-
tude than Boston-pre. There is no difference between Boston-pre and DA-pre. There

1s also no difference between the two treatments under DA.

Support. Two-sided proportion test shows that Boston-pre has significantly lower
proportion of stable matchings w.r.t. aptitude than Boston-post (62.8% vs 73.9%,
p = 0.024). However, there is no significant difference between Boston-pre and DA-pre

(62.8% vs 66.7%, p = 0.440), Boston-post and DA-post (73.9% vs 67.8%, p = 0.202),
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Proportion of stable matchings w.r.t. test score (left) and w.r.t. aptitude

(right) (error bars show 95% confidence intervals)
and DA-pre and DA-post (66.7% vs 67.8%, p = 0.822). Additional probit regressions
with clustered standard errors confirm this finding, shown in Specification (2) in Table

2.19 in the appendix.

From the above result, although we can reject the null that there is no timing effect
under Boston, there is no significant mechanism difference under the pre condition.
For the rest of this section, I explore why this is the case. Note that in order to
reach predicted matching outcomes, both colleges and students need to play Nash
equilibrium strategies. However, from previous finding we see that this is not the
case. Therefore, I look at how the stable matchings (w.r.t. aptitude) are achieved,
and why some matching outcomes are unstable (w.r.t. aptitude).

First I investigate how stable matchings are achieved. Figure 2.9 presents the

proportion of stable matchings (w.r.t. aptitude) that are achieved without any early
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admissions under the four mechanism-timing conditions I study.
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Proportion of stable matchings achieved without early admissions (error
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Result 7. More stable matchings w.r.t. aptitude are achieved without going through

any early admissions under Boston-pre.

Support. Two-sided proportion test shows that Boston-pre has significantly higher
proportion of stable matchings (w.r.t. aptitude) achieved without early admissions,
compared to the second best, DA-pre (28.3% vs 14.2%, p = 0.008). There is no
significant difference in proportion between DA-pre and DA-post (14.2% vs 11.5%,
p = 0.531). Boston-post has the lowest proportion (3.0% vs 11.5%, p = 0.008). Ad-
ditional probit regressions with clustered standard errors confirm this finding, shown

in Specification (3) in Table 2.19 in the appendix.

The above result is encouraging: we were worried that, per equilibrium prediction,

Boston-pre trades more early admissions for more unstable matching outcomes w.r.t.
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aptitude. Now we see that the difference in stability is so small, especially when
compared to the reduction in market unraveling, that the benefits outweigh the costs.

One may argue that by deliberately allowing early admissions as a policy choice,
even though it is costly, it can solve the problem of aptitude mismatch ex post.
The above result, however, shows that simply through the design of the centralized
matching, similar outcomes can be achieved, for a much lower cost. Of course, if the
top concern is stability w.r.t. test score, regardless of timing conditions, DA is still
the preferred choice; then it is probably even better to simply restrict the use of early

admissions.

Table 2.13: Causes of outcomes that are unstable w.r.t. aptitude

Pre-exam Post-exam

Boston DA  Boston DA

Measurement error w.ith 46.3%  25%  29.8%  29.3%
three students participating

Measurement error with

two students participating 224% 5L.7% 574%  62.1%

Suboptimal early 51 307 93307 1989  35%

admission decisions

Total cases 67 60 47 58

Finally, I decompose the matching outcomes that are unstable w.r.t. aptitude.
Table 2.13 presents the classification of causes of unstable matchings. 1 identify
three categories of causes: (1)no student participates in early admissions (thus all
three participate in the centralized matching), and measurement error of the test
causes unstable matchings; (2)one student participates in early admissions (thus two
participate in the centralized matching), and measurement error of the test causes
unstable matchings; and (3)colleges send “wrong” offers to students, therefore early
admission itself directly leads to unstable matchings. This table shows that Boston-

pre has the highest occurrence of unstable matchings caused by the measurement
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error in the test with all students participating in the centralized matching. However,
it has the lowest occurrence of unstable matchings when one student is admitted
through early admissions. Additionally, Boston-pre again has the highest number of
cases of unstable matchings caused by colleges admitting early worse students than
the students they could have got under the equilibrium. Many of such cases can be

avoided by not participating in the early admission at all.

2.6 Conclusion

Using standardized tests to evaluate students and select them into higher levels
of education has become a hot topic, both in the United States and around the
world. One of the main problems with standardized tests, however, is the associated
measurement, errors. Therefore, the misalignment of priorities and preferences in the
matching process is almost inevitable. Although stable matching mechanisms such
as the Deferred Acceptance mechanism are generally considered superior to unstable
alternatives, especially in reducing market unraveling, this may not be the case under
such case. In this paper, motivated by the college admissions matching in Shanghai,
I try to explain why a transition to an apparently more stable matching mechanism
increases rather than decreases the level of unraveling in this market.

I find that under the context of college admissions, when students’ priorities in
the matching are determined by test scores from a standardized test, which is a noisy
realization of students’ aptitudes, any matching mechanism that produces outcomes
that are stable with respect to test score, produces outcomes that are not stable
with respect to aptitude. If colleges only participate in the centralized admission
process, then they may prefer students who are matched with other colleges, and these
students also prefer to be matched with these colleges rather than the colleges they are
currently matched with. This gives colleges incentives to circumvent the centralized

matching, and try to admit these students in advance. Since it is the dominant
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strategy to reveal one’s true preference over colleges under the Deferred Acceptance
mechanism, the matching absolutely respects test scores, with no regard to a student’s
actual aptitude. Therefore, this mechanism will cause market unraveling through
early admissions by colleges. On the contrary, the Boston mechanism is manipulable,
and the information of students’ rankings, either of test scores or of aptitudes, is used
by students to strategize their rank-ordered lists, therefore we can take the advantage
such manipulability by revealing the set of information that is desirable (in this case,
the rankings of aptitudes rather than the rankings of test scores).

To test the theoretical predictions, I design a laboratory matching market, where
colleges can send out early admission offers to students ahead of the centralized match-
ing. Yet, they can not actively participate in the matching itself once it starts. Ex-
perimental results show that, consistent with theoretical predictions as well as real
world evidence, the Deferred Acceptance mechanism causes more market unraveling
as more colleges send out early admission offers, circumventing the centralized match-
ing. However, when students are required to submit their rank-ordered lists before
they take the exam, when they only know their rankings in aptitudes, the Boston
mechanism significantly reduces the occurrence of early offers. Furthermore, the
Boston mechanism with pre-exam submission does not yield more unstable match-
ing outcomes with respect to students’ aptitudes compared to other mechanisms,
even though fewer students and colleges go through early admissions. Even for the
stable matching outcomes, significantly more of them are achieved without anyone
participating in early admissions. Thus, I conclude that the Boston mechanism under
pre-exam submission condition performs at least as well as all other mechanisms and
timing conditions in stability with respect to aptitude, and it achieves that with much
less sacrifice in market efficiency caused by unraveling.

This paper, from another perspective, shows that the Boston mechanism can actu-

ally outperform the Deferred Acceptance mechanism, and thus may to some extend
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explain why such mechanism is still widely used in many places where centralized
matching is carried out. Given that standardized tests are still one of the most pop-
ular ways to evaluate students and select them into higher levels of education, policy
makers may need to be very careful when deciding to switch from the Boston mech-
anism to the Deferred Acceptance mechanism, especially if their goal is to organize

such markets in a centralized and efficient way.

2.7 Appendix

2.7.1 Proof of Proposition 3

Proof. Given the definition of rank bias, the mass of students who list college c; as
their first choices using rank bias strategy equals to g.;. This also implies that all
students get into their first choice colleges.

No student has the incentive to deviate from that strategy. Students who are
ranked top ¢., will not deviate because they will certainly be admitted by the top
college. Given that, students who are ranked between ¢., +1 and ¢., cannot profitably
deviate as well: if they rank a college that is below the second best college, they are
strictly worse off; if they rank a college that is above the second best college, their
chance of getting into that is 0. The same reasoning can be applied to all students
down the rank. Finally for the bottom ranked students, they are indifferent between

playing rank bias or ranking any college as their first choice. O]

2.7.2 Proof of Theorem 1

Proof. The proof consists of following steps.
First, I show that the admissions results are assortative. That is, top ¢, students
in the test are admitted into college ¢y, next g., students scores are admitted into

college ¢y, etc. This is evident given the truth-telling property of the DA mechanism
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and the homogeneous preferences of students.
Denoting the density function of test scores as h(-), we partition students’ test

scores into m parts with cut-off points py,, ..., pt,,_,, such that

Pt; q
h(z)dr = <=
/pti—l ( ) Z e

. From the above result we know that a student with test score ¢,p;, , <t < py, is
admitted to college ¢;. Note that for colleges are the boundary (best school and worst
school), we replace cut-off points with —oo and oo

We do the same to aptitude so that we have cut-off points pq,, ..., Pa,,_,. A student
with score-aptitude pair (¢, a) admitted by a non-boundary college ¢; will form a block
pair with a least one better college if his aptitude satisfies @ > ¢,,. The probability

this will happen is given by: Prob(a > qq4,|q:,_, <t < q,), which is expanded to

PT’Ob(CL > paiypti_l S t < ptz)
Prob(py,_, <t <py)

PTOb(a > Pa; |pti71 <t< pti) =

We know that ¢ = a + 1, where a has a p.d.f. f and n has a p.d.f. g. We need
to calculate the joint p.d.f. of (a,a +1n). Let X = a,Y = a + n. Solving the linear

equation, we have a = X,n =Y — X. We calculate the determinant of the Jacobian

matrix:
da da
dn  dn _
dX dy 11

So the joint distribution of (a,a + ) is given by fxy(z,y) = f(x)g(y — x). Go back

to the probability equation, we have:

2P f@)gly — a)dyda

fplzt.il ffooo f(x)g(z — x)drdz >0

PT‘Ob(CL > pai|pti_1 S t < ptl) =

given the non-trivial support of g. m
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2.7.3 Additional Regression Tables

Table 2.14: Probit regression: risk preference on early admission decision

Dep. Var. Early Admission
(1)
HL switch point 0.114%**
(0.050)
Observations 138

Notes: Standard errors in parentheses are clustered at the session level; reporting
marginal effects. *** pj0.01, ** pj0.05, * p;j0.1

Table 2.15: Probit regression: treatment effects on early admission decision

Dep. Var. Early Admission

(1) (2) (3)

Post 0.200%%%  (.421%FF (. 421%%*
(0.079)  (0.076)  (0.076)
DA 0.187  0.220%%  (.229%*

(0.118)  (0.115)  (0.115)
PostxDA  -0.381%F% _(.373%k% _( 373%%x
(0.135)  (0.132)  (0.132)

CollegeB 0.015 0.015
(0.028) (0.028)

Post x CollegeB -0.240%*%  -0.240%**
(0.057) (0.057)
DA xCollegeB -0.095* -0.095*
(0.053) (0.053)
Period 0.001
(0.002)
Observations 1,440 1,440 1,440

Notes: Standard errors in parentheses are clustered at the session level; reporting
marginal effects. *** pj0.01, ** pj0.05, * p;j0.1
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Table 2.16: Probit regression: treatment effects on truth-telling
Dep. Var. Truth-telling
(1) (2) (3)

Post -0.134%F%  _(.345%%% _().338%**
(0.020)  (0.103)  (0.104)

DA 0.197%%%  0.151 0.159
(0.026)  (0.132)  (0.128)

PostxDA  0.331%%%  0.190%F  0.186%**
(0.059)  (0.065)  (0.064)

Student?2 -0.609%*F*  _0.606***
(0.051)  (0.052)

Post x Student2 0.349%*%*  (0.346***
(0.102)  (0.101)
DA x Student2 0.130 0.123
(0.111) (0.108)

Student3 S0.715%FF -0, 714%**
(0.061)  (0.059)

Post x Student3 0.348%**  (0.343***
(0.117)  (0.116)
DA xStudent3 0.112 0.106
(0.129)  (0.126)
Period 0.004*
(0.002)
Observations 1,416 1,416 1,416

Notes: Standard errors in parentheses are clustered at the session level; reporting
marginal effects. *** pj0.01, ** p;0.05, * p;j0.1
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Table 2.17: Probit regression: treatment effects on early matchings for colleges
Dep. Var. Matched Early
(1) (2) (3)

Post  0.261%%%  0.347%0F  (.346%%*
(0.068)  (0.064)  (0.064)

DA 0142  0216%  0.216*
(0.117)  (0.114)  (0.114)

PostxDA  -0.302%%  -0.201%%  -0.290%**
(0.134)  (0.133)  (0.133)

College2 -0.125%%% -0, 125%F*
(0.012)  (0.012)

Post x College2 -0.193%#*%  _0.193***
(0.019)  (0.019)

DA x College2 S0 171FFE 0. 171k
(0.018) (0.018)
Period 0.006**
(0.002)

Observations 1,440 1,440 1,440

Notes: Standard errors in parentheses are clustered at the session level; reporting
marginal effects. *** pj0.01, ** pj0.05, * p;j0.1
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Table 2.18: Probit regression: treatment effects on early matchings for students
Dep. Var. Matched Early
(1) (2) (3)

Post 0.175%%F  (.227%0F  (.227%%
(0.046)  (0.041)  (0.041)

DA 0100  0.161%%  0.160%*
(0.081)  (0.078)  (0.078)

PostxDA  -0.202%%  -0.196%*  -0.195%*
(0.093)  (0.092)  (0.092)

Student?2 -0.141%F%F  _0.141%**
(0.014)  (0.014)

Post x Student2 -0.086™**  -0.086***
(0.028)  (0.028)

DA xStudent?2 -0.132%*%*F  _(.133%**
(0.024)  (0.025)

Student3 -0.381*F**  _0.381%**
(0.078)  (0.078)

Post x Student3 -0.364**  -0.365**
(0.148)  (0.148)
DA x Student3 -0.193 -0.193
(0.118)  (0.118)

Period 0.004**
(0.002)

Observations 2,160 2,160 2,160

Notes: Standard errors in parentheses are clustered at the session level; reporting
marginal effects. *** pj0.01, ** p;0.05, * p;j0.1
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Table 2.19: Probit regression: treatment effects on stability

Dep. Var. Stable w.r.t. Stable w.r.t. Stable
test score aptitude w /o early admission
(1) (2) (3)
Post 0.011 0.112* -0.262%**
(0.056) (0.058) (0.079)
DA 0.119%* 0.037 -0.100
(0.053) (0.072) (0.087)
PostxDA 0.058 -0.101 0.236**
(0.090) (0.085) (0.100)
Observations 720 720 488

Notes: Standard errors in parentheses are clustered at the session level; reporting
marginal effects. *** pj0.01, ** pj0.05, * pj0.1. The dependent variable for specifica-
tion (1) is whether a matching outcome is stable w.r.t. test scores; for specification
(2) is whether a matching outcome is stable w.r.t. aptitude; and for specification (3)
is whether a stable matching outcome is not achieved through early admissions.
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CHAPTER III

Matching in the Large: An Experimental Study

3.1 Introduction

Market size has been predicted to play an influential role in a broad class of eco-
nomic environments. In a large market, existing impossibility results about incentives,
welfare, and stability may be overturned, while other existing possibility results may
be sharpened to unique solutions. This theoretical phenomenon becomes particularly
important for practical market design cases, such as combinatorial auctions, school
choice, labor market clearinghouses, course allocation, and kidney exchange, where
the market size can range from hundreds to millions. For example, the National
Resident Matching Program matches roughly 30,000 doctors and hospitals per year.
In another setting, the centralized college admissions systems in Turkey and China
match millions of students respectively. Within the United States, school assignments
in New York City match nearly 100,000 students per year.

Motivated by practical concerns, there has been a surge of interest in the theoreti-
cal study of large matching markets within the last decade by either investigating the
asymptotic properties of finite discrete markets or modeling either or both sides of the
market as a continuum mass of agents. Within this literature, a significant number of
papers have examined the question of whether good incentive and stability properties

under the Gale-Shapley deferred acceptance mechanism (Gale and Shapley, 1962)
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hold as the market size grows, as conjectured in Roth and Peranson (1999). One
strand of this literature has shown that, under this mechanism, partner incentives for
preference misrepresentations in marriage problems (Immorlica and Mahdian, 2005),
college incentives for capacity and preference misrepresentations in college admissions
problems (Kojima and Pathak, 2009), and school incentives to disrespect quality im-
provements in school choice problems (Hatfield et al., 2011) vanish with the market
size. Similarly, another line of research has shown that, in a large market satisfying
certain regularity assumptions, this mechanism always produces a stable matching
in a discrete two-sided matching model, allowing for complementarities (in the form
of couples) in the context of the entry-level labor market for U.S. doctors (Kojima
et al., 2013; Ashlagi et al., 2011) as well as in continuum models of many-to-one and
many-to-many matching (Azevedo and Leshno, 2011; Azevedo and Hatfield, 2012;
Che et al., 2013).

In designing practical markets, institutions have relied on economic theory, com-
putation, and controlled laboratory experiments (Roth, 2002). In the school choice
reforms in New York City (Abdulkadiroglu et al., 2005a) and Boston (Abdulkadiroglu
et al., 2005b), for example, matching theorists were directly involved to influence the
adoption of the Gale-Shapley deferred acceptance mechanism (Gale and Shapley,
1962; Abdulkadiroglu and Sénmez, 2003). This represents an improvement over the
Boston mechanism, which is severely vulnerable to strategic manipulation in the lab-
oratory (Chen and Sonmez, 2006). Experimental data helped to persuade the Boston
public-school authorities to switch from the Boston mechanism to the student-optimal
deferred acceptance mechanism in 2005 (Abdulkadiroglu et al., 2005b).

Such institutional redesigns rely on computational as well as laboratory experi-
ments to provide the first data on a theoretically superior mechanism for which field
data is not yet available and to compare the performance of different mechanisms

at a level of detail that cannot be obtained from field data. Yet another reason for
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experimentally studying large market dynamics can be attributed to limitations of
theoretical analysis. While the theoretical literature characterizes the performance
of the canonical matching mechanisms in the large, it is often silent about the ques-
tion of how large is “large.”! To answer this question, empirical, simulation, and
experimental work might shed some light.

Matching experiments in particular have been used to study mechanism stabil-
ity as well as related unraveling issues under different types of clearinghouses (Kagel
and Roth, 2000; Niederle and Roth, 2003), performance evaluation of different as-
signment methods in complete information environments (Chen and Sénmez, 2004;
Chen and Kesten, 2014) and the effect of informational and institutional constraints
on mechanism performance (Pais and Pintér, 2008; Calsamiglia et al., 2010). Despite
the theoretical interest in understanding effects of the market size, attention has not
been transferred to the experimental setting for several reasons. First, while labora-
tory experiments are often compared to a wind tunnel for evaluating new institutions,
the scale of a laboratory experiment is often small compared to the corresponding
real-world implementations. For example, the largest school choice experiments have
36 subjects per match (Chen and Sénmez, 2006; Calsamiglia et al., 2010), a far cry
from the hundreds of thousands of students in Beijing and Shanghai assigned to
various high schools each year (He, 2014).

Given the practical importance of understanding how market size impacts mecha-
nism performance, our goal in this paper is to experimentally complement the active
and growing literature in matching theory on large market properties within the con-
text of student assignment. To bridge the gap between laboratory experiments and

real-world implementations, we compare the performance of two school choice mecha-

LA notable exception is Rustichini et al. (1994) who show in the context of double auctions six
traders of each type are sufficient to obtain efficiency to within one percent. In the context of
assignment problems, for a fixed set of object types and a given agent’s utility function, Kojima and
Manea (2010) calculate the number of copies of each object type needed in order for the probablistic
serial mechanism to become strategy-proof.
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nisms in the laboratory when market size increases. Studying large matching markets
in the laboratory is of interest for two main reasons. First, large markets often have
different theoretical properties than their smaller counterparts. Second, a large mar-
ket may impact participant behavior due to the complexity of thought it brings to
decision making.

We focus our experiment on school choice as it is a widely-debated education
policy across the world (Hoxby, 2003; He, 2014), affecting the education experiences
and labor market outcomes for millions of students each year. To contribute insight
to this debate, we compare and contrast the large market characteristics of the Gale-
Shapley deferred acceptance (DA) mechanism to the Boston mechanism. Unlike the
DA, which is known in this context to be strategy-proof regardless of market size, the
Boston mechanism has been shown to be prone to strategic play in both small and
large markets (Kojima and Pathak, 2009; Azevedo and Budish, 2013).

Creating a large market in the laboratory is challenging because of both physical
and financial constraints. To address this challenge, we first vary the scale of our
all-human sessions from 4 to 40 students per match. To enable random rematching,
the latter treatment requires 80-subject sessions. We then let human subjects play
against robots whose strategies are drawn from empirical human strategies from the
40-subject matches, and further increase the scale from 40 to 4,000 students per
match. In doing so, we find that when the number of students increases from 4 to
40, the proportion of truth-telling significantly increases under the DA but decreases
under Boston. These results point to nuanced scale effects under each mechanism,
though in opposite directions. Our finding of a scale effect under the DA mechanism
is unexpected, whereas the increased manipulation under Boston with an increase in
scale leads to an even stronger finding than the theoretical view that Boston is likely
to remain manipulable in a large market. Further we find that increasing the scale

from 40 to 4,000 has no additional effect on the performance of either mechanism.
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Finally, we find that the matching outcomes under the DA mechanism remain stable
as market size increases. Overall, our results indicate that “large” might be much
smaller than predicted in the theoretical literature and provide additional support for

the replacement of the Boston mechanism with the DA mechanism in practice.

3.2 Literature Review

Incentives for truthful preference revelation in large markets have been stud-
ied in matching theory as well as other economic contexts. For example, Roberts
and Postlewaite (1976) have shown that the Walrasian mechanism is approximately
strategy-proof in a large exchange economy.? In auction theory, Gresik and Satterth-
waite (1989), Rustichini et al. (1994), Pesendorfer and Swinkels (2000) and Cripps
and Swinkels (2006), and Fudenberg et al. (2007) all show that strategic misreporting
vanishes in double auctions in large markets under various informational assumptions.
Swinkels (2001) shows a similar result for uniform-price and pay-as-bid auctions.

In indivisible good allocation problems large market arguments have been used
to support particular market design approaches. In kidney exchange problems, Roth
et al. (2005, 2007) show that conducting only small size kidney exchanges is sufficient
to achieve full efficiency when the number of incompatible patient-donor pairs is large.
When multiple hospitals are involved in an organized exchange program, Ashlagi and
Roth (2011) show that it becomes individually rational for each hospital to participate
in the joint exchange program (as opposed to conducting exchanges internally) when
the population of hospitals and patients grows large. Finally, in the object assignment
context, Kojima and Manea (2010) show that the probabilistic serial mechanism of
Bogomolnaia and Moulin (2001) becomes exactly strategy-proof in a sufficiently large

finite market.

2Specifically, they show that when equilibrium prices vary continuously with reports, truthtelling
is approximately ex-post optimal.
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Relevant to our experimental design, Azevedo and Budish (2013) propose the
concept of strategy-proofness in the large (SP-L). They examine the manipulability
properties of well known mechanisms as the market size increases and provide a unified
view of the large market approaches to incentive issues. In the school choice context,
using two different large-market models, Kojima and Pathak (2009) and Azevedo and
Budish (2013) both conclude that the Boston mechanism remains manipulable even
in a large market. For finite markets Pathak and Sénmez (2013) introduce a metric
for ranking different mechanisms according to their manipulability. Interestingly, our
experimental results indicate the possibility of varying degrees of manipulability of
the same mechanism depending on the scale of the market.

It has been well-documented that the DA mechanism is manipulable in a two-sided
matching market (Dubins and Freedman, 1981; Roth, 1982). Some empirical studies
and simulations results support the large market predictions of the DA and Boston
mechanisms. For example, Roth and Peranson (1999) analyze the NRMP data by
conducting simulations on randomly generated simple markets and show that when
there is a bound on the length of preferences acceptable to one side of agents, the
set of stable matchings becomes small as the market grows.®> They observe that, of
the more than 20,000 applicants and 3,000-4,000 programs in their study, less than
one percent could benefit from truncating preference lists or capacities. During the
transition from the previous NRMP algorithm to the new algorithm, less than one
percent of applicants and programs are found to be affected by such change, which

is comparably small and unsystematic.* By contrast, the DA is strategy-proof in the

3Recently, Azevedo and Leshno (2014) develop a continuum model of the college admissions
problem to present a more appealing and general property about the set of stable matchings: that
is, a generic continuum economy has a unique stable matching, to which a sequence of the set of
stable matchings in large discrete economies converges. Such “core convergence” and uniqueness
properties of set of stable matchings have an important implication on other asymptotic properties
of the DA mechanism. In particular, Azevedo and Leshno (2014) and Azevedo and Leshno (2011)
investigate the DA with single tie-breaking and show that the mechanism is robust to aggregate
randomness: whatever tie-breaking results, students will be assigned to almost the same schools
under the DA mechanism in a large market.

4In the school choice context, Abdulkadiroglu et al. (2009) also find small changes in matching
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school choice context where only students are assumed to be strategic agents. Thus
the non-manipulability of DA is robust to market size. Using data from the Boston
school district prior to the reform, Abdulkadiroglu et al. (2006) find empirical evidence
for both strategically sophisticated and naive play under the Boston mechanism.
Based on these theoretical and empirical results, we expect to see misrepresentation
of preferences in the Boston mechanism regardless of market size. We expect no scale
effect on the proportion of truth-telling under either mechanism.

With the development of matching theory, a growing number of laboratory exper-
iments have tested mechanism performance as well as participant behavior under dif-
ferent incentives. In one study with 36 students per match, Chen and Sénmez (2006)
observe that the proportion of preference manipulation under the Boston mechanism
is significantly higher than either the DA or the Top Trading Cycles (TTC) mecha-
nisms. Subsequent studies have examined the impact of different information condi-
tions (Pais and Pintér, 2008), a limit on the number of schools in the rank order list
(Calsamiglia et al., 2010), participant risk attitude and preference intensities (Klijn
et al., 2013) on participant behavior in school choice experiments. Featherstone and
Niederle (2014) observe that the Boston mechanism achieves higher efficiency than the
DA mechanism when preferences are private information and when school priorities
involve ties which are broken randomly.

Table 3.1 summarizes the design features of several representative experimental
studies of school choice. In addition to the mechanisms examined in each study, we
document the number of students per match. While these experiments use various
market sizes, none studies the scale effect. To our knowledge, the only other matching
experiment which studies the scale effect is that of Chen and Sénmez (2002), who

study house allocations when the number of students increases from 12 to 60 per

outcomes when investigating New York City school choice preference data. In several different runs
of the DA algorithm, using different lottery outcomes to break the ties in priorities, the aggregate
statistics of the match do not vary much.
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Table 3.1: Representative Experimental Studies of School Choice

Representative Studies Mechanisms # per match
Chen and Sénmez (2006) Boston, DA, TTC 36
Pais and Pintér (2008) Boston, DA, TTC 5
Calsamiglia et al. (2010) Boston, DA, TTC 36
Featherstone and Niederle (2014) Boston, DA 5
Klijn et al. (2013) Boston, DA 3
Chen and Kesten (2014) Boston, DA, Chinese Parallel 4,6
This paper Boston, DA 4, 40, 4,000

match. They find that the change in scale has no significant effect on the proportion
of truth-telling or participation rate under either TTC or Random Serial Dictatorship

with Squatting Rights.

3.3 The matching problem and two mechanisms

A school choice problem (Abdulkadiroglu and Sénmez, 2003) is comprised of a set
of students, each of whom is to be assigned a seat at one school from a set of schools.
Each school has a number of available seats called the quota for that school.® For
each school, there is a strict priority order for all students, and each student has strict
preferences over all schools.

Within this context, a matching p is a list of assignments such that each student
is assigned to one school and the number of students assigned to a particular school
does not exceed the quota of that school. A matching u is Pareto efficient if there
is no other matching which makes all students at least as well off and at least one
student better off.

The college admissions problem (Gale and Shapley, 1962) is closely related to
the school choice problem. By contrast though, in the college admissions problem,

schools have preferences over students, whereas in a school choice problem, schools

5We assume that there are enough seats for all the students, an assumption often met in practice.
However, the model is easily modified to accommodate outside options and a shortage of seats.
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are objects to be consumed. A key concept in the school choice problem is stability,
i.e., there is no unmatched student-school pair (i, s) such that student i prefers school
s to his assignment, and either school s has not filled its quota or student ¢ has a
higher priority than at least one student j who is enrolled in s. In the latter case,
we say that student i justifiably envies student j for school s. A (school choice)
mechanism is a systematic procedure that chooses a matching for each problem. A
mechanism is Pareto efficient (stable) if it always selects Pareto efficient (stable)
matchings. A mechanism ¢ is strategy-proof if it is a dominant strategy for each
student to truthfully report her preferences.

In our study, we focus on two school choice mechanisms. Our first mechanism,
the Boston mechanism, is the most common school choice mechanism observed in

practice. Its outcome can be calculated via the following algorithm:

Step 1: For each school, consider only those students who have listed it as their first
choice. Those students among them with the highest priority for that school are

assigned that school up to its quota.

Step k, k > 2: Consider the remaining students who are unassigned and the schools that
have not filled their quota. For each such school, consider only those students
who have listed it as their k-th choice. In this group, those students with the

highest priority for that school are assigned that school up to its remaining quota.

The algorithm terminates when there are no students left to assign. Importantly,
note that the assignments in each step are final. Based on this feature, an important
critique of the Boston mechanism is that it gives students strong incentives for gaming
through misreported preferences. Because a student who has high priority for a school
may lose her priority advantage for that school if she does not list it as her first choice,
the Boston mechanism forces students to make hard and potentially costly choices,

which leads to a high-stakes game among participants with different levels of strategic
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sophistication (see e.g., Abdulkadiroglu and Sénmez (2003); Ergin and Sénmez (2006);
Chen and Sénmez (2006); Pathak and Sénmez (2008); He (2014)).

In addition to the Boston mechanism, we consider the student-optimal stable
mechanism (Gale and Shapley, 1962), which has played a central role in the school
choice reforms in Boston and New York City (Abdulkadiroglu et al., 2005b,a) and,
more recently, in Paris. Its outcome can be calculated via the following deferred

acceptance (DA) algorithm:

Step 1: Each student applies to her favorite school. FEach school tentatively retains
those applicants who have the highest priority at that school. The remaining

applicants are rejected.

Step k, k > 2: Each student rejected from a school at step k—1 applies to his next choice
school. Each school then tentatively retains those applicants who have the
highest priority among the new applicants as well as those tentatively retained

at an earlier step. The remaining applicants are rejected.

The algorithm terminates when each student is tentatively retained at some school.
Note that, in the DA, assignments in each step are temporary, until the last step. The
DA has several desirable theoretical properties, most notably in terms of incentives
and stability. First, the DA is strategy-proof (Roth, 1982; Dubins and Freedman,
1981). Furthermore, it produces the stable matching that is most favorable to each
student. Although its outcome is not necessarily Pareto efficient, it is constrained

efficient among the stable mechanisms.

3.4 Experimental Design

We design our experiment to compare the performance of the Boston and the DA
mechanisms in a small scale (m = 4 per match), a medium scale (m = 40), and a

large scale matching market (m = 4,000). We adapt our economic environment from
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the four-school treatment in Chen and Kesten (2014) to capture the key aspects of
the school choice problem under complete information.

To study the impact of scale on mechanism performance, our experiment replicates
the m = 4 per match economy to m = 40 and m = 4000. We use all-human
sessions for the small and medium scale treatments. To make large scale matching
market possible in the laboratory, we let human subjects play with computerized
agents (robots) programmed to follow empirical strategies previously used by our
human subjects under similar conditions. To check for any behavioral differences
when human subjects play with other humans versus “empirical” robots, we also
design an “empirical” human-robot treatment under the medium scale condition.
Lastly, we use a human-vs-truthful-robot design, where all robots always reveal their
true preferences, to study subject behavior when there is no uncertainty in opponent

strategies and when the human best responses are easy to calculate.

3.4.1 Economic Environment

In our experiment, there are four schools, s € {A, B, C, D}. Each school has 1, 10
or 1000 slots, corresponding to the scale of the matching market m € {4, 40,4000},
respectively. There are four types of students, ¢ € {1,2,3,4}, with 1, 10 or 1000 of
each type, again corresponding to the scale of the matching market.

The payoffs for each type are presented in Table 3.2. The square brackets, | |,
indicate the district school of the student, where she has higher priority than non-
district applicants. Payoffs range from 16 points for the most preferred school to 5
points for the least-preferred school. Each student resides in the district of her second

preferred school.
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Table 3.2: Payoff Table
/A B C D

Payoff to Type 1 | [11] 7 5 16
Payoff to Type2 | 5 [11] 7 16
Payoff to Type3 | 7 16 [11] 5

Payoff to Type4 | 5 16 7 [11]

The game preserves the properties of the four-school design in Chen and Kesten
(2014): (1) no one lives in her top or bottom choices; (2) the first choice accommo-
dation index, i.e., the proportion of first choices an environment can accommodate,
is 1/2, with a fair amount of competition; and (3) the average efficiency under truth-
telling is 81% for DA, reflecting the trade-off between stability and efficiency.

For our all-human small-scale (medium-scale) sessions, there are 12 (80) human
subjects of four different types in each session. Subjects are randomly assigned to
one of the four types at the beginning of the session and keep their type throughout
the experiment. At the beginning of each subsequent round, they are randomly re-
matched into three (two) groups of 4 (40) in each small-scale (medium-scale) session.
Each 4-participant (40-participant) group has 1 (10) student(s) of each type.

For our human-robot medium-scale (large-scale) sessions, each human subject is
paired with 39 (3999) robots. Including the human subject, there are 10 (1000) of
each type per match. While a human-robot experimental session can start with any
number of human subjects, we control the size of each session to between 19 and 21
human subjects.

In all treatments, we run the experiment for 20 periods to facilitate learning. To
investigate whether participant strategies are conditional on their priority, we change
the priority queue for each student type every five periods, as indicated in Table
3.10 in Appendix B. The priority lottery within each type is randomly drawn at the
beginning of every five-period block and remains fixed for the block. A smaller lottery

number indicates a higher priority.
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Given this design, we compute the stable outcomes for the school choice game.
Using the fact that all stable outcomes are contained between the student-optimal
(1®) and school-optimal DA outcome (u¢) (Roth and Sotomayor, 1990), u° and
1€ coincide in our environment. The unique stable outcome is that each student

is assigned to his or her district school. Therefore, while the scale of the market

increases, the number of stable outcomes remains as one.

1 2 3 4 1 2 3 4
S/IC — S = € = =
A B C D A D C B

Furthermore, in the Boston mechanism, as the Nash Equilibrium outcomes equal
to the stable outcomes under complete information (Ergin and Sénmez, 2006), there
is a unique Nash equilibrium outcome p/¢ in our experiment design, in which all
students get into their district schools. By contrast, the DA mechanism has one more
Nash equilibrium outcome, p*.

More generally, under our replication method, the number of stable outcomes and

the school each type of student gets into do not change with the scale of the market.

Table 3.3: Truth-telling and Nash Equilibrium Outcomes in the Four-School Game

Truthful Preference Revelation Nash Equilibrium Outcomes

Boston DA Boston DA

Block 1 not NE  dominant strategy

Block 2 not NE  dominant strategy s/c
Block 3 not NE  dominant strategy
Block 4 not NE  dominant strategy

{pC p*}

In addition, we also look at subjects’ incentives to reveal their true preferences
in large markets. Here, we find that truth-telling is not a Nash equilibrium strategy
under the Boston mechanism for any of the priority queues. Table 3.3 summarizes

the properties of this game.
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3.4.2 Human-vs-Robot Design

A unique design feature in our study is the pairing of human subjects with comput-
erized agents ("robots”) to create a large matching market in the laboratory setting.
Previous studies have included robots in their experimental design. In auction ex-
periments, robots follow the dominant strategy in multi-unit Vickrey and English
auctions (Kagel and Levin, 2001), Vickrey and iBEA package auctions (Chen and
Takeuchi, 2010) and a single-unit Vickrey auction (Davis et al., 2010). In Chen and
Takeuchi (2010), robots follow a random bidding strategy. Lastly, in a VCM pub-
lic goods game, robots follow a pre-determined set of actions to eliminate potential
other-regarding behavior (Ferraro and Vossler, 2010).

In our experiment, we design two kinds of robots. Our “empirical robots” use
strategies previously used by human subjects under similar conditions in the medium
scale sessions, i.e., human subjects of the same type, in the same period, with a corre-
sponding priority lottery number. For example, in the medium scale (40 participants
per match) sessions, a robot of Type 2 with priority lottery number 15 in period 12,
will randomly pick one out of the two choices human subjects of Type 2 with priority
lottery number 15 made at period 12. Likewise, in the large-scale (4000 participants
per match) sessions, 100 robots with priority lotteries 1401 to 1500, will randomly
pick one of the two choices human subjects of Type 2 with priority lottery number
15 made at period 12, etc. Our human subjects in the human-robot sessions know
how their robots counterparts’ strategies are drawn and used. To our knowledge, our
empirical robot design is new to the experimental literature.

Our second type of robot is our “truthful robot,” who always ranks schools truth-
fully, regardless of its priority, a dominant strategy under the DA mechanism, but
a “naive” one under the Boston mechanism (Ergin and Sonmez, 2006). Again, our
human subjects know the robot strategies.

There are three advantages associated with the human-vs-robots design. The
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first advantage is, of course, the scale. In an all-human experiment, the number of
subjects in a group is limited by the capacity of the lab, whereas in a human-vs-
robots design, the scale is only limited by the processing power of the computers.
The second advantage is to reduce the strategic uncertainty faced by human subjects
when they play robots with well defined strategies, which enables the experimenter
to study human subjects responses toward opponents of different levels of strategic
sophistication. The third advantage is related to statistical independence. Since
there is no interaction among human subjects, each human subject is an independent

observation.

3.4.3 Experimental Procedure

In each experimental session, each subject is randomly assigned an ID number
and seated in front of the corresponding terminal in the laboratory. The experimenter
reads the instructions aloud. Subjects are given the opportunities to ask questions,
which are answered in public. We check subjects’ understanding of the instructions by
asking them to answer incentivized review questions at their own pace. After everyone
finishes the review questions, the experimenter distributes the answers and goes over
the answers in public. Afterwards, subjects go through 20 periods of the school choice
experiment. In each period, each subject is asked to submit a full ranking of schools.
Robots also submit the rankings of schools under certain strategies in the human-
robot sessions. After all rankings are submitted, the server allocates the schools
and informs each subject of his allocated school and respective payoff. At the end
of the 20 periods, each subject fills out a demographics and strategy survey on the
computer, and is then paid in private. Each session lasts approximately 90 minutes,
of which 30 minutes are devoted to instruction. The experiment is programmed in
z-Tree (Fischbacher, 2007) and Python.

Table 3.4 summarizes the features of the different experimental sessions. For

67



Table 3.4: Features of Experimental Sessions

Mechanisms  Composition Match size Robot strategies #Sbj. X # sessions

4 n/a 12 x 4
All-human 10 /a 30 X2
Boston 40 Empirical 20 x 2
Human-robot Truthful 20 x 2
4000 Empirical 20x 2
Truthful 20 2
All-human ! n/a 12 x4
40 n/a 80 x 2
DA ..
40 Empirical 20 x 2
Human-robot Truthful 20 x 2
4000 Empirical 20 x 2
Truthful 20 x 2

each mechanism, we conduct four independent sessions for the all-human small-scale
treatments, two independent sessions for the all-human intermediate-scale treatments,
and two independent sessions for each human-robot intermediate-scale and large-scale
treatment, respectively. All sessions are conducted in Chinese at the Experiment
Economics Laboratory and the Finance Simulation Laboratory at Beijing Normal
University between June 2012 and May 2013. The subjects are students from Beijing
Normal University and the Beijing University of Posts and Telecommunications. No
subject participates more than once. This gives us a total of 12 independent sessions
for the all-human treatments and 320 independent observations for the human-robot
treatments. In total, 736 subjects participated in the experiment.

The exchange rate is 5 experiment points for 1 RMB for all sessions. Each subject
also receives a participation fee of 5 RMB. The average earning (including participa-

tion fee) is 63.8 RMB.5

6The average wage of part-time work for university students in Beijing was around 30 RMB per
hour. The exchange rate at the time of the experiment was around $1 = 6 RMB.
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3.5 Results

In this section, we present results for our experiment, first for the effect of scale

on individual behavior and then for the effect of scale on mechanism performance.

3.5.1 Individual Behavior

We first examine the extent to which individuals reveal their preferences truthfully,
as well as any patterns in preference manipulation for the two mechanisms when the
scale changes. In particular, when there is misrepresentation, we look at a common
behavior: listing one’s district school as one’s first choice.

For the Boston mechanism, we define truth-telling as reporting an entire ranking
as identical to one’s true preference ranking. For the DA, however, we define truth-
telling as reporting a ranking that is identical to the true preference ranking from
the first choice to one’s district school, as the remaining rankings are irrelevant under
DA.

Based on Azevedo and Budish (2013), we expect that participants will misrep-
resent their preferences under the Boston mechanism regardless of the size of the
market, whereas they will reveal their preferences truthfully under the DA mech-
anism regardless of the size of the market. Therefore, we formulate the following

hypotheses on truth-telling:

Hypothesis 7 (Truth-telling: mechanism effect). The proportion of truth-telling

under the DA is greater than that under the Boston mechanism, regardless of scale.

Hypothesis 8 (Truth-telling: scale effect). Scale has no effect on the proportion of

truth-telling under either the Boston mechanism or the DA mechanism.

We first examine our all-human sessions in treatments with m = 4, and 40. Figure
3.1 presents the proportion of truth-telling (left panel) and district school bias (right

panel) for each of the four all-human treatments. The ranking of mechanisms in the
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Truth—telling and district bias in all-human experiment
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Figure 3.1: Truth-telling and district school bias in all-human treatments

truth-telling graph follows the order of DA-40 > DA-4 > BOS-4 > BOS-40, whereas
the proportion of district school bias follows the reverse order.

Table 3.5 presents the results from four probit regressions investigating the scale
and mechanism effects in the all-human (upper panel) and human-vs-empirical-robot
treatments (lower panel). The dependent variable is truth-telling in specifications
(1) and (2), and District School Bias in specifications (3) and (4). In the upper
panel, the independent variables include (omitted variables in parentheses): Scale40
(Scale4), DA (Boston), DA x Scaled40, Period, LotteryPosition, LotteryPosition x
DA, LotteryPosition x Scale4(. In each specification, standard errors are clustered

at the session level. We summarize the results below.

Result 8 (Truth-telling: mechanism effect, all human). The proportion of truth-
telling is 13% (28%) higher under the DA mechanism than under the Boston mecha-

nism in the 4(40)-student environment.

Support. In specification (1) of the upper panel of Table 3.5, we see that the coef-
ficients of DA as well as DA x Scale4(0 are positive and significant, indicating that

truth-telling under DA in the 4-student (40-student) matches is 13% (28%) higher
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Table 3.5: Truth-telling and district school bias: probit regressions

Truth-telling

District School Bias

All-human treatments (1) (2) | (3) (4)
Scale40 -0.081F**  _0.122%F% | 0.110%**  0.166***
(0.024)  (0.033) | (0.033)  (0.041)
DA 0.132%F% 0. 111%%F | -0.211%** -0.205%**
(0.031)  (0.025) | (0.046)  (0.046)
DA x Scale40 0.146%F*  0.143*** | -0.098** -0.094*
(0.041)  (0.041) | (0.049)  (0.049)
Period 0.004%+* -0.004**
(0.001) (0.002)
LotteryPosition -0.125%** 0.127%**
(0.010) (0.012)
LotteryPositionx DA 0.009 -0.003
(0.006) (0.009)
LotteryPosition x Scale40 0.017 -0.022%*
(0.012) (0.013)
No. of observations 8,320 8,320 ‘ 8,320 8,320
Human-vs-e-robots treatments (1) (2) ‘ (3) (4)
Scale4dK -0.018 0.020 0.012 -0.011
(0.069)  (0.083) | (0.066)  (0.080)
DA 0.160** 0.040 -0.229%#* -0.128
(0.064) (0.082) (0.061) (0.078)
DA x Scale4K 0.063 0.064 -0.072 -0.073
(0.091)  (0.091) | (0.088)  (0.088)
Period 0.003* -0.003*
(0.002) (0.002)
LotteryPosition -0.097*** 0.090%***
(0.017) (0.015)
LotteryPosition x DA 0.047%* -0.039%*
(0.020) (0.019)
LotteryPosition x ScaledK -0.016 0.009
(0.020) (0.019)
No. of Human Observations 3,200 3,200 ‘ 3,200 3,200

Notes: Standard errors in parentheses are clustered at the session (individual) level
for the all-human (human-vs-empirical-robot) treatments; coefficients are marginal
effects. *** p ; 0.01, ** p;0.05, * p0.1.
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compared to that in the corresponding sessions under the Boston mechanism.

By Result 8, we reject the null in favor of Hypothesis 7 under both m = 4 and
m = 40. Our mechanism effect under m = 4 is consistent with the identical treatments
in Chen and Kesten (2014), as well as with prior experimental studies of school choice
in comparable markets. We also note that the gap between the two mechanisms more
than doubles when we increase the scale by a factor of 10. This leads to our next

result.

Result 9 (Truth-telling: scale effect 4 — 40). The proportion of truth-telling under
the DA (Boston) mechanism significantly increases (decreases) when the number of

students per match increases from 4 to 40.

Support. In specification (1) of the upper panel of Table 3.5, the coefficient of DA
x Scaled( is positive and significant, indicating that truth-telling in the 40-student
matches under DA increases by 7% compared to that in the 4-student matches. In
comparison, the coefficient of Scale40 is negative and significant, indicating that truth-
telling in the 40-student sessions under Boston decreases by 8% compared to that in

the 4-student sessions.

By Result 9, we reject Hypothesis 8 that scale has no effect on truth-telling under
either mechanism. Indeed, we find a significant and sizeable scale effect for both
mechanisms. Specifically, when the number of students per match increases from 4
to 40, participants exhibit less manipulation of the DA but more manipulation of the
Boston mechanism. Consequently, we conclude that scale magnifies the performance
gap between the two mechanisms.

We next explore the patterns of manipulation behind our scale effect. As docu-
mented in several experiments (Chen and Sénmez, 2006; Calsamiglia et al., 2010), the
most prevalent form of manipulation in school choice experiments is the district school

bias, where a student gives her district school a higher ranking than its true ranking.
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In particular, when a district school is ranked as the top choice, a participant is guar-
anteed to be assigned to this school under the Boston mechanism. In our experiment,

we find significant scale and mechanism effects in this type of manipulation.

Result 10 (District school bias: mechanism and scale effects). The proportion of DSB
under the Boston mechanism is 21% (30%) higher than that under the DA mechanism
in the 4-student (40-student) treatment. Under the DA (Boston) mechanism, the
proportion of district school bias increases by 1% (11%) when the size of the match

increases from 4 to 40.

Support. In specification (3) in the upper panel of Table 3.5, the coefficient of DA
is -0.21 (p < 0.01), that of DA x Scale40 is -0.098 (p < 0.05), and that of Scale40 is
0.11 (p < 0.01).

Furthermore, we observe a significant, albeit moderate, learning effect across pe-
riods, i.e., the proportion of truth-telling (DSB) increases (decreases) by about 0.4%
per period (p < 0.01, specifications (2) and (4)). We also find that, under the Boston
mechanism, a one point increase in the lottery position decreases the likelihood of
truth-telling by 12.5% (p < 0.01, specification (2)), but increases the likelihood of
DSB by 12.7% (p < 0.01, specification (4)), indicating a tendency to seek secure
allocations as one’s priority deteriorates. In comparison, such effect under the DA
mechanism is smaller (p < 0.01, specifications (2) and (4)).

Our finding of a significant scale effect (4 — 40) under both mechanisms is con-
sistent with individual players adopting secure strategies as the size of the market
increases. Under the Boston mechanism, district school bias guarantees that a player
is matched with her second choice, regardless of what others do. Similarly, truth-
telling is a weakly dominant strategy under the DA mechanism. Thus, regardless of
what others do, a player cannot be worse off adopting this strategy. However, the
unstable Nash equilibrium outcome under the DA requires half of the players to co-

ordinate their manipulation. Doing so becomes increasingly difficult when the scale
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increases. Therefore, when the market size increases by a factor of 10, we observe
increased adoption of the dominant strategy under the DA mechanism and increased
district school bias under the Boston mechanism.

Next, we investigate the scale effect when the number of students per match in-
creases from 40 to 4,000. As we transition from our all-human to human-vs-empirical-
robot sessions, we note that our human subjects have the same behavioral responses in
the all-human m = 40 treatments as in the human-vs-39-empirical-robots treatments.
Table 3.12 in the Appendix presents p-values computed from Kolmogorov-Smirnov
tests, comparing the probability distributions of submitted preference rankings be-
tween the all-human 40-student and human-versus-39-empirical-robots sessions for
each mechanism period by period. These results show no statistically significant dif-
ference in participant behaviors in the respective treatments. These results indicate
that humans do not respond differently when playing against robots whose strategies
are drawn from the same human population.

In our human-vs-empirical-robot treatments, each human participant plays against
either 39 or 3,999 robots whose strategies are randomly drawn from the all-human
40-student treatments. Figure 3.2 presents the proportion of truth-telling (left panel)
and district school bias (right panel) for each of the human-vs-empirical-robot treat-
ments. The ranking of treatments in the truth-telling graph follows the order of
DA-4000 > DA-40 > BOS-40 ~ BOS-4000, whereas the proportion of district school
bias follows the reversed order.

The lower panel of Table 3.5 presents the results of four probit regressions investi-
gating the scale and mechanism effects in the human-vs-empirical-robot treatments.
The dependent variable is Truth-telling in specifications (1) and (2), and District
School Bias in (3) and (4). The independent variables include (omitted variables
in parentheses): ScaledK (Scale40), DA (Boston), DA x Scale4K, Period, Lottery-

Position, LotteryPosition x DA, LotteryPosition x Scale4K. In each specification,
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Figure 3.2:
& Truth-telling and district school bias in human-vs-empirical-robot treat-

ments

standard errors are clustered at the individual subject level as each subject is an

independent observation. We summarize the results below.

Result 11 (Truth-telling: mechanism effects, human-vs-empirical-robots). The pro-
portion of truth-telling is significantly higher under the DA than under the Boston
mechanism in the human-vs-empirical-robots treatments. Furthermore, this mecha-
nism effect works through the subjects’ lottery positions, i.e., a one-position increase
in lottery position decreases the likelihood of truth-telling by 10% (5%) under the

Boston (DA) mechanisms.

Support. In specification (1) of Table 3.5 (lower panel), the coefficient of DA is posi-
tive and significant, indicating that the proportion of truth-telling under the DA in the
40-student sessions is about 16% higher compared to that in the corresponding ses-
sions under the Boston mechanism. The effect of the lottery position under the Boston
mechanism, indicated by the coefficient of LotteryPosition, is -0.097 (p < 0.01), while
the effect under the DA mechanism is indicated by the sum of the coefficients of

LotteryPosition and LotteryPosition x DA (0.047, p < 0.05) in specification (2).
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By Result 11, we again reject the null in favor of Hypothesis 7 in our human-vs-
empirical-robots treatments. However, we note that the coefficient of ScaledK (DA
x ScaledK) is negative (positive) but insignificant, indicating a lack of scale effect.

This leads to our next result.

Result 12 (Truth-telling: scale effect 40 — 4K). The proportion of truth-telling
under the DA (Boston) mechanism increases (decreases) when the size of the match

increases from 40 to 4,000; however, this effect is statistically insignificant.

Support. In specification (1) of Table 3.5 (lower panel), the coefficient of Scale4dK
(DA x Scale4K) is negative (positive) but insignificant, indicating that the proportion
of truth-telling in the 40-student sessions under Boston (DA) is not different from that

in the 4000-student sessions.

By Result 12, we fail to reject Hypothesis 8 when the scale increases from 40 to
4,000 students per match in our human-vs-empirical-robots treatments.

Finally, looking at specification (3) in the lower panel of Table 3.5, we see that the
proportion of district school bias under the DA mechanism is 23% less than that under
the Boston mechanism when the size is 40 (p < 0.01), comparable to the magnitude of
bias in the all-human 40-student per match treatments in Result 10. Additionally, we
have analyzed human subjects’ likelihood of best response in each treatment, and find
both a mechanism (more best responses under the DA mechanism) and a scale effect
(more best responses with increased scale). This analysis is relegated to Appendix C

due to space constraints.

3.5.2 Aggregate Performance

In this section, we examine the scale and mechanism effects on measures of ag-
gregate performance: the proportion of students admitted by both their reported

and true first choice schools, individual rationality, efficiency and stability. For each
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measure, we first compare the all-human treatments (m = 4,40), and then compare

the human-vs-empirical-robots treatments (m = 40,4000).

3.5.2.1 First Choice Accommodation and Individual Rationality

We first look at the first-choice accommodation rate, differentiating between the
proportion of students admitted by their true versus reported first choice schools.

Based on Ergin and Sénmez (2006), we expect that a higher proportion of partic-
ipants will receive their true first choices under the DA mechanism compared to the
Boston mechanism. In contrast, we expect that a larger proportion will receive their

reported top choices under the Boston mechanism (Chen and Kesten, 2014).

Hypothesis 9 (First-choice accommodation: mechanism effect). If subjects play
Nash equilibrium strategies, a higher proportion will receive (a) their true first choices
under the DA mechanism, and (b) their reported first choices under the Boston mech-

anism.

Figures 3.4 and 3.5 in Appendix B present the first-choice accommodation rate for
the all-human and the human-vs-empirical-robots treatments, respectively, comparing
the proportion of subjects receiving their reported (top panel) and true first choices
(bottom panel). We see that a greater proportion receive their reported top choice
under the Boston mechanism, but the gap between the two mechanisms is much
smaller when examining subjects’ true top choices.

Table 3.6 reports the results from four probit specifications for students’ true
(1-2) and reported first choices (3-4) for both the all-human (upper panel) and the
human-vs-empirical-robots treatments (lower panel). The independent variables for
the upper panel include: Scale40 (Scale4), DA (Boston), DA x Scale40, Period,
LotteryPosition, LotteryPosition x DA, and LotteryPosition x Scale40. The lower

panel reports similar specifications except for ScaledK (Scale40). In the all-human
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sessions, we cluster the standard errors at the session level, whereas in the human-
vs-empirical-robots treatment, we cluster the standard errors at the individual level

as each human subject interacts with only robots.

Result 13 (First-choice accommodation: mechanism effect). Regardless of scale, both
the reported and the true first-choice accommodation rates are significantly higher

under the Boston than the DA mechanism.

Support. In the upper panel of Table 3.6, the coefficients of DA are negative and
significant (p < 0.01 in each of the four specifications), indicating a 5.8% (26.6%)
reduction in receiving one’s true (reported) first choice under the DA in the m = 4
treatments in specification 1 (3). Furthermore, the coefficients of DA x Scale40
are negative and significant (p < 0.05 in specifications (1) and (2), p < 0.01 in
specifications (3) and (4)), indicating a further reduction of 4.4% (10.4%) of students
receiving their true (reported) first choice under the DA in the m = 40 treatments.
In comparison, from the lower panel of Table 3.6, we see that the coefficients of DA
are also negative and significant (p < 0.01 in each of the six specifications), indicating
a 8.7% (27.9%) reduction in receiving one’s true (reported) first choice under the DA
in the m = 40 treatments in specification 1 (3). However, the coefficients of DA x
ScaledK are negative but insignificant (p > 0.10), indicating no further reduction in

receiving one’s first choice under m = 4,000 treatments.

By Result 13, we reject the null in favor of Hypothesis 9 (b), but fail to reject the
null in favor of Hypothesis 9 (a). Our findings confirm the theoretical prediction that
the Boston mechanism places heavy weight on how students report their first choices.
In our study, the true first-choice accommodation rate is lower under the DA because

the dominant strategy equilibrium assigns everyone to his second choice.

Result 14 (First-choice accommodation: scale effect). The increase in scale from

4 — 40 significantly decreases (increases) the true (reported) first-choice accommo-
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Table 3.6: First choice accommodation: Probit regressions

Dependent Variable:

True First Choice

Reported First Choice

All-Human Treatments (1) 2 | 3 (4)

Scale40 -0.042%**  -0.035%* | 0.055%* 0.030

(0.010)  (0.014) | (0.028)  (0.036)

DA -0.058%F* _0.067*** | -0.266***  -0.279%**

(0.016)  (0.019) | (0.033)  (0.039)

DA x Scaled0 -0.044**  -0.044%* | -0.104***  -0.107***
(0.020) (0.018) (0.039) (0.039)

Period 0.000 -0.005***

(0.001) (0.001)

LotteryPosition -0.034%+* 0.066***
(0.004) (0.013)
Lottery x DA 0.005 0.006
(0.007) (0.011)
Lottery x Scale40 -0.003 0.010
(0.005) (0.015)
Number of observations 8,320 8,320 ‘ 8,320 8,320

Human-vs-e-Robots (1) (2) ‘ (3) (4)

Scale4dK 0.007 0.010 0.025 0.010

(0.019)  (0.029) | (0.052)  (0.066)

DA -0.087*%F*  _0.057* | -0.279***  _0.214%**

(0.021) (0.032) (0.050) (0.067)
DA X ScaledK -0.025 -0.023 -0.089 -0.090
(0.030)  (0.030) | (0.073)  (0.073)

Period -0.001 -0.005%**

(0.001) (0.002)

LotteryPosition -0.031*** 0.0547%4*
(0.008) (0.016)
Lottery x DA -0.017 -0.026
(0.012) (0.020)
Lottery x Scale4dK -0.002 0.006
(0.010) (0.020)
Number of human obs. 3,200 3,200 ‘ 3,200 3,200

Notes: Standard errors in parentheses are clustered at the session (individual) level
for the all-human (human-vs-empirical-robots) treatments; reporting marginal effects.
R p 1 0.01, ¥ pj0.05 *pj0.1

79



dation rate by 4% (5%) under the Boston mechanism, but significantly decreases the
rate by 8% (5%) under the DA mechanism. By contrast, the increase in scale from

40 — 4,000 has no significant effect on either first-choice accommodation rate.

Support. In the upper panel of Table 3.6, the coefficients of Scale40 are -0.04 (p <
0.01 in specification (1), p < 0.05 in (2)), and 0.055 (p < 0.05) in specification (3).
Furthermore, the coefficients of DA x Scale40 are -0.044 (p < 0.05) in specifications
(1) and (2), and -0.104 (p < 0.01) in specification (3) and (4). In comparison, in
the lower panel of Table 3.6, none of the coefficients of ScaledK or DA x Scale4K is

significant (p > 0.10).

Result 14 is consistent with the scale effect on truth-telling (Results 9 and 12).
Increased district school bias under the Boston mechanism under the medium scale
leads to a significantly higher (lower) proportion receiving their reported (true) first
choice schools. By contrast, increased truth-telling under the DA leads to an increased
proportion receiving their second choice, which is the dominant strategy equilibrium.

We next examine any scale and mechanism effect on individual rationality, i.e.,
the proportion of students placed at a school which is at least as good as her district
school. Since students are guaranteed a seat at their district schools under the DA
mechanism by playing the truth-telling strategy, which is not the case under the

Boston mechanism, we have the following hypothesis.

Hypothesis 10 (Individual rationality). More students will receive individually ra-

tional allocations under the DA than under the Boston mechanism regardless of scale.

Table 3.7 presents four probit specifications for the all-human (1-2) and human-
vs-empirical-robots treatments (3-4), whereas Figure 3.6 in Appendix B presents the

proportion of individual rational allocations in each treatment.

Result 15 (Individual rationality: mechanism and scale effects). Regardless of scale,

the proportion of individually rational allocations is significantly higher under the DA
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Table 3.7:
Individual rationality in all-human and empirical robots treatments: Pro-

bit regressions

Dependent Variable: Individual Rationality
Treatments: All-human Human-vs-empirical-robots
(1) (2) (3) (4)

Scale  0.027*%%  0.048***  -0.015 -0.008

(0.009) (0.018) (0.018) (0.027)
DA 0.072%**  0.105%%*  0.048*** 0.094***

(0.016) (0.026) (0.018) (0.028)

DA x Scale  -0.007 -0.007 0.004 0.005
(0.023) (0.022) (0.025) (0.025)
Period 0.001** 0.003***

(0.000) (0.001)
Lottery 0.029*** 0.025***

(0.005) (0.007)
Lottery x DA -0.015%* -0.020%*
(0.008) (0.008)

Lottery x Scale -0.009 -0.003
(0.006) (0.008)

Observations 8,320 8,320 3,200 3,200

Notes: Standard errors in parentheses are clustered at the session (individual) level
for the all-human (human-vs-empirical-robots) treatments; reporting marginal effects.
KD 10.01, ¥ pj0.05 *pij0.1

than the Boston mechanism. The increase in scale from 4 — 40 significantly increases

the proportion of individually rational allocations under both mechanisms.

Support. In Table 3.7, the coefficients of DA are 0.072 and 0.048 for all-human and
human-vs-empirical robots treatments respectively (p < 0.01 in all specifications). In
addition, increasing the scale in all-human treatment from 4 to 40 also increase the

proportion of students receiving individually rational allocations for both mechanisms

(p < 0.01).

3.5.2.2 Efficiency and Stability

To study the effect of scale on mechanism efficiency, we define payoff-based effi-
ciency in our all-human treatments as the sum of the individual payoffs in each match

in each period, normalized according to the following formula:
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Payoff-based Efficiency — Actual sum of payoffs — Minimum sum of payoffs

Maximum sum of payoffs — Minimum sum of payoffs’

In our environment, the minimum sum of payoffs is 240 for the 40-student envi-
ronment, and 24,000 for the 4,000-student environment. Likewise, the maximum sum
of payoffs is 540 for the 40-student environment, and 54,000 for the 4,000-student
environment.

In the human-vs-empirical-robots treatments, the equivalence of the payoff-based
efficiency is the human players’ expected payoffs. Specifically, for each human subject
in each period, we recombine the subject with 39 (or 3999) group members in the
same period, of the same type, and with the same (or corresponding) lottery number,
taken from the all-human session. While there are 2% (23%?) possible recombinations,
to reduce computation, we randomly generate 2000 groups for each subject. We then
estimate the expected payoff for each human subject by averaging her payoffs over
the 2000 group recombinations.

Tables 3.8 and 3.9 report the results of our OLS regression analysis of efficiency
and justified envy in the all-human and human-vs-empirical-robots treatments, re-
spectively. Specifications (1) and (2) in Table 3.8 indicate that increasing the scale
from 4 to 40 significantly reduces payoff-based efficiency under the Boston mecha-
nism (-0.014, p < 0.01), but has no further significant effect on the DA. Similarly,
specifications (1) and (2) in Table 3.9 indicate that further increasing the scale from

40 to 4000 has no effect on the efficiency of either mechanism.

Result 16 (Efficiency: scale effect). From 4 — 40, payoff-based efficiency under the
Boston (DA) mechanism decreases by 1.4% (3.3%). Further increasing the scale to

4000 has no additional effect on the efficiency of either mechanism.

Support. In specifications (1) and (2) of Table 3.8, the coefficients for both Scale40
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Table 3.8:
anie Payoff-based efficiency and justified envy in all-human treatments: OLS

regressions
Dependent Variable: Payoff-based Efficiency Justified Envy

(1) (2) (3) (4)

Scaled0 -0.014%¥%  _0.014%* 0006  -0.006
(0.004) (0.004) (0.022)  (0.022)

DA 0.004 0.004  -0.076%FF -0.076%**

(0.011) (0.011) (0.021)  (0.021)

DA x Scaled0  -0.019 -0.019 0.024  -0.024
(0.012) (0.012) (0.028)  (0.028)

Period 0.000 0.000
(0.001) (0.001)

Constant  0.690%%*  0.688%%* (. 140%%*  (.141%0F*
(0.003) (0.012) (0.018)  (0.024)

Observations 640 640 640 640
R-squared 0.018 0.019 0.096 0.096

Notes: Standard errors in parentheses are clustered at the session level. *** p ; 0.01,
**p0.05 *pij0.1

(-0.014, p < 0.01) and Scale40 + DA x Scale40 (-0.033, p = 0.0147) are negative and
significant. In comparison, none of the coefficients for the scale variables is significant

in specifications (1) and (2) in Table 3.9.

The small but significant decrease in efficiency is likely due to the increased ma-
nipulation of preferences under the Boston mechanism, as the scale increases from 4
to 40. While the efficiency comparisons between the DA and the Boston mechanism
depend on the environment, in our environment, we do not observe a mechanism
effect.

Finally, we investigate the mechanism and scale effect on stability. Empirically, we
evaluate mechanism stability by calculating the proportion of students in each group
who exhibit justified envy toward at least one other student. As the DA mechanism is
stable while the Boston mechanism is not, we expect that the proportion of students

exhibiting justified envy will be lower under the DA at any given scale.
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Table 3.9:
Efficiency and justified envy in human-vs-empirical-robots treatments:

OLS regressions

Dependent Variable: Expected Payoff Justified Envy
(1) (2) (3) (4)
ScaledK  -0.052 0.004 0.012 -0.001
(0.224) (0.346) (0.023) (0.039)
DA -0.277* -0.231 -0.063***  -(0.135%**
(0.162) (0.279) (0.019) (0.035)
DA x ScaledK 0.055 0.055 -0.012 -0.012
(0.240) (0.240) (0.027) (0.027)
Period -0.002 -0.004%**
(0.008) (0.001)
Lottery -0.048 -0.037***
(0.064) (0.009)
Lottery x DA -0.019 0.029%**
(0.071) (0.009)
Lottery x LargeScale -0.022 0.005
(0.071) (0.009)

Constant 11.172%%%  11.312%%% (.116%%%  .251%%*
(0.154)  (0.295)  (0.017)  (0.038)

Observations 3,200 3,200 3,200 3,200
R-squared 0.005 0.007 0.017 0.037

Notes: Standard errors clustered at individual level, shown in parentheses. ***

0.01, ** p ; 0.05, * p ; 0.1

P

Hypothesis 11 (Stability: mechanism effect). The proportion of students exhibiting
justified envy is lower under the DA than under the Boston mechanism at any given

scale.

Theoretical work on the scale effect implies that, in general, the set of stable
matchings decreases for both mechanisms when the scale increases. However, since
we have a unique stable outcome in our environment, we do not expect any scale

effect on stability.

Hypothesis 12 (Stability: scale effect). Scale has no effect on the proportion of

students exhibiting justified envy under either the Boston or the DA mechanism.
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Figure 3.3 presents the results for the average proportion of students with justified
envy in our all-human treatments (left panel) and the average expected probability of
having justified envy in the human-vs-empirical-robots (right panel) treatments. For
the human-vs-empirical-robot treatments, we investigate stability through the use of
simulations. More specifically, we randomly generate groups of size 40 or 4000 for each
period and mechanism by drawing on human subject behavior from the m = 40 all-
human sessions. For each simulated group, students are assigned to schools based on
their reported preferences. We then randomly generate 2000 groups for each human
observation, and calculate the probability that a student may exhibit justified envy

in the 2000 simulated matchings. The results are summarized below.

Justified envy

All-human Human-empirical-robots
Treatment
0.3+ —o— Boston 4
- —A— Boston 40
o
B 0.2-
o —- DA 4
g
a —— DA 40
0.1+
54— Boston 4000
DA 4000
0.0- s
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1234567 891011121314151617181920 12 3 456 7 8 91011121314151617181920
Period

Figure 3.3: . . -
Justified envy in all-human (left panel) and human-vs-empirical-robots

(right panel) treatments

Result 17 (Stability: mechanism effect). For each given market size, the proportion
of students exhibiting justified envy is significantly lower under the DA than under

the Boston mechanism.

Support. In specifications (3) and (4) of Table 3.8, the coefficients for DA are neg-

ative and significant (-0.076, p < 0.01), whereas neither of the coefficients for DA x
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Scale40 is significant. Likewise, the coefficients for DA are negative and significant
(-0.063 and -0.135, p < 0.01) in specifications (3) and (4) in Table 3.9, whereas neither

of the coefficients for DA x Scale4K is significant.

By Result 17, we reject the null in favor of Hypothesis 11. We also observe that the
none of the scale variables in Tables 3.8 and 3.9 is significant, indicating the absence
of any scale effect on stability, which is consistent with the theoretical predictions.

Thus, we fail to reject Hypothesis 12.

3.6 Conclusion

In practice, matching mechanisms are implemented across all size markets, from
hundreds of students in course allocations, to tens of thousands in school choice, to
millions in centralized college admissions markets. However, it is unclear whether
market size plays a role in either participant behavior or mechanism performance.
Complicating the issue is the fact that most laboratory matching experiments work
with only small-scale markets.

In this paper, we use the school choice context to present a laboratory experiment
investigating how matching market scale affects individual behavior and the perfor-
mance of the Boston and the DA mechanisms. Specifically, we investigate the scale
effect by varying the number of students per match from 4 to 40, and then from 40 to
4,000. The results of our study reveal a significant scale effect on individual behavior
when we increase the scale from 4 to 40. Specifically, subjects become more likely
to reveal their preferences truthfully under the DA mechanism but less likely to do
so under the Boston mechanism. Thus, we conclude that the well-known preference
manipulation gap between the DA and the Boston mechanisms in small markets in-
creases when the size of the market increases by tenfold. Furthermore, we find that

this magnification effect is due to an increased likelihood of individual players to
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adopt secure strategies in larger markets. Under the Boston mechanism, this secure
strategy comes through in district school bias, while under the DA mechanism, it
comes through in truthful preference revelation. However, increasing the market size
to 4,000 students per match has no additional effect on individual behavior.

Examining mechanism performance at the aggregate level, we find that, while the
Boston mechanism assigns more students to their first choices, the DA mechanism
assigns more students to their top two choices, i.e., individually rational outcomes.
Furthermore, the DA mechanism has a large and significant stability advantage over
the Boston mechanism, which remains robust across all size markets. A further
increase to 4,000-student per match makes no additional change on the aggregate
performance of either mechanism.

In addition to our finding regarding participant behavior and mechanism perfor-
mance, we contribute to the literature by using robots to create our large matching
markets in a standard laboratory setting. Specifically, we group human subjects with
robots whose strategies are drawn from empirical human strategies obtained from our
all-human sessions. Previous experiments with robots endow the robots with either
a dominant or random choice strategy. In comparison, we endow them with empiri-
cal strategies, providing a novel solution to the problems associated with conducting
large group experiments in the lab.

Lastly, our findings provide insight into the ongoing theoretical debate on when
market size becomes a factor in matching mechanism performance. Our results indi-

cate that "large” might be much smaller than predicted in the theoretical literature.
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Table 3.10: Priority Queue

‘ Scale Type 1 Type 2 Type 3 Type 4
4 students 1 2 3 4
Block 1: periods 1-5 40 students 1710 11720 21730 31740
4000 students 171000 100172000 200173000 300174000
4 students 4 1 2 3
Block 2: periods 6-10 40 students 31740 1710 11720 21730
4000 students 300174000 171000 100172000 200173000
4 students 3 4 1 2
Block 3: periods 11-15 40 students 21730 31740 1710 11720
4000 students 200173000 300174000 171000 100172000
4 students 2 3 4 1
Block 4: periods 16-20 | 40 students 11720 21730 31740 1710
4000 students 100172000 200173000 300174000 171000

Table 3.11: Proportion of truthful preference revelation and district school bias

All-human treatments

Truthful Preference Revelation

District School Bias

BOS-4 DA-4 BOS-40 DA-40

BOS-4 DA-4 BOS-40 DA-40

Sessionl 0.421 0.696 0.353 0.644
Session2 0.483 0.596 0.409 0.693
Session3 0.492 0.554
Session4 0.463 0.567

0.550 0.183 0.607 0.259
0.375 0.271 0.568 0.261
0.496 0.204
0.442 0.338

Average 0.465 0.603 0.381 0.668

0.466 0.249 0.588 0.260

Human-vs-empirical-robot treatments

Truthful Preference Revelation

District School Bias

BOS-40 DA-40 BOS-4K DA-4K

BOS-40 DA-40 BOS-4K DA-4K

Sessionl  0.419 0.602 0.498 0.708
Session2  0.487 0.629 0.368 0.614

0.538 0.283 0.460 0.216
0.476 0.247 0.585 0.212

Average  0.453 0.616 0.433 0.661

0.507 0.265 0.523 0.214
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3.7 Appendix

3.7.1 Experimental Design
Results - Individual Behavior

We present two additional tables for individual behavior. Table 3.11 presents the
proportion of truthful preference revelation and district school bias at the session

level.

Table 3.12:
abie K-S test for all-human 40-student and human-vs-39-empirical-robots ses-

sions
Boston-40 (H, : All human # Empirical robot) DA-40 (H, : All human # Empirical robot)

Period P-value Period P-value Period P-value Period P-value
1 0.218 11 0.914 1 0.078 11 0.627
2 0.997 12 0.814 2 0.254 12 0.989
3 0.868 13 0.868 3 0.949 13 0.691
4 0.914 14 0.997 4 0.563 14 0.974
5 0.997 15 0.949 5 0.754 15 0.814
6 0.389 16 0.989 6 1 16 0.691
7 1 17 0.868 7 0.868 17 0.627
8 0.949 18 0.627 8 0.997 18 0.218
9 0.502 19 0.914 9 1 19 0.814
10 0.295 20 0.949 10 0.914 20 0.989

Notes: p-values calculated for H, : All human # Empirical robot, with K-S test at
the individual level.

Table 3.12 presents the results of the Kolmogorov-Smirnov tests of the equality
of distributions of strategies between the all-human 40-student treatment and the
corresponding human-vs-39-empirical-robots treatment, period by period. We do not

pool across all periods because of the interdependency of strategies across periods.
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Results - Aggregate Performance

Figures 3.4 and 3.5 present the first-choice accommodation rate for the all-human
and the human-vs-empirical-robots treatments, respectively, comparing the propor-
tion of subjects receiving their reported (top panel) and true first choices. We see that
a greater proportion receive their reported top choice under the Boston mechanism,
but the gap between the two mechanisms is much smaller when examining subjects’

true top choices.

First choice accommodation in all-human experiment
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Figure 3.4: First choice accommodation in all-human experiment

Figure 3.6 presents the proportion of individually rational allocations in each
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First choice accommaodation in human—empirical-robots experiment
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Figure 3.5: First choice accommodation in human-vs-empirical-robots experiment
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treatment.

Proportion of individually rational choices in all-human treatments
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empirical-robots (lower panel) treatments
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Payoff-based efficiency in all-human experiment
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CHAPTER IV

Chinese College Admissions Reforms:

Experimental and Empirical Evaluations

4.1 Introduction

College admissions mechanisms have significant impact on student education ex-
periences and labor market outcomes in many countries. Each year approximately 10
million high school seniors compete for 6 million seats through a centralized college
admissions system in China, making it the largest centralized matching market in
the world. In the last fifteen years, many provinces have moved from an Immediate
Acceptance mechanism to various versions of a ‘parallel’ mechanism. Because of the
significance of the effect of different mechanisms on admission results, the tempo-
ral and regional variations in Chinese college admissions serve an important role in
evaluating the performance of various matching mechanisms.

This higher education selection process in countries like China, Japan, Korea, and
Turkey are organized in an centralized way, which is different from the college admis-
sions in the United States, which is decentralized in nature. This centralized college
admissions problem, also called student placement problem (Balinski and Sénmez,
1999), has some unique properties, compared to other matching markets such as

school choice. One major differentiator is that students’ priorities in college matching
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are usually determined by their test scores in a standardized college entrance exam,
therefore their priorities are identical at every college within a market. Moreover, the
prestige of a college is a major concern for all students. Take China for an example:
top universities with national prestige are sought after by almost all students. This
phenomenon implies that the preferences of students are highly correlated. As a re-
sult, college admissions are typically much more competitive than student allocation
in a school district. These two factors significantly affect how students strategize how
they report their preferences under different mechanisms.

Testing matching theories in this market using experimental and empirical meth-
ods both have their advantages and disadvantages. While testing theories using field
data has higher external validity, since in the field, only students’ stated preferences
are revealed, without any information regarding students’ true preferences. It is there-
fore important to provide experimental insights into the college admissions problem
and complement current theory literature, as well as any empirical study, since exper-
iments allow us to induce true preferences and to evaluate the performance of college
admissions mechanisms more accurately. However, laboratory experiment alone could
not capture the large scale and high stakes nature of the real world college admissions.

Therefore, in this paper, we study how different matching mechanisms in central-
ized college admissions affect students’ strategies and matching outcomes. We study
this using both a laboratory experiment and a natural experiment. The natural ex-
periment comes from a change in matching mechanisms in China’s Sichuan Province
between the year 2008 and 2009. Since when students participate in college admis-
sions is mostly determined by birth, while the mechanism change happened much
later, students do not self-select into different mechanisms, which eliminates selection
bias to a large extent. Moreover, the mechanism change only affected a portion of the
students, therefore it allows us the use of difference-in-differences estimators. Both

the results from the laboratory experiment and from the field confirm some of the
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theoretical predictions of the mechanisms we study.

The rest of this paper is organized in the following way: Section 4.2 provides
an overview of the related literature. Section 4.3 outlines the theoretical properties
of the mechanisms we study; Section 4.4 discusses the design and procedure of this
experiment, and its associated theoretical results; Section 4.5 presents the experi-
mental results; Section 4.6 describes the background and the dataset for the natural

experiment; Section 4.7 presents the empirical results; finally, Section 4.8 concludes.

4.2 Related Literature

Gale and Shapley (1962) pioneered the study of the matching problems of mar-
riage and college admissions, and proposed the first stable matching mechanism.
Since then, matching theory has been applied to different domains, including school
choice (Abdulkadiroglu and Sénmez, 2003; Abdulkadiroglu et al., 2005a,b; Chen and
Sonmez, 2006), hospital matching residents program (Roth, 1984, 1990; Kagel and
Roth, 2000; Niederle and Roth, 2003), house allocation (Abdulkadiroglu and Sénmez,
1998; Abdulkadiroglu and Sénmez, 1999; Chen and Sénmez, 2002), and kidney ex-
change (Roth et al., 2005). A success story in matching research is the transition
of the New York and Boston public school systems (Abdulkadiroglu et al., 2005a,b)
from the Immediate Acceptance mechanism (also called the Boston mechanism) (Ab-
dulkadiroglu and Sénmez, 2003), to the Deferred Acceptance mechanism (Gale and
Shapley, 1962).

One strand of matching literature that is closely related to the centralized col-
lege admissions problem is the school choice problem, and it has been extensively
studied using laboratory experiments. The experiment by Chen and Sénmez (2004)
praises the Deferred Acceptance mechanism for both its stability and efficiency. Pais
and Pintér (2008) find in the lab that the Top Trading Cycles mechanism is more

efficient and less vulnerable to manipulation than the Immediate Acceptance mech-
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anism and the Deferred Acceptance mechanism in the school choice scenario, and is
also less sensitive to the amount of information that participants hold. Featherstone
and Niederle (2014) show that incomplete information on the students’ side changes
the efficiency and truthfulness of mechanisms. Calsamiglia et al. (2010) find that
constraining students’ ability to reveal their preferences leads to more manipulation
and lower efficiency. In the same paper, Chen and Kesten (2014) also experimentally
study the Chinese Parallel mechanism in the school choice context, and find that while
this mechanism is slightly less efficient that the Immediate Acceptance mechanism,
it is less manipulable and more stable.

In addition to laboratory experiments, properties of matching mechanisms have
also been tested in the field. Mongell and Roth (1991) studies the “preferential bidding
system” that matches students to sororities, and find that preference manipulation
can prevent an unstable mechanism from unraveling. Braun et al. (2010) study the
centralized college admissions in Germany, and find that in that system, truth-telling
by failing to understand the mechanism hurts students with good grades. Carvalho
and Magnac (2010) and He (2014) take a structural approach to the problem. The
former find that the mechanism used to select majors in Brazilian universities are
unstable and prone to strategic manipulation. The latter uses the data from mid-
dle school admissions in Beijing to study the strategic behavior of parents under the
Immediate Acceptance (Boston) mechanism, and suggests that teaching parents to
play best response may be more beneficial than switching to the Deferred Acceptance
mechanism. More closely related to this paper, Wu and Zhong (2014) compare varia-
tions in provincial matching mechanisms in China by looking at students’ achievement
in colleges after they have been admitted. They find that better students are admitted
to a top college when they participate under the Immediate Acceptance mechanism
without know their test scores in the entrance exam.

This paper contributes to the college admissions and the broader matching liter-
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ature by testing a common set of hypotheses using a laboratory experiment and a

natural experiment simultaneously.

4.3 The Mechanisms and Their Theoretical Properties

In this section, we introduce the three mechanisms for college admissions and
summarize the main theoretical results pertaining to this family of mechanisms. These
theoretical results form the basis for the design of our laboratory experiments and

our empirical evaluation of these mechanisms using naturally occurring field data.

4.3.1 The college admission problem and three mechanisms

Formally, the college admissions problem (Balinski and Sénmez, 1999) is a tuple
(S,C, Py, Po), where: (1) a set of students S = {si,...,s,}; (2) a set of colleges
C = {c1,...,em}; (3) a capacity vector ¢ = (qey, -, qe,,,) Where q., is the capacity
of college ¢; ; (4) a list of student preferences Pg = (P, ..., Ps,) where P, is the
strict preference relation of student s; over colleges including the no-college option;
(5) a list of college preferences Po = (P.,, ..., P., ) where P, is the strict preference
relation of college ¢; over a set of students, which is determined by students’ scores
in a centralized college entrance exam, and therefore P, = P., Vi,j € {1,...,m}.
A matching p is an allocation of college slots to students such that the number of
students assigned to any college does not exceed its quota: p : S — C U {cy} such
that |1~ !(c)| < q. , for all ¢ € C.

A matching p is stable if there is no student-college pair (c, s) such that student
s prefers college ¢ to the college he is assigned to, and college ¢ prefers student s to
at least one student who is assigned to it. That is, a matching p is stable if there is
no student s, and college ¢, such that both c,Ps, pu(s) and s, P, pu(cs). A matching
is Pareto efficient, if every student or college likes the matching at least as well as

any other matching, and at least one student or college strictly prefer this matching
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to any other matchings. Moreover, one matching Pareto dominates another, if every
student or college likes the first matching at least as well as the other matching, and
at least one student or college strictly prefers it to the other.

A college admissions mechanism, or simply a mechanism, selects a matching for
each problem. A mechanism is Pareto efficient (stable) if it always selects Pareto
efficient (stable) matchings. In addition, a mechanism is strategy-proof if no student
can gain by misrepresenting her preferences. We now describe the three mechanisms

that are central to our study.

4.3.1.1 Immediate Acceptance mechanism (IA)

The Immediate Acceptance mechanism (IA), sometimes called the Boston mecha-
nism, is commonly used in the U.S. public school choice. It was the prevalent college
admissions mechanism in China in the 1980s and 1990s. The TA mechanism is a
special case of the priority matching mechanisms identified by Roth (1991). The out-
come of the TA mechanism in centralized college admissions can be calculated via the
following algorithm for a given problem:

For each college, a priority ordering of students is determined by the ranking of

students’ test scores.

Step 1: Each student applies to his first choice. For each college, consider the
students who have listed it as their first choice and assign seats of the college
to these students one at a time following their priority order until either there

is no seat left or there is no student left who has listed it as her first choice.

Step k (k > 1): Each student who was rejected in the previous step applies to the
next college on his list. For each college with available seats, consider those
students who have listed it as their kth choice and assign the remaining seats
to these students one at a time following their priority order until either there

is no seat left or there is no seat or student left.
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The algorithm terminates when no more applications can be rejected or no more
seats are left. Importantly, the assignments in each step are final. Based on this
feature, an important critique of the IA mechanism is that it gives students strong
incentives to misrepresent their preferences. As a student who has high priority for
a school may lose it if she does not list it as her first choice, the IA mechanism
forces students to make hard and risky strategic choices (see e.g., Abdulkadiroglu

and Soénmez 2003; Ergin and Sonmez 2006; Chen and Sénmez 2006; He 2014).

4.3.1.2 The Deferred Acceptance mechanism (DA)

A second matching mechanism is the Student-Optimal Deferred Acceptance mech-
anism (Gale and Shapley, 1962), which finds the stable matching that is most fa-
vorable to each student. Its outcome can be calculated via the following Deferred

Acceptance (DA) algorithm for a given problem:

Step 1: Each student applies to his first choice. Colleges temporarily retain their

most preferred students within their enrollment capacities, and rejects the rest.

Step k (k > 1): Each student who was rejected in the previous step applies to the
next college on his list. Each college then considers the students it has already
temporarily retained along with the new applicants, retains their most preferred

within their enrollment capacities, and rejects the rest.

The algorithm terminates when no more applications can be rejected or no more seats
are left.

Note that, in DA, assignments after each step are temporary until the last step.
DA has several desirable theoretical properties, most notably in terms of incentives
and stability. Under DA, it is a dominant strategy for students to state their true

preferences (Roth, 1982; Dubins and Freedman, 1981). Furthermore, it is stable.
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Although it is not Pareto efficient, it is the most efficient among the stable college
admissions mechanisms.

In practice, the DA has been the leading mechanism for school choice reforms. For
example, the DA has been adopted by New York City (in 2003) and Boston public
school systems (in 2005), which had suffered from congestion and incentive problems

from their previous assignment systems, respectively (Abdulkadiroglu et al., 2005a,b).

4.3.1.3 The Chinese Parallel Mechanism (PA)

The Chinese parallel mechanism was first implemented in Hunan Tier 0 college ad-
missions in 2001.! From 2001 to 2012, variants of the mechanism have been adopted
by 28 provinces as the parallel college admissions mechanisms to replace the IA mech-
anisms (Wu and Zhong, 2014).

Chen and Kesten (2014) present a parametric family of application-rejection mech-
anisms where each member is characterized by a positive number e € {1,2,..., 00}
of parallel and periodic choices through which the application and rejection pro-
cess continues before assignments are finalized. As parameter e varies, we go from
the Immediate Acceptance mechanism (e = 1) to the Chinese parallel mechanisms
(e € [2,00)), and from those to the DA (e = 00).

We now describe a stylized version of the Chinese parallel mechanisms in its
simplest form, with two parallel choices per choice-band (e = 2), which is the version

we study in our laboratory experiment.

e An application to the first ranked college is sent for each student.
e Throughout the allocation process, a college can hold no more applications than
its quota.

If a college receives more applications than its quota, it retains the students

with the highest priority up to its quota and rejects the remaining students.

!See Chen and Kesten (2014) for a brief history of the Chinese college admissions reform.
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e Whenever a student is rejected from his first-ranked college, his application
is sent to his second-ranked college. Whenever a student is rejected from his

second-ranked college, he can no longer make an application in this round.

e Throughout each round, whenever a college receives new applications, these ap-
plications are considered together with the retained applications for that college.
Among the retained and new applications, the ones with the highest priority

up to the quota are retained.

e The allocation is finalized every two choices. That is, if a student is rejected
by his first two choices in the initial round, then he participates in a new round
of applications together with other students who have also been rejected from
their first two choices, and so on. At the end of each round the assigned students

and the slots assigned to them are removed from the system.

The algorithm terminates when no more applications can be rejected or no more

seats are left.

4.3.2 Theoretical Properties and Main Hypotheses

Analyzing this parametric family of application-rejection mechanisms, Chen and
Kesten (2014) find that, as one moves from one extreme member of this family to
the other, the experienced trade-offs are in terms of strategic immunity and stability.
At the individual strategy level, they show that, whenever any given member can be
manipulated by a student, any member with a smaller e number can also be manipu-
lated but not vice versa (Theorems 1 & 3). This implies that any parallel mechanism
(e € [2,00)) is less manipulable than the Immediate Acceptance mechanism which
it replaces. Furthermore, DA is non-manipulable. We summarize these theoretical

characterizations into the following hypotheses.
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Hypothesis (Manipulability). The extent of preference manipulation follows the
order of DA < PA < IA.

With data from laboratory experiments, we can directly compare the stated pref-
erences with true preferences; with field data, although true preferences are not ob-
servable, preference manipulation can exhibit themselves in a variety of ways, such as
truncation of the rank-ordered list (?7), and listing a safe college as one’s top choice,
either in the form of a less prestigious college or a local college which allocates more
quota to local students.

At the outcome level, a parallel mechanism provides the students with a certain
sense of “insurance” by allowing them to list their equilibrium assignments under
the Immediate Acceptance mechanism as a safety option while listing more desirable
options higher up in their preferences, which in turn leads to an outcome at least as
good as that of the Immediate Acceptance mechanism for everyone (Proposition 5 in

Chen and Kesten 2014). Therefore, we expect:

Hypothesis (Insurance). Students will list more prestigious/more preferred colleges
as their first choices under the parallel mechanism, compared to the Immediate Ac-

ceptance mechanism.

In terms of choice accommodation, Chen and Kesten (2014) show that the TA
mechanism is the most generous in terms of first choice accommodation, whereas DA
is the least. In general, a parallel mechanism (e) assigns more students to their top e

choices than any other mechanism.

Hypothesis (Choice Accommodation). (a) The Immediate Acceptance mechanism
assigns a higher number of students to their reported first choices than does any
parallel mechanism. (b) In comparison, the parallel mechanism (e) assigns more

students to their top e choices than any other mechanism (¢’), where e # ¢'.
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Chen and Kesten (2014) show that when ¢’ = ke for some k € NU{oo}, any stable
equilibrium of the application-rejection mechanism (e) is also a stable equilibrium of
the application-rejection mechanism (e’) but not vice versa (Theorems 2 & 4). In this
sense, they find that every newly adopted parallel mechanism is more stable than the

Immediate Acceptance mechanism it replaced.

Hypothesis (Stability). The DA mechanism is more stable than any parallel mech-

anism, which in turn, is more stable than the Immediate Acceptance mechanism.

Although it is well-known that the dominant strategy equilibrium outcome of DA
Pareto dominates any equilibrium outcome of the Immediate Acceptance mechanism
(Ergin and Sénmez, 2006), Chen and Kesten (2014) show that there is no clear dom-
inance of DA over a parallel mechanism. Therefore, we are agnostic with regard to
the efficiency comparison of the two mechanisms. We next outline the design of a

laboratory experiment, which enables us to test these theoretical predictions.

4.4 Experimental Design

We design our experiment to compare the performance of the Immediate Accep-
tance (IA, e = 1), the simplest version of the Chinese Parallel mechanism (PA, e = 2)
and the Deferred Acceptance (DA, e = co0) mechanisms based on the theoretical char-
acterization of the family of application-rejection mechanisms. Our design captures
the following key features of Chinese college admissions: student preferences over
colleges are correlated, and college priorities over students are solely determined by

their test scores.

4.4.1 The Environment

We design a matching market with 6 colleges and 6 students, similar to the 6-

school environment in the Chen and Kesten (2014) experiment. Different from school
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choice experiments, in our design, colleges have identical priority rankings of students
based on student test scores, which are randomly assigned to participants in the game.
This design choice is based on the fact that in the centralized college admissions in
China, test score is the main determinant of priorities.?

We number students in each group as 1, 2, ..., 6, and colleges as A, B, ..., F.
For each session, there are 18 subjects, randomly re-matched into 3 groups at the
beginning of each period. Each session lasts 20 periods to facilitate learning. At the
beginning of each period we randomly assign each subject his rank of test score based
on a random number drawn from a uniform distribution on the open interval (0, 1),
which in turn determines their admission priorities.

In addition, we construct two types of student preference over colleges (see Table
4.1), which are randomly assigned to an equal number of students. That is, there
are 3 students of each type in a group. A student keeps his or her type throughout
the experiment. The preference orders of these two types of students are shown
in Table 4.1. In this environment, subject preferences are correlated to reflect the
competitiveness of college admissions, but imperfectly correlated to reflect preference
heterogeneity. Participant payoffs are adopted from Chen and Kesten (2014), with
a monetarily salient payoff difference from the most to the least preferred college
spanning {16, 13, 11, 9, 7, 5}.

The experiment uses a complete information design, in which subjects know their
own score ranking and those of others in their group. For example, Student 1 may
know that he is of Type 1, and he also knows the score ranking of the other two Type
1 students and of the three Type 2 students.

In each period, each participant submits a rank ordered list (ROL) of colleges.
After all participants have submitted their ROLs, the server assigns students to col-

leges based on the matching mechanism, and inform each participant of his or her

20ther considerations, such as affirmative action for ethnic minorities, are incorporated as a
20-point bump to a student’s test score.
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Table 4.1: Student types and their payoffs over colleges
Colleges: A B C D E F

Payoff to Type 1 16 13 11 9 7 5
Payoff to Type 2 16 11 13 9 5 7

matching outcome and the corresponding payoff.

Based on the matching market parameters, we now characterize the stable match-
ing outcomes of the college admissions game in our environment under students’ true
preferences. Since all students have identical priorities in each college, there is only
one stable allocation for each type profile realization. We summarize these allocations

in Table 4.2.

Table 4.2: Summary of stable matching outcomes for all type/rank realizations

Type profile Stable matching outcome ‘ Type profile Stable matching outcome

112212 123456 121212 132456
211212 123456 122112 132456
212112 123456 221112 132456
212211 123456 122211 132456
111222 123465 221211 132456
112122 123465 222111 132456
112221 123465 121122 132465
211122 123465 121221 132465
211221 123465 122121 132465
212121 123465 221121 132465

Notes: For each cell, the profile of students’ types is ordered, from left to right, by
students’ rankings in test scores from the highest to the lowest.

Theorem 1 in Ergin and Sénmez (2006) shows that the set of Nash equilibrium
outcomes of this game is equal to the set of stable matchings. Therefore, for each
type/rank realization, there is only one Nash equilibrium outcome as well.

We now characterize the Nash equilibrium strategies. First we define a rank-biased
strategy A; for student i € {1,...,6}, where i is the ith-ranked student in her group.

For example, student i = 1 is ranked first by all colleges. For i € {1,2,4,5}, student
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1 lists his or her ith preferred college, whatever the type is. For ¢ = 3, if the type of
student 7 is 1, and the type of student ¢ — 1 is 2, then student i lists his or her ¢ — 1th
preferred college as the first choice; otherwise he or she lists the ith preferred college
as the first choice. For i = 6, ¢ can list any arbitrary order of colleges. For choices
other than the first one, students arbitrarily arrange the colleges that have not been
listed. The following proposition characterizes this strategy as a Nash equilibrium

strategy.

Proposition 5 (Rank Bias). The rank-biased strategy profile, A = {A;}i, is a Nash

equilibrium strateqy under the Immediate Acceptance mechanism.

Proof. Listing one’s most preferred college as first choice is a dominant strategy for
the top-ranked student, regardless of type. Given the top-ranked student’s dominant
strategy, it is optimal (and weakly optimal under the DA mechanism) for Student 2
to list his second preferred college as the first choice. Given the strategies of Students
1 and 2, and observing the type of Student 2, Student 3 then finds it optimal to list
his second preferred college as the first choice when Student 2 is of Type 2, and to
list his third preferred college as the first choice when Student 2 is of Type 1. The

same argument goes for students ranked 4th to 6th. [

Using the same argument, it is easy to see that such rank-biased strategy is also
a Nash equilibrium strategy under the PA and DA mechanisms as well. However, for
these two mechanisms, there are other Nash equilibrium strategies, such as the one
characterized in Proposition 6 which follows from Proposition 5 in Chen and Kesten

(2014).

Proposition 6 (Insurance). Any strategy listing the first two choices which (a) in-
clude the first-choice Nash equilibrium college, and (b) preserves the true order of

colleges, is a Nash equilibrium strategy under PA and DA.
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Proof. By Proposition 5 in Chen and Kesten (2014), each student’s assignment under
strategies that satisfy above two conditions is at least as good as that under the A
mechanism. However, we have already shown that there is only one Nash equilibrium
outcome under each type/rank realization, therefore such assignment is already the
best outcome and students can not unilaterally improve their assignments by playing

other strategies. O

For example, for the second-ranked student of Type 1 (i = 2), any first two choices
that includes i’s second most preferred college (B), and preserves her true preference
order of colleges, such as (A, B) or (B, E), is a Nash equilibrium strategy.

Our results about Nash equilibrium strategies also have implications on stable
matching outcomes. Although, theoretically, all three mechanisms reach stable out-
comes when subjects play Nash equilibrium, in practice the three mechanisms may
not be equally stable. Since stable matching outcomes are identical to Nash equi-
librium outcomes, to reach such outcomes requires different level of sophistication.
Therefore, Propositions 5 and 6 imply different strategic requirements to reach a Nash
equilibrium outcome. For the IA mechanism, equilibrium requires carefully planned
first choice, whereas the PA mechanism leaves more room for “mistakes” — strict co-
ordination in first choice is not required. Finally, the DA mechanism has the lowest
requirement — players can either simply reveal their true preferences, or employ any

equilibrium strategies under the IA or the PA mechanisms.

4.4.2 Experimental procedure

In each experimental session, each participant is randomly assigned an ID number
and is seated in front of a terminal in the laboratory. The experimenter reads the
instructions aloud. Subjects ask questions, which are answered in public. Subjects
are then given 10 minutes to read the instructions at their own pace and to finish

the review questions in which subjects are paid for each correctly answered question.
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After everyone finishes the review questions, the experimenter distributes the answers
and goes over the answer in public. Afterwards, participants go through 20 periods
of the college admissions game. After the game, we elicit subjects’ risk attitude
by asking them to filled out an incentivized lottery questionnaire (Holt and Laury,
2002). At the end, they fill out a demographics and strategy survey on the computer.
Each participant is paid in private at the end of the experiment. The experiment is
programmed in z-Tree (Fischbacher, 2007).

For each mechanism, we conduct four independent sessions, with 18 subjects in
each session. In total, we have 12 independent sessions with 216 participants. No one
participates in more than one session. Each session consists of 20 periods, and lasts
approximately two hours, with the first 20-30 minutes used for instructions.

Our experiments were conducted in May and June, 2011, and June 2013 at the
Smith Experimental Economics Research Laboratory at Shanghai Jiao Tong Univer-
sity. Our subjects are students from Shanghai Jiao Tong University. The conversion
rate is 1 CNY = 20 points for all treatments. Additionally, each subject receives
a participation fee of 5 CNY, and up to 3.5 CNY for answering the Review Ques-
tions correctly.® The average earning was 84.72 CNY (13.03 USD). Experimental

instructions are included in the Appendix.

4.5 Experimental Results

We first examine individual behavior under each of the three mechanisms, paying
particular attention to the extent and patterns of their preference manipulation. We
then study the performance of the mechanisms at the aggregate level: efficiency,
stability, choice accommodation, and the proportion of matching that coincides with
Nash equilibrium outcomes.

We introduce some notations when presenting the results. Let A > B denote

3The exchange rate at the time of the experiment was approximately 1 USD = 6.5 CNY.
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that a measure (e.g. stability) under mechanism A is greater than the corresponding

measure under mechanism B at the 5% significance level or less.

4.5.1 Individual behavior

We first examine the extent to which individuals reveal their preferences truth-
fully, and the pattern of any preference manipulation under each of the three mech-
anisms. The manipulability hypothesis suggests that the parallel mechanism is less
manipulable than the Immediate Acceptance mechanism. Furthermore, under the
DA mechanism, truth-telling is a weakly dominant strategy. This leads to our first

hypothesis.

Hypothesis 13 (Truth-telling). (a) There will be a higher proportion of truth-telling
under the parallel than under the Immediate Acceptance mechanism. (b) Under the
DA mechanism, participants will be more likely to reveal their preferences truthfully
than under Immediate Acceptance mechanism. (¢) Under the DA mechanism, partic-
ipants will be more likely to reveal their preferences truthfully than under the parallel

mechanism.

Figure 4.1 and the upper panel of Table 4.3 report the proportion of truthful
revelation of all choices. We report the information averaged over all rounds, where
p-values are computed from one-sided permutation tests, treating each session as an

independent observation.

Result 18 (Truth-telling). The proportion of truth-telling under the three mecha-

nisms has the following order: DA > PA > IA.

Support. Using each session as an independent observation, pairwise comparisons
of the proportion of truthful revelation of all choices each yields p = 0.014 (one-sided
permutation test). By Result 18, we reject the null hypotheses in favor of Hypothesis
13.
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Figure 4.1: Proportion of truth-telling over time.

Table 4.3: Proportion of truth-telling and first choice truth-telling at session level

Proportion of truth-telling
Session A PA DA H, p-value

1 0.125 0.203 0.378 IA <PA 0.014
2 0.131 0.203 0.356 PA < DA 0.014
3 0.150 0.206 0.561 IA < DA 0.014
4 0.161 0.225 0.433

Overall 0.142 0.209 0.432

Proportion of first choice truth-telling
Session A PA DA H, p-value

1 0.178 0.258 0.531 TA <PA  0.014
2 0.178 0.242 0.439 PA < DA 0.014
3 0.172 0.256 0.600 IA < DA  0.014
4 0.192 0.244 0.486

Overall 0.180 0.250 0.514

Notes: p-values computed from one-sided permutation tests with each session treated
as an independent observation.
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Although neither TA nor PA is strategy-proof, IA specifically puts emphasis on
students’ first choices, while PA does not. Therefore, we pay further attention to
the first choice truth-telling behavior. The bottom panel of Table 4.3 reports the
proportion of truthful revelation of the first choice. We can see that it has the
same order of truth-telling, that is, DA > PA > [A. Statistical tests using one-sided
permutation support this finding (p = 0.014 for all pairwise comparisons at session
level).

The above findings are consistent with the experimental findings of Chen and
Sonmez (2006) comparing IA and DA, and Chen and Kesten (2014) comparing all
three mechanisms.

In addition to knowing the extent to which students manipulate their strategies,
we are also interested in the ways they manipulate. Propositions 5 and 6 imply that
under [A, to play Nash requires careful manipulation of one’s first choice, and such
requirement is relaxed to first two choices under PA. This is further relaxed under
DA. Similar to the district bias identified in Chen and Sénmez (2006) and Chen and
Kesten (2014), we define rank bias as the tendency of students to list colleges whose
positions in the students’ preference rankings are equal or close to these students’
rank of scores; i.e., students’ position in colleges’ priority lists. For example, a 4th

ranked student tends to list her 4th preferred college as her first choice.

Hypothesis 14 (Rank bias). The proportion of rank bias under the three mecha-
nisms follows the order of: DA > PA > TA.

Result 19 (Rank bias). Students are significantly more likely to exhibit rank bias
under the IA than under the PA mechanism, and more under the PA than under the

DA mechanism.

Support. Table 4.4 reports probit (1 and 2) and OLS (3 and 4) specifications to

examine the extend to which students manipulate their ROLs based on their rankings
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in the test. Specifications (1) and (2) report that the lower a student’s rank of score
is, the more likely he will manipulate the reported first choice (marginal effect of
going down one rank is -25.3%, p < 0.01). The magnitude of manipulation follows
the order of: TA > PA > DA, as marginal effects of interaction terms Ranking x DA
and Ranking x PA are 19.5% (p < 0.01) and 7.2% (p < 0.01), respectively, and
significantly different from each other (F-test p < 0.01). Additionally, specifications
(3) and (4) report the effect of students’ rankings on the first choice colleges’ positions’
within students’ true preference rankings. Similarly, we can see that the lower a
student’s rank of score is, the worse the college in the preference ranking he will list
as the first choice (the effect on the position of first choice colleges of going down one
rank is 0.201, p < 0.01). The magnitude has the following order as well: TA > PA
> DA, as coefficients of interaction terms Ranking x DA and Ranking x PA are
-0.331 (p < 0.01) and -0.045 (p < 0.01), respectively, and significantly different from
each other (F-test p < 0.01). The results are robust after further controlling for risk
preference measured by the switch point in the Holt-Laury lottery game* and period.

Additional tests using ordered probit specifications are in the appendix.

By Result 19, we reject the null hypothesis in favor of Hypothesis 14. Further,
Figure 4.2 illustrates that nearly all students who are ranked first report their true
first choices. The proportion of truth-telling diminishes after rank 1 for TA and after
rank 2 for PA. While lower than that of the top ranked students, the proportion of
truth-telling remains steady and significantly higher than zero under DA, providing
further support for the theoretical predictions of Proposition 5 and 6.

Results from the experiment for individual behavior confirm the theoretical pre-
dictions: the more emphasis a mechanism puts on the first choice (which has the
order of: TA > PA > DA), the less likely students will report their true preferences.

Specifically, they manipulate according to their ranks in test scores. The following

4Subjects who switched multiple times are excluded.
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Table 4.4: Rank Bias
Dependent variable: First choice truth-telling True position of reported
first choice college

(1) (2) (3) (4)

DA -0.190%#F%  _0.211%F** 0.201*%* 0.254 %4
(0.041) (0.041) (0.050) (0.046)

PA -0.042 -0.073 -0.167*+* -0.146**
(0.060) (0.060) (0.050) (0.050)

Ranking -0.253%FF*  _(0.263*** 0.735%** 0.742%**
(0.017) (0.021) (0.011) (0.012)

Ranking x DA 0.195%+* 0.208*#* -0.331%%* -0.359%**
(0.018) (0.022) (0.035) (0.033)

Ranking x PA 0.072%** 0.091%** -0.045** -0.053**
(0.028) (0.030) (0.015) (0.020)
Period -0.000 0.006
(0.001) (0.004)
HL Switch Point -0.009 0.021
(0.008) (0.019)
Constant 0.4397%** 0.215
(0.033) (0.129)
Observations 4,320 3,920 4,320 3,920
R? 0.609 0.618

Notes: (1) and (2): Probit regression report the marginal effect of ranking on the
probability of first-choice truth-telling; (3) and (4): OLS regression reporting the
effect of ranking on the true position of the reported first-choice colleges; standard
errors in parentheses are clustered at session level. ***. p < 0.01; **: p < 0.05;
*: p < 0.1. When controlling for risk attitude, 20 students (400 observations) are
dropped due to multiple switching points in the Holt and Laury lottery game.
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Figure 4.2: First choice truth-telling sorted by student test score ranking

subsection investigates whether the predictions still hold on an aggregate level.

4.5.2 Aggregate Performance

Next we turn to the aggregate performance of the three mechanisms. First we
present the stability result. We measure stability at the individual level: whether
a student exhibits justified envy toward at least one other student or not. Figure
4.3 illustrates the proportion of students exhibiting justified envy. Similar to the
definition in the school choice literature, if a student exhibits justified envy, it means
that a college he prefers to his current match admits a student that scores lower in
the test. If a student exhibits justified envy, then the matching is unstable.

Figure 4.5 and Table 4.5 report the proportion of students who exhibit justi-
fied envy. We report the information averaged over all rounds, where p-values are

computed from one-sided permutation tests, treating each session as an independent
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observation.

The Nash equilibrium matching outcomes under all three mechanisms are stable.
However, under Immediate Acceptance and PA, stable outcomes require students
play Nash, while under DA playing dominant strategies would also lead to stable

outcomes.

Hypothesis 15 (Stability). The matching is more stable under the DA than under

the PA mechanism, and is more stable under the PA than under the IA mechanism.

Result 20 (Stability). The matching stability has the following order: DA > PA >
IA.

Support. Using each session as an independent observation, pairwise comparisons
of the proportion of students exhibiting justified envy using one-sided permutation

test, IA > PA yields p = 0.086, PA > DA p = 0.043, and TA > DA p = 0.014.

Note that while there is difference in stability in general, the difference disappears
in the last five periods. This may be explained by subjects learning to play equilibrium
strategies, which lead to stable matching outcomes under all three mechanisms. I will
explore this later in this section.

By Result 20, we reject the null hypothesis of no difference in favor of Hypothesis
15.

Next we present the efficiency result. We measure the welfare/efficiency of the
mechanisms by summing individual payoffs in a group. We then normalize the payoff

using the following formula:

Actual sum of payoffs — Minimum sum of payoffs

Normalized Payoff-based Efficiency = .
z v Y= Maximum sum of payoffs — Minimum sum of payoffs
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Figure 4.3: Proportion of students exhibiting justified envy.

Table 4.5: Proportion of students exhibiting justified envy at session level.

Proportion of students exhibiting justified envy
Session  TA PA DA Ha p-value

1 0.033 0.019 0.006 IA <PA  0.086
2 0.056 0.017 0.006 PA < DA 0.043
3 0.022 0.036 0.019 IA <DA 0.014
4 0.067 0.022 0.014

Overall 0.044 0.024 0.011

Notes: p-values computed from one-sided permutation tests with each session treated
as an independent observation..

117



We also calculate the rank-based efficiency: we sum up the rank of matched
colleges in students’ true preferences for each group. We then normalized it based on

the following formula:

Actual f ks — Mini f k
Normalized Rank-based Efficiency = ctual sum oF ranks [T St o ranks

Maximum sum of ranks — Minimum sum of ranks’

In our environment, the minimum sum of payoffs is 57, and the maximum is 65;
the minimum sum of ranks is 19, and the maximum is 23. Table 4.6 summarizes the
normalized efficiency at the session level. We report the information averaged over
all rounds and sessions, where p-values are computed from two-sided permutation
tests, treating each session as an independent observation. Recall that when students
play Nash equilibrium strategies, all three mechanisms lead to the same group payoff.

Therefore we do not have systematic efficiency hypothesis.

Result (Efficiency). There is no significant efficiency difference between any two of

the mechanisms.

Support. In Table 4.6, pairwise comparisons show no significant difference in either
payoff-based or rank-based efficiency between IA and DA (p = 0.400), IA and PA
(p = 0.457), or DA and PA (p = 0.857).

The above result shows that not only the three mechanisms, while varying greatly
in manipulation, are similar in efficiency, it also shows the level of efficiency is high,
reaching approximately 80% in payoff-based efficiency for all three mechanisms. The
reason why this happens may lie in the strategic sophistication of students, which
we explore next, through reported choice accommodation and proportion of Nash
equilibrium outcomes.

First we look at the reported choice accommodation rate. The matching under the
Immediate Acceptance mechanism highly depends on students’ first choices. There-

fore, the success of manipulation under the Immediate Acceptance mechanism relies
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Table 4.6: Efficiency

Dependent variable: Prestige of first-choice college
(1) (2) (3)
Y2009 -0.051%*%  -0.052%**  -(.052%**
(0.003) (0.003) (0.004)
Tierl 0.191%**  0.200%F*  (0.198***
(0.005) (0.004) (0.005)
Y2009 x Tierl 0.044%F* 0.046***F  0.047*F**
(0.010) (0.011) (0.012)
Percentile Ranking 0.2047%#%  (0.293***
(0.015) (0.015)
Science 0.022
(0.011)
Rural -0.009
(0.006)
Female -0.009
(0.009)
Constant 0.567HF*  0.412%**F  (0.408%**
(0.013) (0.011) (0.009)
Observations 6,757 6,757 6,757
R? 0.117 0.221 0.223

Notes: p-values computed from two-sided permutation tests with each session treated
as an independent observation.
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on how to list one’s first choice strategically, as suggested in Proposition 5. While
under the Deferred Acceptance mechanism, truth-telling is a weakly dominant strat-
egy. Moreover, Proposition 3 in Chen and Kesten (2014) shows that PA with e = 2
assigns a higher number of students to the first two choices. The following hypothesis

summarizes this finding.

Hypothesis 16 (Reported choice accommodation). The proportion of students re-
ceiving their reported first choice will be the highest under the IA mechanism, followed
by the PA mechanism, which is in turn followed by the DA mechanism. The propor-
tion of students receiving their reported first two choices will be the highest under the

PA mechanism, followed by the TA, which is in turn followed by the DA mechanism.

Result 21 (Reported choice accommodation). The reported-first choice accommo-
dation rate has the following order: IA > PA > DA; the reported first two choices

accommodation rate has the following order: PA > [A > DA.

Support. Using each session as an independent observation, pairwise comparisons of
the reported first choice accommodation rate using one-sided permutation test each
yields p = 0.014. Pairwise comparisons of the reported first two choice accommoda-
tion rate between PA and IA yields p = 0.1, IA and DA p = 0.014, and PA and DA
p = 0.014.

By Result 21, we reject the null hypotheses in favor of Hypothesis 16. Notably,
the reported first choice accommodation rate of TA reaches 80%, and the reported
first two choices accommodation rate of PA almost reaches 92%.

The upper panel of Table 4.7 reports the reported first choice accommodation
rate at the session level, while the lower upper panel reports the reported first-two
choice accommodation rate. Figure 4.4 further shows that the only important choice
considered by students under IA is the first choice, while both first and second choices

are considered important under PA with e = 2. DA exhibits less of such a bias.
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Figure 4.4: Choice accommodation.

Table 4.7: Reported choice accommodation rate at session level

First choice accommodation
Session  TA PA DA Ha p-value

1 0.822 0.622 0.394 IA >PA 0.014
2 0.822 0.547 0.511 PA > DA 0.014
3 0.822 0.525 0.375 TA > DA  0.021
4 0.781 0.533 0.467

Overall 0.812 0.557 0.437

First two choices accommodation
Session  TA PA DA Ha p-value

1 0.922 0.922 0.672 PA >1A 0.1
2 0.900 0.928 0.733 IA > DA 0.014
3 0.892 0.917 0.647 PA > DA 0.014
4 0.875 0.897 0.706

Overall 0.897 0.916 0.690

Notes: p-values computed from one-sided permutation tests with each session treated
as an independent observation.
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Next we connect the choice accommodation rate with matching outcomes. The
following hypothesis is closely related to the stability hypothesis, given that stable
outcomes coincide with Nash equilibrium outcomes. Moreover, previous study shows
that the dominant strategy equilibrium, when coinciding with Nash equilibrium, is
more likely to be chosen. This predicts that when the Nash equilibrium outcome is

also the result of truth-telling (under DA), it will happen more frequently.

Hypothesis 17 (NE outcome). More groups will achieve Nash equilibrium outcomes
under the Deferred Acceptance mechanism that under either of the other two mech-

anisms.

Result 22 (NE outcome). The proportion of Nash equilibrium outcomes under DA
is significantly higher than under PA and IA, while the proportion is not significantly
different between PA and IA.

Support. Using each session as an independent observation, pairwise comparisons
of the proportion of group level stable/NE outcomes report that the stability of DA
is significantly higher than both TA and PA (p = 0.043, p = 0.071 respectively), while
there is no significant difference between IA and PA (p = 0.443). The result rejects

the null hypotheses in favor of the Hypothesis 17.

Table 4.8: Proportion of NE outcomes

Proportion of NE Outcomes

Session A PA DA Ha p-value
1 0.883 0.933 0.967 IA <PA  0.443
2 0.817 0.833 0.967 PA <DA  0.07
3 0917 0917 0.883 TA < DA 0.043
4 0.767 0.600 0.933

Overall 0.846 0.821 0.938

Notes: p-values computed from one-sided permutation tests; independent observation
at session level.
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Proportion of NE Outcomes Over Time
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Figure 4.5: Proportion of NE outcomes over time.

High first choice accommodation rate and proportion of Nash equilibrium out-
comes from the above results require less conflicted first choices among students,
which in turn means subjects implicitly coordinate with each other on the Nash
equilibrium strategies through observed types/preferences to achieve highly efficient
aggregate outcomes. Such level of strategic coordination requires a certain level of
sophistication of our subjects. Based on our post-experiment survey, 99% of our sub-
jects participated in the Chinese college admission systems, and they know what are
the best things for them to do. We test this sophistication conjecture by looking at
the time students take to make decisions, and have the following result, illustrated in

Figure 4.6.
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Average decision time for students of different rank of scores
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Figure 4.6:

Average decision time for students of different rank of scores (in seconds).

Result (Decision time). Students who are ranked in the middle take significantly
longer time to list their college preferences.

Support. Students who are ranked below first take longer to make decisions than if

they are ranked at the top (p < 0.001; two-sided permutation test with each period
as an independent observation).

4.6 Data and Empirical Methods

We supplement our laboratory experiment with an empirical study of a natural
experiment. Our dataset consists of the college admissions data of Santai (san téi)
County in Mianyang (midn yang) City in the Sichuan Province in southwestern China

for the year 2008 and 2009. The county has a population of 1.47 million in 2013. It is

124




84.67% rural®, with per capita GDP of USD 2747.5, below the national average of USD
6169.8 6 7. Out dataset includes students’ test scores in the National College Entrance
Exam, students’ reported preferences of colleges (rank-ordered list), the colleges each
student eventually got admitted into, and student demographic information.

Chinese colleges are categorized into tiers of decreasing prestige and quality. For
example, Tier 1 colleges are generally considered better than Tier 2 colleges, etc.
College admissions mechanisms are executed sequentially across tiers. When assign-
ments in the first tier are finalized, the assignment process in the second tier starts,
and so on. Our dataset contains all students who participated in the Tier 1 and Tier
2 admissions in 2008 and 2009.

For the period of our dataset, students submitted their rank-ordered lists of col-
leges after taking the college entrance exams and knowing their test scores as well
as their relative standings among all the students in the province. The Provincial
College Admissions Office determined whether a student was eligible to participate
in the admissions of each tier by setting up an endogenously determined cutoff score,
such that the number of students who were above the Tier 1 cutoff was approximately
120% of the total quota of all Tier 1 colleges; the number of students who were above
the Tier 2 cutoff was approximately 120% of the total quota of all Tier 1 and Tier 2
colleges; etc.

Additionally, there were two separate matching markets each year for the two
academic tracks: humanities and social sciences (humanities henceforth), and science
and engineering (science henceforth). Students separate into one of the two tracks in
their second year of high school, and take the corresponding set of exams. Likewise,
each college has separate quota for each of the two tracks.

Between the college entrance exams of 2008 and 2009, the government of Sichuan

5The national rural population is 47.43%.
Shttp://www.stats.gov.cn/tjsj/ndsj/2013 /indexeh.htm. Retrieved on 3/30/2015.
Thttp:/ /jy.libai.cn/santai/438823895328358400/20140411 /486714.html. Retrieved on 3/30/2015.
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province announced that it would change the college admissions mechanism for its
Tier 1 admissions from the Immediate Acceptance mechanism to the parallel mecha-
nism. The mechanism for all other tiers remain unchanged. This policy change serves
as a natural experiment testing the effect of different matching mechanisms. Since
students participate in college admissions during their last year of high school, and
the policy change were announced after the previous year’s admission was finished,
students were selected into different treatment groups by birth.

Even though students are randomly selected into different years by birth, there
might still be some changes in trend happening between the two years, such as stu-
dents’ overall preferences for humanities and science programs. We exploit the fact
that in the province where we collect data from, only the mechanism for Tier 1 admis-
sions changed where as Tier 2 admissions mechanism remained the same. Therefore,

we estimate the following difference-in-differences model:

where y; is the outcome variable, measuring strategies or matching outcomes for each
student. Y2009; and Tierl; are dummy variables that equal to 1 for the Year 2009
and Tier 1, respectively. The vector, X;, contains students’ individual characteristics,
including gender, location (rural or urban), academic track (humanities or science),
and ranking of test scores.

Table 4.9 presents the summary of the dataset. Students in different academic
tracks and from different demographic backgrounds are similarly distributed for both
years and both tiers. Note that there are students who participate in the admissions
of both tiers (e.g. not admitted by any Tier 1 colleges who then move down a tier),

and who list ROLs for both Tier 1 and Tier 2.8

8Note that ROL submissions happen after the entrance exam and before the admissions start.
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Table 4.9: Summary statistics of the data
2008

Total Female Rural Science

Participated in Tier 1 admission 620 32.3% 80.2%  81.8%
Participated in Tier 2 admission 2443  40.4% 80.8%  70.9%
Participated in both 122 43.4% 81.1%  77.9%

Submitted Tier 2 ROL 2868  39.2% 80.8% 72.4%
Submitted Both 547 34.6% 80.8% 80.4%

2009

Total Female Rural Science

Participated in Tier 1 admission 769  36.3% 79.7%  80.6%
Participated in Tier 2 admission 2735  42.7% 83.1%  73.8%
Participated in both 135 46.7% 81.5%  77.0%

Submitted Tier 2 ROL 3266 41.4% 82.7%  74.8%
Submitted Both 665 37.1% 80.9% 79.1%

4.7 Empirical Results

In this section, we report the results of our empirical analysis of the naturally-
occurring data. We first report student strategies, then their matching outcomes, as
a result of the change in matching mechanisms for Tier 1 admissions. Students can
manipulate their strategies by truncating their rank-ordered lists and by misreporting
the ranking of different colleges on their rank-ordered list.

The empirical study of the change in college admission mechanisms provide us with
a natural way with high external validity to look at how matching mechanisms affect
strategies and matching outcomes. However, one significant limitation is that we do
not know students’ true preferences over colleges. To study strategic manipulation
as well as matching stability, we must know students’ preferences over colleges. In
this section, we approximate such preferences using colleges’ prestige, based on the
assumption that students’ preferences are highly correlated.

First, we look at the length of students’ rank-ordered lists (ROL). Table 4.11
presents three OLS specifications. The dependent variable is the length of student

ROL, whereas the independent variables (omitted) include Y2009 (Y2008), Tierl
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(Tier2), Y2009 x Tierl, Science (Humanities), Rural (Urban), Female (Male), and
Percentile Ranking. The variable, Percentile Ranking, is calculated as follows. Since
matching is carried out separately by year (2008/2009), tier (1/2), and academic track
(humanities/science), we calculate student ranking in each of the 8 markets based on
their test scores in the college entrance exams. To correct for different market size, we

then normalize student ranking to their percentile ranking in their respective market.

Table 4.10: Summary statistics of the results

Tier 1 Tier 2

2008 2009 2008 2009
First choice prestige 0.76  0.75 0.57 0.52
Likelihood of listing local college(%) 33.8 39.3 66.1 754
Length of ROL 3.66 4.46 4.21  4.26
First choice accommodation rate(%) 74.0 50.2 67.3 67.2
First 5 choices accommodation rate(%) 78.1 79.8 7.8 759
Stability score 0.89 0.88 0.87 0.88

We find several interesting results. First, the main treatment effect, Y2009 x
Tierl, is positive and significant, indicating that the change from the Immediate
Acceptance to the parallel mechanism in Tier 1 admissions in 2009 increases the
average ROL length in 2009 by 0.75, that is, a student lists approximately one more
school for Tier 1 in 2009. Since the length of Tier 2 ROL is stable across the two years,
the change in the length of Tier 1 ROL is likely due to the change in the matching
mechanism. Second, the coefficient of the Tierl dummy is negative and significant,
indicating that the average length of Tier 1 ROL is shorter than the corresponding
Tier 2 ROL in 2008. This can be explained by the fact that there are fewer colleges
in Tier 1 than in Tier 2: for 2005 and afterward, there are 175 colleges to choose from
for Tier 1 and 433 for Tier 2. Furthermore, we note that students in the science track
have shorter ROL, women have longer ROLs, and higher ranked students submit
shorter ROLs.

Next we look at mechanism effect on the ranking of colleges as students chose as
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Table 4.11: . ) ]
Effects of matching mechanisms on the length of rank-ordered lists (OLS)

Dependent variable: Length of ROL
(1) (2) (3)
Y2009 0.049 0.049 0.055
(0.085) (0.082) (0.089)
Tierl -0.550**  -0.551%*%  -0.515**
(0.167) (0.177) (0.179)
Y2009 x Tierl 0.751%*%  0.752%** (. 738%**
(0.110) (0.121) (0.124)
Percentile Ranking -0.663***  -0.656%**
(0.141) (0.139)
Science -0.301***
(0.058)
Rural -0.053
(0.038)
Female 0.127%**
(0.029)
Constant 4.210%8F  4.547%FF% 4 749%H*
(0.044) (0.121) (0.155)
Observations 7,523 7,523 7,523
R? 0.021 0.045 0.061

Notes: Standard errors in parentheses are clustered at the high school level. ***

p < 0.01, ** p < 0.05, * p < 0.10.
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their first choices. Since we do not observe student true preferences over colleges,
we use published national college rankings for 2008 and 2009 as proxies for student
true preferences. Such approximation is based on the fact that student preferences
over colleges are highly correlated: most students prefer higher ranked colleges over
lower-ranked ones, as ranking is highly correlated with quality. As college rankings
fluctuates locally from year to year, we further divide the colleges into coarser groups
of ten based on their rankings. The only exception is that we treat the top two (Peking
and Tsinghua) universities as their own group, since they have been consistently
ranked as the best two universities in China for many years. Our coarse ranking puts
Peking and Tsinghua University as group 1, universities ranked 3-10 as group 2, 11-
20 as group 3, etc., with ten colleges in each group. We calculate the coarse ranking
of colleges for each tier, and then normalized them to [0,1] to correct for different
numbers of colleges in each tier. We call this normalized coarse ranking prestige. Our
normalization also corrects for the natural correlation between college ranking and
tier.

Table 4.12 reports the effects of mechanism change on the prestige of student
reported first choices. The dependent variable is the normalized ranking (from 0 to
1) of the student reported first choice based on the coarsified ranking of colleges in
each tier and each year. The independent variables (omitted) again include Y2009
(Y2008), Tierl (Tier2), Y2009 x Tierl, Science (Humanities), Rural (Urban), Female
(Male), and Percentile Ranking.

We find that the main treatment effect, Y2009 x Tierl, is negative and significant,
indicating that students list more prestigious colleges as their Tier 1 first choices in
2009, with a magnitude between 4-5%. This is consistent with the theoretical predic-
tion of the insurance property of the parallel mechanism compared to the Immediate
Acceptance mechanism. We further find that student Tier 2 first choices in 2009 are

ranked about 5% lower than the corresponding ranking in 2008 (Y2009: p < 0.001).
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Table 4.12:
anie Effects of matching mechanisms on the prestige of reported first choices

(OLS)
Dependent variable:  Prestige of first-choice college
(1) (2) (3)
Y2009 -0.051%**  -0.052%**  _(0.052%**
-0.003 -0.003 -0.004
Tierl 0.191%**  0.200%%*  (0.198***
-0.005 -0.004 -0.005
Y2009 x Tierl 0.044FF%  0.046%**F  0.047+**
-0.01 -0.011 -0.012
Percentile Ranking 0.2094%**  (.203%**
-0.015 -0.015
Science 0.022
-0.011
Rural -0.009
-0.006
Female -0.009
-0.009
Constant 0.567FFF  0.412%FF  (.408%***
-0.013 -0.011 -0.009
Observations 6,757 6,757 6,757
R? 0.117 0.221 0.223

Notes: Standard errors in parentheses are clustered at the high school level. ***

p < 0.01, ¥ p < 0.05, ¥ p < 0.10.
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It is not clear what drives this effect. Consistent with theory, we find that students
with a one-percentile increase in test scores increase the ranking of their first-choice
colleges by 0.29%. Lastly, Tier 1 first choices in 2008 ranked between 19-20% higher
than Tier 2 first choices, which might reflect risk aversion in the event that students

did not get into Tier 1 colleges.

Table 4.13:
abie Effects of matching mechanisms on the likelihood of ranking a local college

as first choice: Probit

Dependent variable: Local college as first choice
(1) (2) (3)
Y2009 0.094FF%  0.094%#*  (.093***
(0.022) (0.022) (0.023)
Tierl -0.289%**  _(.293%** (). 297HH*
(0.023) (0.026) (0.025)
Y2009 x Tierl -0.043* -0.044* -0.043*
(0.024) (0.025) (0.026)
Percentile Ranking -0.164%*%  -0.164%**
(0.011) (0.012)
Science 0.053**
(0.025)
Rural -0.019%*
(0.007)
Female 0.013
(0.013)
Observations 6,757 6,757 6,757

Notes: Standard errors in parentheses are clustered at the high school level; reporting
marginal effects. *** p < 0.01, ** p < 0.05, * p < 0.10.

In several laboratory studies of school choice, a safe strategy adopted by many
students under the Immediate Acceptance mechanism is the district school bias, where
students rank their district school higher than its true ranking since student priority
is higher in their district school. A similarly safe strategy in the college admissions
context is to list one’s local college (a college in the same province) as the first choice.
Local colleges are generally considered “safer” choices because they have higher quota

for local students.
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Table 4.13 presents three probit specifications, each examining the effects of mech-
anism change on the likelihood that a student adopts a safe strategy, i.e., lists a local
college as his or her first choice. The dependent variable is whether a student lists a
local college as his or her first choice (by tier). The independent variables (omitted)
again include Y2009 (Y2008), Tierl (Tier2), Y2009 x Tierl, Science (Humanities),
Rural (Urban), Female (Male), and Percentile Ranking.

We have several interesting findings. First, in 2009, students are 9% more likely
to list a local college as their first choice in Tier 2 compared to the previous year
(p < 0.01). Second, the main treatment effect, Y2009 x Tierl, is negative and
marginally significant, indicating a 4% decrease in the likelihood of listing a local
college as first choice for Tier 1 college ranking (-0.043, p < 0.10). This effect,
though weakly significant, is consistent with the theoretical prediction. Third, in
2008, students are 29.7% less likely to list a local college in Tier 1 than Tier 2 college
rankings. Additionally, we find that students in the science track (from rural areas)
are 5% more (2% less) likely to list a local college as their first choice. Finally, students
with a one-percentile increase in test scores decrease their likelihood of listing a local
college as their first choice by 0.16%.

We now summarize our treatment effect on student ranking strategies below:

Result 23. Changing Tier 1 admissions mechanism from the Immediate Acceptance
to the parallel mechanism in 2009 leads to a significant increase of the length of
the rank ordered list by approximate one more college, a significant 5% increase of
the prestige of first-choice colleges, and a marginally-significant 4% decrease in the

likelihood of listing a local college as their first choice.

Our analysis indicates that the replacement of the Immediate Acceptance mecha-
nism with the parallel mechanism in Tier 1 admissions in 2009 results in less manip-
ulation by truncation in the rank ordered list, and more risk taking in the ranking

of first choices. These empirical results are consistent with the theoretical predic-
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tion that the parallel mechanism is less manipulable than the Immediate Acceptance
mechanism, and that it offers insurance to students. The result regarding the prestige
of the first choice college also mirrors that of the rank bias result in the laboratory
experiment: the lower students are ranked in the test, the less prestigious colleges
they will rank as their first choice, and controlling for rankings in the test, the “rank”
of first choice colleges are lower under the IA mechanism. Therefore, it provides
empirical support for Hypothesis 14.

Next we investigate the effects of mechanism change on matching outcomes. First,
we look at the effects of mechanism change on the likelihood that a student is ad-
mitted by his reported first choice. Table 4.14 reports three probit specifications,
each examining the effects of mechanism change on the likelihood of first choice ac-
commodation (1), with student percentile ranking (2) and demographic (3) controls.
The independent variables (omitted) again include Y2009 (Y2008), Tierl (Tier2),
Y2009 x Tierl, Science (Humanities), Rural (Urban), Female (Male), and Percentile
Ranking.

Consistent with our theoretical prediction, we find that the main treatment effect,
Y2009 x Tierl, is negative and significant, indicating that students are 24% less likely
to be admitted by their reported top choices in Tier 1 admissions in 2009, whereas
the likelihood of being admitted by first-choice colleges in Tier 2 in 2009 does not
change compared to the previous year (-0.001, p > 0.10). Additionally, students from
rural areas are 4% more likely to be admitted into their reported first choices. Finally,
students with a one-percentile increase in test scores increase their likelihood of being
admitted by their first choice by 0.56% (p < 0.001).

Next we investigate the effects of mechanism change on matching stability. In
the context of centralized college admissions, we characterize a matching outcome to
be more stable if the proportion of students a student has justified envy towards is

lower. Student 1 exhibits justified envy toward student 2 if student 2 scores lower in
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Table 4.14: Effects of matching mechanisms on first choice accommodation: Probit

Dependent variable: Admitted to first choice
(1) (2) (3)
Y2009 -0.001 0.001 -0.001
(0.021)  (0.021)  (0.021)
Tierl 0.071 0.081** 0.077**
(0.050) (0.038) (0.038)
Y2009 x Tierl -0.230%F*  -0.242%FF  _().239%**
(0.060) (0.056) (0.056)
Percentile Ranking 0.558%**  (.558%**
(0.022) (0.020)
Science 0.038***
(0.010)
Rural 0.039%**
(0.012)
Female 0.004
(0.007)
Observations 6,567 6,567 6,567

Notes: Standard errors in parentheses are clustered at the high school level; reporting
marginal effects. *** p < 0.01, ** p < 0.05, * p < 0.10.
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Table 4.15:
anie Effects of matching mechanisms on first 5 choices accommodation: Probit

Dependent variable: Admitted to first 5 choice

(1) (2) (3)

Y2009 -0.018 -0.013 -0.014
(0.023) (0.022)  (0.022)
Tierl 0.003 0.016 0.016
(0.042) (0.033) (0.033)
Y2009 x Tierl 0.037 0.032 0.033
(0.047) (0.040)  (0.041)
Percentile Ranking 0.455%**  (.455%**
(0.024)  (0.021)
Science 0.000
(0.007)
Rural 0.040%**
(0.011)
Female 0.000
(0.009)
Observations 6,567 6,567 6,567

Notes: Standard errors in parentheses are clustered at the high school level; reporting
marginal effects. *** p < 0.01, ** p < 0.05, * p < 0.10.
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the college entrance exams, but is admitted into a higher ranked college. Similar to
Table 4.12, we use the coarse ranking of colleges as proxies for student preferences
to calculate justified envy. Since matching is carried out separately by track, year
and tier, we divide our sample into 8 markets, and calculate a stability score for each

student in an appropriate market using the following formula:

# of students ¢ has justified envy toward

Stability Score, = 1 —
Y ! Total number of students in the corresponding market

Table 4.16: Effects of matching mechanisms on stability: OLS

Dependent variable: Stability score
(1) (2) (3)
Y2009 0.014*** 0.016***  0.016%**
(0.003) (0.003) (0.002)
Tierl 0.021*%%  0.015** 0.016**
(0.007) (0.005) (0.005)
Y2009 x Tierl -0.017*%%  -0.019*%*  -0.019**
(0.006) (0.006) (0.005)
Percentile Ranking -0.196***  -0.196%**
(0.006) (0.005)
Science -0.007#+*
(0.002)
Rural 0.007*
(0.003)
Female -0.001
(0.001)
Constant 0.866*** 0.969***  (.969***
(0.007) (0.005) (0.005)
Observations 5,594 5,594 5,594
R? 0.004 0.190 0.191

Notes: Standard errors in parentheses are clustered at the high school level. ***

p < 0.01, ** p < 0.05, * p < 0.10.

Table 4.16 reports the effects of mechanism change on matching stability. The de-

pendent variable is the stability score, whereas the independent variables (omitted)
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again include Y2009 (Y2008), Tierl (Tier2), Y2009 x Tierl, Science (Humanities),
Rural (Urban), Female (Male), and Percentile Ranking. We find that the main treat-
ment effect, Y2009 x Tierl, is negative and significant (-0.019, p < 0.05), contrary to
the theoretical prediction. While the effect is statistically significant, it is economi-
cally small. The average stability score in Tiers 1 and 2 in 2009 are not significantly
different (0.88 in both years). In addition, we find that Tier 2 matching outcomes
in 2009 are 1.4% more stable than those in 2008, whereas in 2008, Tier 2 matching
outcomes are 2% more stable than those in Tier 1. We also find that stability scores
for students in science track are 0.7% lower, whereas a one percentile increase in test
scores decreases the stability score by 0.002. We summarize our matching outcome

analysis below:

Result 24. Changing Tier 1 admissions mechanism from the Immediate Acceptance
to the parallel mechanism in 2009 leads to a significant 24 % decrease in admission by

reported top-choices colleges, and a significant 2% decrease in stability scores.

The first choice accommodation result is consistent with theoretical predictions.
It provides empirical support for Hypothesis 16 in addition to the experiment by
showing the similar result: students are indeed more focused on getting into their
reported first choices under TA . The stability result however, while small, is contrary
to theoretical predictions.

The above results regarding strategies and outcomes come from the difference-
in-differences estimates, relying on the fact that the mechanism for Tier 2 does not
change across the years. However, one concern about the use of DiD in this context
is that different mechanisms in Tier 1 may cause different kinds of students to be left
unadmitted after admissions for this tier. Those “left-over” students then continue to
participate in Tier 2 admissions. Because the composition of these students may be
different, the validity of using Tier 2 in DiD may not hold, because the composition

of students who participate also changes as a result of the mechanism change in Tier
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1. To address this concern, we exclude the bottom 20% ranked students in Tier 1,
and the top 20% ranked students in Tier 2: those who are most likely to be left over
and go to the next tier. Appendix 4.9.2 summarizes the results from this robustness
check. We find that other than the disappearance of the already weak result of local

college bias, all results remain robust.

4.8 Conclusion

College admission is one of the most important policy problems throughout the
world, and it has significant social welfare and economic development implication. In
China, every year there are around 10 millions of students going through the college
admission process, with mechanisms for matching students with colleges all over the
place, and virtually no two provinces use exactly the same mechanism. Some admis-
sion mechanisms used in some Chinese cities/provinces have some good properties,
which have not been thoroughly studied. Previous experimental matching literatures
in related areas focus on the school choice problem, which is different from central-
ized college admissions in practice. Moreover, the empirical evidences of the effect of
change in mechanisms are few.

In the first part of the paper, we design a laboratory experiment modeled in the
fashion of the centralized college admission clearinghouse in China, recruiting subjects
from a Chinese college, who have had high stakes and made decisions in the similar
real world game. We compare three mechanisms studied in Chen and Kesten (2014)
under the school choice context: the Immediate Acceptance mechanism, the Deferred
Acceptance mechanism and the Chinese Parallel mechanism, with increasing emphasis
on the reported first choices. Consistent with previous theoretical and experimental
results, we find that the more emphasis a mechanism puts on the first choice, the
more susceptible to strategic manipulation it is. Not surprisingly, a direct result

is that more students get admitted to their reported first choices under IA than
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PA, which is followed DA. The particular pattern of manipulation we identify in
this paper, the rank bias, also follows such order. However, we find that strategic
manipulation does not lead to efficiency loss, with all three mechanisms achieving
same, very high level of social welfare. This can be explained by both the designed
game environment, as well as students’ experience with allows them to coordinate
well. Manipulation does come at a cost: since stable matchings are identical to Nash
equilibrium outcomes, failure to reach the equilibrium outcomes lead to justified envy.
Therefore, although in theory all three mechanisms predict stable matchings when
students play Nash equilibrium strategies, the more manipulable a mechanism is, the
more unstable matching outcomes it produces.

To supplement the experimental findings, we analyze a natural experiment with
the help of difference-in-differences estimators. Although some theoretical properties
of matching mechanisms can not be directly tested empirically, due to the fact that
we do not know students’ true preferences, we still can draw some analogies between
the lab and the field. Specifically, because of the particular matching market we study
— the college admissions matching — we can make some assumptions to approximate
students’ preferences by college qualities. Mirroring the rank bias result from the
laboratory experiment, we find that when the mechanism changes from the Immediate
Acceptance mechanism to the parallel mechanism, students list better colleges as their
first choices, and they are less likely to list local, “safe” colleges as their first choices.
The first-choice accommodation prediction is also confirmed empirically. We also
find that students list more colleges in their rank-ordered list, which is not testable
by the lab experiment. However, we do not find economically significant difference in
stability.

Our findings provide strong support for the theoretical properties of college ad-
missions mechanisms. The findings stand both in a well controlled environment, as

well as in an environment with high external validity, where the scale of the market is
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large, and the stakes are high. Our results also imply that if more truthful revelation
of preferences over colleges by students is a top policy concern, then moving from the
Immediate Acceptance mechanism to the parallel mechanism most likely will achieve
that goal. On the other hand, if matching stability is more important, the evidence

at hand is not very obvious.

4.9 Appendix

4.9.1 Additional regression tables for the laboratory experiment

Table 4.17: Rank Bias - Additional Regressions

Dependent variable: First choice college
(1) (2)
DA -0.035 0.062
(0.078) (0.067)
SH -0.293%*F* (. 251 %**
(0.085) (0.087)
Ranking 0.809***  (.833***

(0.073)  (0.071)
Ranking times DA -0.208%**%  _(.344%**
(0.047) (0.042)

Ranking times SH -0.029 -0.047*
(0.023)  (0.028)
Period 0.008*
(0.005)
HL Switch Point 0.026
(0.025)
Constant cutl 1.473%%*  1.794%%*
(0.081)  (0.185)
Constant cut2 2.621%%* 2 948%**
(0.235)  (0.278)
Constant cut3 3.105***  3.422%**
(0.287)  (0.314)
Constant cut4 4.186%*%*  4.525%**
(0.410)  (0.421)
Constant cutb 6.211%%*  6.683***
(0.532)  (0.510)
Observations 4,320 3,920

Notes: Ordered Probit regression testing the effect of ranking on the true position of the reported
first-choice colleges; reporting regression coefficients; standard errors in parentheses are clustered at
session level. ***: p < 0.01; **: p < 0.05; *: p < 0.1. When controlling for risk attitude, 20 students
(400 observations) are dropped due to multiple switches in the lottery game.
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4.9.2 Robustness checks

4.9.2.1 Excluding students at the boundary

Table 4.18: ) ) )
Effects of matching mechanisms on the length of rank-ordered lists (OLS),

excluding students in the bottom 20% test scores in Tier 1, and in the
top 20% test scores in Tier 2.

Dependent variable: Length of ROL
(1) (2) (3)
Y2009 0.113 0.113 0.117
(0.089) (0.089) (0.091)
Tierl -0.524%F*  _0.606*** -0.585%**
(0.085) (0.083) (0.084)
Y2009 x Tierl 0.613%FF  0.613%*%*  0.602***
(0.098) (0.095) (0.099)
Percentile Ranking 0.420%HF  (0.423***
(0.077) (0.075)
Science -0.158%*
(0.044)
Rural -0.073
(0.043)
Female 0.077
(0.045)
Constant 4.430%*F  4.262%FFF  4,403***
(0.096) (0.111) (0.128)
Observations 6,036 6,036 6,036
R? 0.032 0.042 0.050

Notes: Standard errors in parentheses are clustered at the high school level. ***

p < 0.01, ** p < 0.05, * p < 0.10.

Compared to the original result in Table 4.11, the average tier effect remains simi-
lar. The coefficient for the interaction becomes smaller, indicating that the difference
in differences of the length of ROLs becomes smaller. The sign of the coefficient of
percentile ranking changes. This may be caused by the difference in this variable’s
range after 20% of students are excluded based on their ranking of test scores (either

bottom or top). Additionally, the significance of the female dummy is gone.
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Table 4.19:

Effects of matching mechanisms on the prestige of reported first choices
(OLS), excluding students in the bottom 20% test scores in Tier 1, and

in the top 20% test scores in Tier 2.

Dependent variable: Prestige of first-choice college
(1) (2) (3)

Y2009 -0.052%**  -0.053***  -(0.053%**
(0.005) (0.005) (0.004)

Tierl 0.238%F*%  (.185%#*  (.184***
(0.004) (0.002) (0.003)

Y2009 x Tierl 0.047%*%  0.048%*F*  (.048***
(0.011) (0.012) (0.012)

Percentile Ranking 0.312%#FF  (0.311%**
(0.011) (0.011)
Science -0.002
(0.010)
Rural -0.017
(0.009)
Female -0.005
(0.010)

Constant 0.533%FFF  0.401%FF  0.419%**
(0.012) (0.008) (0.012)
Observations 5,301 5,301 5,301
R? 0.166 0.239 0.240

Notes: Standard errors in parentheses are clustered at the high school level.

p < 0.01, ** p < 0.05, * p < 0.10.

Compared to Table 4.12, this result remains robust and similar.
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Table 4.20:
anie Effects of matching mechanisms on the likelihood of ranking a local college

as first choice: Probit, excluding students in the bottom 20% test scores
in Tier 1, and in the top 20% test scores in Tier 2.

Dependent variable: Local college as first choice
(1) (2) (3)
Y2009 0.097F%%  0.097*#*F  0.097***
(0.030) (0.030) (0.030)
Tierl -0.324%*%  _(.325%*F* (). 325%H*
(0.027) (0.026) (0.026)
Y2009 x Tierl -0.031 -0.031 -0.032
(0.030) (0.030) (0.032)
Percentile Ranking 0.006 0.007
(0.027) (0.028)
Science 0.017
(0.022)
Rural -0.027**
(0.013)
Female 0.027*
(0.016)
Observations 5,301 5,301 5,301

Notes: Standard errors in parentheses are clustered at the high school level; reporting
marginal effects. *** p < 0.01, ** p < 0.05, * p < 0.10.

Compared to Table 4.13, the previous weakly significant coefficient of the inter-
action is now not significant anymore. The coefficient of percentile ranking is also no
longer significant, which may similarly be explained by the change in variable range.
Additionally, the science dummy becomes non-significant, while the female dummy

becomes weakly significant.
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Table 4.21:
anie Effects of matching mechanisms on first choice accommodation: Probit,

excluding students in the bottom 20% test scores in Tier 1, and in the
top 20% test scores in Tier 2.

Dependent variable: Admitted to first choice
(1) (2) (3)

Y2009 -0.011 -0.009 -0.011
(0.023) (0.023) (0.023)

Tierl 0.268%FF  0.175%FF  0.170***
(0.037) (0.026) (0.024)

Y2009 x Tierl -0.295%*F*  _0.303***  -(.298%**
(0.051) (0.051) (0.049)

Percentile Ranking 0.517%F%  0.517***
(0.029) (0.027)

Science 0.036%**
(0.013)

Rural 0.0477%*
(0.014)
Female -0.001
(0.010)
Observations 5,261 5,261 5,261

Notes: Standard errors in parentheses are clustered at the high school level; reporting
marginal effects. *** p < 0.01, ** p < 0.05, * p < 0.10.

Compared to Table 4.14, the most obvious change is the coefficent for the tier
effect. This is however not surprising given that we exclude the least likely students

to get admitted to first choice for Tier 1, and the most likely for Tier 2.

145



Table 4.22:
anie Effects of matching mechanisms on stability: OLS, excluding students in

the bottom 20% test scores in Tier 1, and in the top 20% test scores in

Tier 2.
Dependent variable: Stability score
(1) (2) (3)
Y2009 0.017***  0.018%**  0.018%**
(0.004) (0.003) (0.002)
Tierl -0.017%%  0.024%%*  (0.025%**
(0.006) (0.005) (0.005)
Y2009 x Tierl -0.017%  -0.018**  -0.019**
(0.006) (0.006) (0.006)
Percentile Ranking -0.233***  -(.233%**
(0.008) (0.008)
Science -0.011%%*
(0.001)
Rural 0.007*
(0.003)
Female -0.002
(0.003)
Constant 0.881*F*  (.978%F* (.98 ***
(0.006) (0.006) (0.004)
Observations 4,361 4,361 4,361
R-squared 0.013 0.213 0.215

Notes: Standard errors in parentheses are clustered at the high school level. ***
p < 0.01, ** p < 0.05, * p < 0.10.

Compared to Table 4.16, the difference lies in the coefficient of percentile ranking,
which becomes larger, and coefficient for Tier 1 when ranking is not controlled. This
may also be explained by the difference in matching outcomes caused by the exclusion

of either bottom or top ranked students.
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