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We introduce a multivariate local-linear estimator for regression discontinuity
designs. Unlike current local-linear approaches, we handle multivariate designs
as multivariate. For that purpose, we develop a novel asymptotic normality for
multivariate local-polynomial estimators. Consequently, we overcome the limi-
tations of current local-linear approaches that either contradict the underlying
assumptions or have limited interpretation. We demonstrate the effectiveness of
our estimator through numerical simulations and an empirical illustration of a
Colombian scholarship study by Londomnio-Vélez, Rodriguez, and Sénchez (2020).
Specifically, our estimates reveal a richer heterogeneity of the treatment effect

that is hidden in the original estimates.
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1. INTRODUCTION

The regression discontinuity (RD) design takes advantage of a particular treatment
assignment mechanism that the eligibility of a program is set by the running variable.
For example, a scholarship is awarded to applicants whose scores are above a threshold.
The eligibility often requires additional requirement, such as the applicants’ poverty
scores being below a threshold as well. These RD designs are multivariate in their

running variables. The multivariate RD design is superior to the standard RD design
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in its capability to capture heterogeneous treatment effects over the policy bound-
ary. The multivariate design has the policy boundary to explore; however, the scalar
RD design has only the single point of the policy cutoff. The frequent practices are
dimension-redacted single-variable estimators; however, these practices either contra-
dict the underlying assumptions, which include Assumption 1 (a) of Calonico, Cattaneo,
and Titiunik (2014), or have limited interpretation and applicability. As a result, the
frequent practices ruin either their flexible interpretation or asymptotic validity.

We achieve flexible interpretation with asymptotic validity by proposing an alterna-
tive estimation that takes multivariate RD designs as multivariate. For that purpose,
we develop a novel asymptotic theory of the multivariate local-polynomial estimator
with dimension-specific bandwidths.

We demonstrate favorable properties of the estimator in simulation and empirical
replication studies. In simulation studies, our estimator demonstrates favorable perfor-
mance against the current practices. We apply our estimates to the data of Londono-
Vélez, Rodriguez, and Séanchez (2020) who study the impact of a Colombian scholarship
program on the college attendance rate. In the application, our estimates reveal a new
finding on the treatment effects heterogeneity that was hidden in the original estimates.
Specifically, the impact of the tuition program is homogeneous across different poverty
levels with the same test scores, however, the impact sharply declines among the poor
students with particularly high test scores.

Our contribution is in two-folds. First, to propose a multivariate local-linear RD
estimation, we complete the asymptotic theory of multivariate local-polynomial esti-
mation. Previously, Ruppert and Wand (1994) show the consistency of the multivariate
local-polynomial estimator; Masry (1996) later shows the asymptotic normality of the
estimator; however, Masry (1996) imposes that the bandwidths are common across di-
mensions. In our simulation results of Section 3, allowing for heterogeneous bandwidths
is critical for the bias correction procedure in the RD estimation. Hence, our asymptotic
result of our first contribution is theoretically important and practically relevant.

Second and more importantly, we fill the missing piece of practices in RD designs,
local-linear estimation for the multivariate RD design. For a scalar running variable, the

local-linear estimation of Calonico et al. (2014) with its companion package, rdrobust,
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is the first choice because the local-linear estimation is intuitive analogue to the RD
identification. Nevertheless, existing local-linear estimators are limited to a uni-variate
running variable. Current estimators are either not local-linear, limited in its inter-
pretation, or violating the underlying assumption for the asymptotic normality. Our
local-linear estimator is intuitive as much as a scalar-variable RD design, applicable to
a variety of designs, and is capable to reveal a rich heterogeneity in treatment effects
as demonstrated in our empirical illustration.

Local-linear estimation is the first choice for the RD estimator for a number of rea-
sons. On the one hand, in the identification strategy of RD designs, the treated and
control units around the boundary point are compared. On the other hand, in the ker-
nel estimation, the kernel-weighted averages of the treated and control units within a
small bandwidth from the boundary point are compared. Because local-constant estima-
tion has a boundary problem, local-linear estimation is preferred since Fan and Gijbels
(1992) and Imbens and Kalyanaraman (2012). Currently, however, multivariate estima-
tions are available only in a non-kernel procedure such as Imbens and Wager (2019)
and Kwon and Kwon (2020) with tuning parameters of the worst-case second derivative
instead of the bandwidth.

As a result in empirical practices, the applied researchers convert a multivariate prob-
lem into a single-dimensional problem by taking either (1) a subsample of all but one
requirement being satisfied for treatment or (2) some distance measure from a boundary
point. Two strategies are in relation of a trade-off. The former subsample strategy has
limited applicability by designs and is less capable of capturing heterogeneous effects
over the boundary; the latter distance strategy can produce different estimates over the
boundary; however, we point out its critical modeling issues below.

Matsudaira (2008) is an example of the first subsample strategy. Matsudaira (2008)
considers the participation of a program based on an either failure of language and
math exams. Matsudaira (2008) makes comparisons among two subsamples: first, the
language-passing students who are at the boundary of the math exam; second, the
math-passing students who are at the boundary of the language exam. These approaches
have two issues. First, not all multivariate RD designs can accommodate this subsam-

ple strategy. Second, these approaches mask the important heterogeneity in treatment
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effects over the boundary. For example, among students at the language score on the
border, the impact of a program may be substantially different by their math scores.
Such heterogeneity in treatment effects is academically interesting and policy-relevant.
Londono-Vélez, Rodriguez, and Sénchez (2020) accommodate the same strategy as
Matsudaira (2008), and we offer a richer heterogeneity than the original estimates as
demonstrated in Section 4 with their data.

In the second distance strategy, multivariate running variable is explicitly reduced to
a scalar distance measure. For example, Black (1999) computes the closest boundary
point for each unit and compares units of the same closest boundary point to achieve
the mean effect across the boundary. Furthermore, Keele and Titiunik (2015) propose
another approach with the Euclid distance from a particular boundary point. The dis-
tance approach is capable to estimate heterogeneous effects at each boundary point. A
package implementation in stata and R, rdmults, is also offered as a wrapper of rdrobust
to implement the latter Euclidean distance-based approach (Cattaneo, Titiunik, and
Vazquez-Bare, 2020). This second distance strategy is straightforward to implement
with the standard scalar RD estimator and applicable to a wider range of designs.

Conversely, there are two critical drawbacks in the distance strategy. First and crit-
ically, the value of the density of the Euclid distance converges to 0 as it approaches
to the boundary. Consequently, the density, which appears in the denominator of the
asymptotic variance, converges to 0 in the limit. As a result, Assumption 1 (a) of
Calonico et al. (2014) is violated, and asymptotic normality does not hold. This simple
fact is a novel remark in this study. Second, the induced conditional mean function
for a point contradicts the other induced mean function from a nearby point on the
boundary. We avoid these issues by handling the multivariate design as a multivariate
estimation.

In the remainder of the paper, we introduce and motivate our estimator it in Section
2. We evaluate the proposed estimator in a Monte Carlo simulation exercise in Section
3. We demonstrate the added value of our estimator in the empirical study of Londono-
Vélez et al. (2020) in Section 4. Specifically, our estimator reveals a richer heterogeneity
that was hidden in the original study, and our estimator is stable in its pattern relative

to current practice. We conclude with future challenges in Section 5.



2. METHOD
2.1. Model and Objective

Consider a binary treatment D € {0,1} and associated pair of potential outcomes
{Y(1),Y(0)} such that Y = DY (1) + (1 — D)Y(0) for an observed outcome Y € R. We
consider a sharp RD design with a vector of running variables R € R? for some integer
d > 1. Specifically, D = 1{R € T} where T is the treatment region, which is a subset
of the support of R. To fix ideas, consider a pair of scores (Ry, Ry) for a student. For
example, a student is eligible for a program when both scores exceed their corresponding
thresholds (¢, ). For such a program, the treatment region is 7 = {(R;, Ry) € R? :
Ry > ¢1, Ry > ¢o} (Figure 2.1 (a)). For another example, a student is eligible when the
sum of scores exceeds a single threshold ¢; +cy, T = {(Ry, Ro) € R? : R+ Ry > ¢+ ¢}
(Figure 2.1 (b)).

R, | R,

Treatment Treatment

Co b ............................................. cy .....................

Control Control

1 R1 C1 Rl

Panel (a) Panel (b)

FIGURE 2.1.— Tllustration of 7. Panel (a) is under 7 = {(Ry, Ry) € R* : Ry >
c1, Ry > co}; Panel (b) is under 7 = {(Ry, Ry) € R? : Ry + Ry > ¢ + o}

.....

Let ¢ be a particular point on the boundary of 7. Our target parameter is 6(c) :=
lim, erer EY (1) = Y(0)|R = r] = lim, . ,e7c E[Y (1) = Y(0)|R = r]. In the following,

we focus on the issues in estimating the given identified parameter, 6(c). Under the
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following assumption (Hahn, Todd, and der Klaauw, 2001; Keele and Titiunik, 2015),
0(c) is the average treatment effect (ATE) at each point of the boundary c:

ProposITION 2.1 (Keele and Titiunik, 2015, Proposition 1) If E[Y(1)|R = r| and
E[Y (0)|R = r] are continuous in r at all points ¢ of the boundary of 7; P(D; =1) =1
for all 7 such that R; € T; P(D; = 1) = 0 for all i such that R; € T¢, then,

0(c) = E[Y (1) — Y(0)|R = (]

for all ¢ in the boundary of 7.

2.2. Issues in the Conventional Estimators

In Introduction, we describe two major approaches of multivariate RD estimation.
The former subsample strategy such as Matsudaira (2008) is a single-variate RD design
because it restricts its attention to the subsample who satisfy all but one requirement for
treatment. Nevertheless, the subsample strategy is limited to a particular assignment
mechanism. Furthermore, the subsample strategy dismisses the important merit of the
multivariate designs, discovering the treatment effect heterogeneity. We demonstrate
this critical merit of our strategy in discovering the heterogeneity in Section 4 with the
Londono-Vélez et al. (2020) data.

In the latter distance strategy, multivariate running variable is explicitly reduced to
a scalar distance measure. Frequent choice is the Euclidean distance from a point or the
closest boundary (Keele and Titiunik, 2015). The distance strategy is straightforward
to implement in many designs; however, there are two critical drawbacks. First, a pair
of points of the same distance from the point on the boundary share the same mean
values. Hence, the induced conditional mean functions for different points contradict
each other unless the mean function is entirely homogeneous over the boundary. Second
and more importantly, the density of the distance running variable shrinks to zero as
approaching to the boundary. Consequently, the inference and estimates of the distance
strategy is not theoretically guaranteed because Assumption 1 (a) of Calonico et al.

(2014) is violated.
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To demonstrate the latter claim, consider the treated subsample R; € T and let

Z; = ||R; — ¢|| with a boundary point ¢ = (0, 0), for simplicity. For z > 0, we have

P(Zi < 2) = P(|Ri]| < 2) = / F(r1, r)dridry

{ri+r3<z?}

z 2m z 2m
= / / tf(tcosO, tsinf)dOdt = / t (/ f(tcosh, tsin Q)dG) dt
o Jo 0 0

TV
density function of Z;

where f(-,-) is the joint density of R = (Ry, Rs). Hence, as long as the density function
f(-,+) is bounded, the distance density

2

fz(2) ==z- ( f(zcosb, zsinﬁ)d@)

0

shrinks to 0 as R; approaches to the boundary point ¢ = (0,0). For the valid inference
of a scalar RD estimate, Calonico et al. (2014) assumes that the density fz(z) is contin-
uous and bounded away from zero (Assumption 1 (a)). Consequently, the asymptotic

normality of the local-linear estimation with Z; is not guaranteed.

In Appendix C, we further show that the kernel density estimation of the distance
running variable diminishes to 0 as the bandwidth A — 0. Hence, the issue can be
severe with a direct density estimation as in Imbens and Kalyanaraman (2012). The
use of rdrobust package avoids the direct density estimation, however, the same concern

applies in its asymptotic validity.

2.3. Our Estimator

We resolve the aforementioned limitations with a new estimator. Our estimator can
capture the heterogeneous treatment effect over the boundary unlike the subsample

strategy; our estimator avoids the issues in its inference unlike the distance strategy.

Consider the following local-linear estimator 5% (c) = (55 (¢), 37 (¢), B4 (¢))’

n

~

5+(C) = arg min Z(Y;Z_ﬁo_ﬁl(Ri,l —Cl) _ﬁQ(RZ‘72 —Cg))2Kh (RZ — C) ].{RZ € T}

(Bo,B1,82)'€R? ;4



8

where Kj,(R;—c) = K (Ri%l_cl, R’i—;‘”) and each h; is a sequence of positive bandwidths
such that h; — 0 as n — oo. Unlike Masry (1996), we allow h; # hy for the asymptotic
normality. Later in Section 3, we demonstrate the importance of allowing heterogeneous
bandwidths. Similarly, let 3~ (c) be the estimator using 1{R; € T¢} subsample. Our
multivariate RD estimator at ¢ is f7 (¢) — S5 (¢).

In the main text below, we demonstrate our theoretical results in a special case of
local-linear estimation with two-dimensional running variables. In Appendix A, under
the same assumptions shown below, we show the general results for pth order local-
polynomial estimation with d-dimensional running variables. These general results are
also the basis of the bias correction procedure of our estimator.

Because we consider a random sample, the treated sample is independent of the

control sample. Hence, we consider the following nonparametric regression models for

each sample:

}/i :7TL+(RZ) + €ty E[€+,i|Ri] = O, 1€ {1, N Rz S T} and
}/z' :m_(Rz) + €y E[g_,i|Ri] = O, 1€ {1, Lo, RZ S TC}

For the asymptotic normality, we impose the following regularity conditions that are
standard in kernel regression estimations. In Assumption 2.1, we assume the existence
of the continuous density function for the running variable R. Assumption 2.2 is the
regularity conditions for a kernel function to use. We pick a particular set of kernel
functions for our analysis later. Assumption 2.3 imposes a set of smoothness conditions
for the mean function m as well as for the moments of the conditional mean residual ;.
Finally, Assumption 2.4 specifies the rate of convergence of the vector of bandwidths

{h1, ..., hq} relative to the sample size n.

ASSUMPTION 2.1 Let U, be a neighborhood of r = (r1,...,74)".
(a) The random variable R; has a probability density function f.
(b) The density function f is continuous on U, and f(r) > 0.

ASSUMPTION 2.2 Let K : R? — R be a kernel function such that
(a) [ K(z)dz=1.
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(b) The kernel function K is bounded and there exists a constant Cx > 0 such that

K is supported on [—Cy, Cg]?.

-----

!/

2= (1,(2)1,...,(2)L) (2)r = (H zje> L 1< L<p.
/=1

1<ii<--<jr<d

The matrix S = [ K(z) % (1 2')dz is non-singular.
z
AssUMPTION 2.3 Let U, be a neighborhood of r.

(a) The mean function m is (p + 1)-times continuously partial differentiable on U,
and define 0, ;, m(r) := om(r)/orj, ...rj,, 1 < j1,...,j0 <d,0< L <p+1
When L =0, we set 0;, j, m(r) = 0j,m(r) =m(r).

(b) The variance function 0?(z) = E[e?|R; = 2] is continuous at r.

(¢) There exists a constant § > 0 such that sup,;;, Ef|e1[*™|R = 2] < U(r) < oo.

ASSUMPTION 2.4 Asn — oo,
(a) hj > 0for 1 <j<d,
(b) nhy---hg x B3 ... h3 — oo for 1 <jy <--- < jp < d,
(c) nhy---hgxh3 .. 05 h5 =i g, €10,00) for 1 < gy <--- < gy <od

Jp Ip+1

THEOREM 2.1 (Asymptotic normality of local-linear estimators) Under Assumptions
2.1, 2.2, 2.3 and 2.4 for r = ¢, the mean function m, with d = 2 and p = 1, the
conditional mean residual £, ;, and the variance function o3 (z) = Ele? ;|R; = 2], as

n — oo, we have

2

V/nhihy (H” (3+(c) - M+(c)> - S—IB@»DME;P(C)) 4N (o, "f*(f)) 5—1/c5—1> ,

where

H'" = diag(1, hy, hy) € R**3,

M. (c) = (my(c), Orm(c), Damei (),
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!
anl)(r) = (—81177;+(c) h%7812m+(c)h1h2,—82277;+(C) h%) , and

1 1
B :/ (2)ydz, /C:/KQ(z) ] (1 2")d=.
z

Z

The parallel result holds for B*(c) under the parallel restrictions.

Consequently from Theorem 2.1, the mean-squared error (MSE) of m(¢) has the

following asymptotic expansion, for e; = (1,0,0)’,

2
811m+(c)% 2 (¢)
g \c
Sle(Q,l) . s A Sileil ! .
€1 312m+(c)h}1£2 + nhihs f(c) “ “
2 N ~~ g
822m+(c)7 Variance term
Bia;?erm

Following the standard bandwidth selection procedure in RD designs, we aim to find

the pair of (hy, hy) that minimizes the above asymptotic MSE.

In general, however, all three coefficients of three partial derivatives 0y1m.(c), O1am(c)
and Oyem () in the bias term are non-zero. This general expression is too complex to
have an analytical formula for the optimal bandwidths. Hence, we simplify the above
expression by taking particular kernels such that

1,1 1,1,1 1,2 1,1,2 1,2,1
21w =R =R = R = s =0,
Among product kernels of the form K(z1,22) = Kj(z1)K2(22), the above restriction

amounts to rotate the space so that the boundary becomes either the x or y-axis. For

example, the following kernels satisfy the above restrictions:

(1 —|2])1q2<1y  (two-sided triangular kernel),
Ki(z) =
3(1 = 2%)1.<1y  (Epanechnikov kernel),

K5(z) = 2(1 — |2|)10<.<1} (one-sided triangular kernel).
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or a cone kernel

6 6
Kla) = 2 (12 438) Lgeageron = o (L o) Lptcrcso,

where z = (21, 23) and ||z|| = /2% + 23 satisfy (2.1). In the following, we assume that K,
is the two-sided triangular kernel and K5 is the one-sided triangular kernel. For example,
the design with 7 = {(R;, Ry) € R? : Ry > ¢, Ry > o} satisfies the restriction (2.1) as
is or with a 90 degrees rotation; the design with 7 = {(Ry, Ry) € R*: R+ Ry > ¢ +¢»}

satisfies the restriction (2.1) with a 45 degrees rotation.

Under (2.1), MSE(r(c)), is simplified to

h? 3 ) 12 ) i 2
{Elallm+(c) (31/‘552’1) + 53/‘6%1’1)) + ?2822m+(0) (3159’1) + 83553’1)>}
2 2.1) (2,1))2 1,2 21)\? (2,1) (1,1 2.2 21) (1,1))2
(e A (KEDREDY 2432 (D)0 4 00 (a0 )
c)nhih 2 2
f(c)nhihy </£[()1)H§2,1)/€52,1) _ (Hgm)) ng,n)
where
5 /<;§2’1)/s§2’1)
1
§2 = 2 0 == 5_161.
L), 20) (21 (K(1,1)> 21 1) (1)
35 0 R1 "R 2 2 pCRpE

Consequently, the MSE of the estimator m.(¢) — m(c) is

h? i ~
{_1 (allm-i-(C) - (911m_(c)) (31552’1) + 8355?5171)>

2
h2 2
12 O (0) — dram_(0) (512 + 57 }
(0% (c) + 02 (c))

-1 -1 7
F(C )iy e1S T KS e}

when the same kernels are used for both the treatment and control sides.

We consider the optimal pair of bandwidths (hq, hy) that minimizes the above asymp-
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totic MSE. There are two remaining issues to minimize the above asymptotic MSE. The
first issue is that two bias terms may vanish when the second derivatives of the treat-
ment and control mean functions are equal. This first issue is an extreme scenario when
the second derivatives match exactly.

The optimal bandwidths may remain undetermined yet without the first issue. The
second issue is that we can choose a pair (hy, hy) such that the bias term equals zero
when the sign of the first-dimension d1ym (¢) —01ym—(c) differs from that of the second-
dimension Ossmy (¢) — Oaom—_(c). Unlike the first issue, which requires the exact match
of mean function shapes, this second issue is more likely because only the signs of mean
functions need to equal.

We attain a simple expression as a starting point under the following restrictions.

O11my (c) # O1ym—_(c), Ogam(¢) # Oaam_(c), and
sgn {(611m+(0) — 0um—(c)) <§1/‘6§2’1) + 535%1’1)) }

=Ssgn {(822m+(c) — Ogam_ (C)) <§1/€(271) + 53/{_,53,1))} ‘
The unique pair of optimal bandwidths is attained by

hl . BQ(C)
hy  \ Bi(o)

(0% (e) +02(c))
2n

and A = e1STUCS el (B (0) By * ()

where

Bi(e) =(0nm-(e) — nm_(e)) (515" + 53657, and

o) =(0am(0) - Bam_(0) (3P + 502,

In general, these restrictions can fail. A similar issue arises in the single-variable
RD estimation with heterogeneous bandwidths with the treatment and control mean
functions (Imbens and Kalyanaraman, 2012). A theoretically possible approach is to
follow Arai and Ichimura (2018) who derive the higher-order expansion of the bias terms
for the single-variable RD estimation. In Appendix A.2.1, we derive the higher-order

expansion of the bias terms. Practically speaking, such a higher-order bias correction
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is not appropriate for multivariate RD estimations. As shown in Appendix A.2.1, a
higher-order bias correction procedure requires a reliable estimation for local estimation
of cubic polynomial with 10 coefficients. The higher-order bias correction is theoretically
possible; however, such a procedure is practically not reliable. Instead, we follow Imbens
and Kalyanaraman (2012) to rely on regularization. In particular, we take the absolute

values of the bias terms Bj(c) and By(c) as

1/4 2 2 1/6
= (5 - PO s s e B B!
and add regularization terms to Bj(c) and By(c) to prevent bandwidths to blow up when
the bias terms are zero or close to zero. Note that the optimal bandwidth ratio h/hs
is the same for the optimal inner solution to the minimization as well as for the corner
solution of the first-order bias being zero. Given the same bandwidth ratio, we choose
hy from the above formula when the realized signs of the estimated bias terms are the
same. If they are different, then we determine the bandwidths by the regularization,
assuming that the bias term disappears. Finally, as is well known for the single-variable
RD estimation by Calonico et al. (2014), we need to have a bias correction to have
appropriate inference. We propose a plug-in bias correction with the two-dimensional

local-quadratic estimation. See Appendix B for these implementation details.

3. SIMULATION RESULTS

We demonstrate the numerical properties of our estimator in the following Monte
Carlo simulations with four different designs, partially taken from Arai and Ichimura
(2018), Calonico et al. (2014), and Imbens and Kalyanaraman (2012). Specifically, we
take four designs of Arai and Ichimura (2018) as the base specifications for mean func-
tion shapes for one of two dimensions. Figure 3.2 is the shapes of mean functions used
in the numerical simulations of Arai and Ichimura (2018). Those specifications are
repeatedly used in other RD studies such as Calonico et al. (2014) and Imbens and

Kalyanaraman (2012) to evaluate their numerical performances.



14

0.9
0.8
3.0
0.7
25
0.6
2.0
15
1.0
0.5
-100  -075  -050  -0.25 0.00 0.25 050 0.75 1.00 -100 075  -050  -0.25 0.00 0.25 0.50 0.75 1.00
(a) Design 1 uq(r2) (b) Design 2 ps(rs)
0
05
-5
0.4
-10
03
-15
0.2
-20
-25 00
-1.00 —-0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 100 © -loo -0.75 —0.50 -0.25 0.00 0.25 0.50 0.75 1.00

(c) Design 3 p3(r2)

(d) Design 4 p14(r2)

FIGURE 3.2.— Basic mean functions taken from Arai and Ichimura (2018). Design
1 is from Lee (2008) Data and Design 3 is a modification of Design 1 by Imbens and
Kalyanaraman (2012). Design 2 and 4 are from Ludwig and Miller (2007) Data.
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FIGURE 3.3.— Contour plots for Design 1, m(ry, ) = pi(r2) cos(mry) with gy (r2)

as in Figure 3.2 (a). The red line is the boundary; the red circle is the evaluation point.

FIGURE 3.4.— Contour plots for Design 2, m(ry, ) = pa(ra) cos(mry) with pg(rs)

as in Figure 3.2 (b). The red line is the boundary; the red circle is the evaluation point.
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FIGURE 3.5.— Contour plots for Design 3, m(ry, ) = ps(ra) cos(mry) with pg(rs)

as in Figure 3.2 (c). The red line is the boundary; the red circle is the evaluation point.
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FIGURE 3.6.— Contour plots for Design 4, m(ry, ) = pa(ra) cos(mry) with py(rs)

as in Figure 3.2 (d). The red line is the boundary; the red circle is the evaluation point.

Based on the shapes of the mean function of a single dimension R;, we multiply a
cosine function of the other dimension R,. Figures 3.3, 3.4, 3.5, and 3.6 are the 3D plots

of the mean functions. The cosine function is chosen among trigonometric functions so
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that their second derivatives in R; and Ry are nonzero. Among the four designs, the

shape in Design 1 is relatively moderate compared to other specifications. Design 2

has a massive jump on the boundary with similar shapes on both sides; Design 3 is

extremely flat on the control side; Design 4 has a complex shape in the control side.

0.2

(a) Design 1

distance
e rd2dim
—— true effect

250

-4

(b) Design 2

distance
o rd2dim
—— true effect

(c) Design 3

distance
0 rd2dim
—— true effect

120

0.0 0.2

(d) Design 4

distance
0 rd2dim
—— true effect

FiGURE 3.7.— Histograms of point estimates for three designs with truncation of

1% tail observations. Darker blue distributions are of our preferred estimates; lighter

yellow distributions are of distance based estimates.
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For each draw of a simulation sample, we draw R; ~ 2 x Beta(2,4) — 1 and Ry ~
U[—1, 1] independently each other; we generate the outcome variable as m(R;1, Ri2) +¢€;
where ¢; ~ N(0,0.1295%). We compare the quality of our estimator, rd2dim, relative
to the distance estimation using rdrobust in Figures 3.7. Figures 3.7 are histograms
of realized estimates of 3000 times replications. The darker blue histograms of rd2dim
have mainly thinner shapes than the lighter yellow histograms of distance estimation
using rdrobust. Nevertheless, for some specifications, the distance approach has better
bias corrections than ours. The yellow histograms are better centered around the red

line of the true effect than the blue histogram.

TABLE 3.1

SIMULATION RESULTS OF THREE ESTIMATORS FOR THREE DESIGNS.

Design Estimator Mean Median Mean Coverage RMSE Success

length  length bias rate rate
Design 1 rd2dim 0.47 0.43 0.08 0.92 0.18 1.00
Design 1 common 0.44 0.42 0.11 0.78 0.17 1.00
Design 1  distance 0.88 0.73 0.02 0.93 0.31 1.00
Design 2 rd2dim 1.70 147 -0.14 0.96 1.74 0.99
Design 2 common 1.64 1.60 -0.55 0.89 0.59 1.00
Design 2 distance 41123.96 1.99 0.02 0.95 1.60 0.98
Design 3 rd2dim 1.02 0.87 0.24 0.77 5.73 0.88
Design 3 common 0.75 0.69 0.35 0.49 0.69 0.99
Design 3  distance 212563.46 1.34  -0.15 0.96 5.70 0.74
Design 4 rd2dim 0.64 0.64 0.08 0.92 0.24 1.00
Design 4  common 0.52 0.50 0.17 0.74 0.22 1.00
Design 4 distance 0.53 0.48 0.10 0.85 0.19 1.00

Notes: Results are from 3, 000 replication draws of 1,000 observation samples. rd2dim refers
to our preferred estimator; common is our estimator with imposing the bandwidths being
the same for two dimensions; distance is the estimator with the Euclidean distance from
the boundary point as the running variable. All the implementations are in Python. Mean
length and Median length are of generated confidence interval length. Success is the rate
of successful reporting among replicated 3,000 samples, counting the failures in positive

variance estimation or in singularity of the design matrix.
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We have a closer look at the performance comparisons in Table 3.1. Our first observa-
tion is that estimations with heterogeneous bandwidths h; # he matter. The common
estimator is a version of rd2dim that imposes h; = hy. For all designs, the 95% coverage
rate of the true effect size is much worse for common compared to rd2dim, apparently
due to better bias correction with heterogeneous bandwidth selection.

When we compare rd2dim against distance, RMSE of rd2dim is approximately half of
distance for Design 1; the RSMEs are similar for two estimators for the other designs. We
conjecture the reason for the massively superior performance in Design 1 for its sufficient
variations in the mean functions over both axes of Ry and R,. The other designs are less
natural as two-dimensional designs than Design 1 and have extremely flat or extremely
dipping shapes. Our rd2dim is equally favorable in the 95% coverage rate compared
to distance. Nevertheless, the lengths of the mean and median confidence intervals are
much shorter for rd2dim relative to distance for most specification. Importantly, our
estimator is much more stable than distance based that sometimes fail to report a
valid standard error estimate. These tendencies are shown as extreme values in the
standard errors and consequently the mean length as well as the successful reporting of
the estimates without division by zero error. The instability of the distance estimator
is natural because the assumption for the valid inference is violated (see Section 2.2 for

details).

4. APPLICATION

We illustrate our estimator in an empirical application of a Colombian scholarship,
Londono-Vélez, Rodriguez, and Séanchez (2020). The scholarship of interest is primarily
determined by two thresholds: merit-based and need-based. Consequently, there is a
policy boundary instead of a single cutoff. Our estimator is particularly relevant to
their study because of their interest in the heterogeneity over the policy boundary.
The outcome of interest is enrollment in any college; hence, the policy impact may be
heterogeneous by their poverty level and their level of academic ability.

From 2014 to 2018, the Colombian government operated a large-scale scholarship
program called Ser Pilo Paga (SPP). The scholarship loan covers “the full tuition cost of

attending any four-year or five-year undergraduate program in any government-certified
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“high-quality” university in Colombia.” (Londono-Vélez et al. (2020), pp.194). The
scholarship takes the form of a loan, but the loan is forgiven if the recipient graduates
the university appropriately. The eligibility of the SPP program is three-fold: first,
students must have their scores from a high-school exit exam exceeding a threshold;
second, the students must be from a welfare recipient household; third, the students
must be admitted by an eligible university. The first merit-based threshold is based
on the nationally standardized high school graduation exam, SABER 11. In 2014 of
Londono-Vélez et al. (2020)’s study period, the cutoff was the top 9% of the score
distribution. The second need-based threshold is based on the eligibility of a social
welfare program, SISBEN. Being eligible for SISBEN means that the family is roughly
the poorest 50 percent. Students who exceed two thresholds may still be ineligible for the
program due to the third requirement. Hence, the impact of exceeding both thresholds
is not the impact of the program itself due to potential noncompliance. The estimand

is the impact of the program eligibility, which is the intention-to-treat (ITT) effect.

The empirical strategy of Londono-Vélez et al. (2020) is the subsample approach.
They run two separate local regressions for the merit-based cutoff among the need-
eligible students and for the need-based cutoff among the merit-eligible students. Figure
4.8 is the scatter plot of observations in the space of the need-based criterion (SISBEN)
for the z-axis and the merit-based criterion (SAVERI11) for the y-axis. Their strategy
is to estimate the effect of exceeding the SISBEN threshold for those who are around
SABERI11 score near 0 and of exceeding the SABER11 threshold among those who are
around SISBEN score near 0. For each subsample, they run rdrobust package based on
Calonico et al. (2014). Londono-Vélez et al. (2020) prefer this approach because the
discontinuities represent different populations, and the heterogeneity in estimated im-
pacts across these frontiers is informative (pp.205). Londono-Vélez et al. (2020) report
that the effect of exceeding the merit-based (SABER11) threshold on enrollment in
any eligible college is 0.32 with the standard error of 0.012 for the need-based (SIS-
BEN) eligible subsample; the effect of exceeding the need-based (SISBEN) threshold
on enrollment in any eligible college is 0.274 with the standard error of 0.027 for the
merit-based (SABERI11) eligible subsample. Students with the need eligibility in the
x-axis boundary of Figure 4.8 have a slightly higher effect than students with the merit
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eligibility in the y-axis boundary of Figure 4.8. Indeed, their strategy captures certain

heterogeneity in the two sub-populations, albeit with richer heterogeneity within.
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FIGURE 4.8.— Scatter plot of observations. The z-axis represents the distance of
SISBEN score from the policy cutoff, divided by 100; the y-axis represents the distance
of SABERI11 score from the policy cutoff, divided by 100. Positive values in each dis-
tance measure imply satisfying one of two policy requirements. The black dots on the

boundary are our evaluation points from 1 through 30.
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Instead of the subsample approach, we estimate the heterogeneous effects over the
whole boundary. We summarize our results in Figure 4.9. The darker blue intervals are
the pointwise 95% confidence intervals from our rd2dim estimates at each value of the
boundary points; the lighter green intervals are the pointwise 95% confidence intervals
from the distance-based rdrobust estimates at the same values of the boundary points.
For the most of points, the pattern of two estimates are similar across the boundary
points with a notable difference in the length of the confidence intervals. For the most
of the need-based eligible students (point 3 through point 15), our confidence intervals

are shorter than the distance-based ones.

0.4] Iiilliiiillfih’w“;l
o [ distance
0l T rd2dim

1 2 3456 7 8 9101112131415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

FIGURE 4.9.— Estimation results over the 30 boundary points. Values from 1 through
30 in the z-axis corresponds values in Figure 4.8. Points from 1 through 15 are of
exceeding the merit threshold among the need-eligible students; points from 16 through

30 are of exceeding the need threshold among the merit-eligible students.

Both estimates, in particular our boundary-specific estimates, suggest that there are
substantial heterogeneity in the effects among the merit-eligible students (16 ~ 30) but
not among the need-eligible students (1 ~ 15). Specifically, the program has similar

effects among the majority of students, but the program has no or negative impact for
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extremely capable students (points 25 through 30).

The zero impact for extremely capable students is reasonable because they would
have received other scholarships to attend college without out-of-pocket expenses any-
way. The negative impact of the most capable students (points 29 and 30) may be
consistent with the definition of the dependent variable. The data is constructed from
the administrative SABER11 and SISBEN scores data which is merged with the data
from the Ministry of Education of Colombia that tracks students of the postsecondary
education system. Hence, the dependent variable of enrollment may not capture the
outside options such as enrolling in the selected US schools. The distance estimation
does not capture this heterogeneity and takes the opposite sign from the other esti-
mates. We conjecture that the distance estimation picks the outlier who are away from
the boundary because the students of the same distance from the point are compared
equally. In fact, this sign-flipping pattern of the distance estimation disappears when
the relative scale of two axes are adjusted by the absolute maximum values of each axis
(Figure 4.10 and 4.11). Finding an appropriate relative scaling of two axes is a difficult
task. Our rd2dim is free from such a difficult re-scaling task. This is an important merit

of our approach that can handle the relative scaling of the two-dimensional data as is.

5. CONCLUSION

We provide an alternative estimator for RD designs with multivariate running vari-
ables. Specifically, our estimator does not convert a multivariate RD estimation problem
into a scalar RD estimation problem. We estimate the multivariate conditional mean
functions as is. For the purpose of RD estimations, we develop a new asymptotic result
for the multivariate local-polynomial regression with dimension specific bandwidths. In
numerical simulations, we demonstrate favorable performance of our estimator against
a frequently used procedure of a distance measure as the scalar running variable. We
apply our estimator to the study of Londono-Vélez et al. (2020) who study the impact
of a scholarship program that has two eligibility requirements. In the application, our
estimates are consistent with the original estimates and reveal a richer heterogeneity in
the program impacts over the policy boundary than the original estimates.

Our contributions are summarized in two ways. First, we demonstrate the issues in



24

the current practices of multivariate RD designs and offer a remedy for the issues. The
distance approach (Black, 1999, Keele and Titiunik, 2015, for example) of converting
a multivariate running variable with the Euclidean distance from a point violates the
inference assumption of Calonico et al. (2014) and imposes a nontrivial restriction on the
conditional mean function; the subsample approach (Matsudaira, 2008, for example) of
taking the subsample with eligibility for all but one requirement has limited applicability
and capability to capture heterogeneous effects. We provide a strategy that is capable

to estimate heterogeneous effects without the dimension reduction.

Second, our asymptotic results complete the theory of multivariate local-polynomial
estimates. After Masry (1996) has shown the asymptotic normality of multivariate local-
polynomial estimates with common bandwidths between dimensions, no studies have
achieved the asymptotic theory with dimension-specific bandwidths. As demonstrated
in our simulation results, allowing different bandwidths for each dimension matters
substantially for the bias correction procedure, which results in the improved coverage

rate of our preferred estimates.

There are a few theoretical and practical issues remaining. First, our consideration is
limited to a random sample; hence, spatial RD designs are excluded from our consid-
eration. We defer our focus to spatial designs because of its theoretical and conceptual
complexity in addition to the analysis in this study. Nevertheless, we aim to propose
a spatial RD estimation based on a newly developed asymptotic results of Kurisu and
Matsuda (2022) in a separated study. Second, our theoretical results applies to any
finite dimensional RD designs, however, practical performances of such estimators with
higher than two dimensions can be limited. Although most RD designs have at most
two dimensions, the practical implementation of a higher-dimensional RD estimation is
an open question. Similarly, we provide the higher-order bias expressions for our multi-
variate local-polynomial estimates; however, estimating the derived bias expressions is
challenging. A new idea of exploiting these expressions is desirable. Finally, we do not
provide any procedure to aggregate heterogeneous estimates over the set of boundary

points. We leave these topics for future research questions.
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APPENDIX A: ASYMPTOTIC THEORY FOR MULTIVARIATE LOCAL-POLYNOMIAL
REGRESSIONS

A.1. Local-polynomial estimator

Consider the following nonparametric regression model:
Y; = m(Rz) + Ei, E[€Z|RZ] = O, 1= 1, oo,

where {(Y;, R;)}, is a sequence of ii.d. random vectors such that ¥; € R, R; =
(Ri,b ey Ri,d), € R4,

Define

D=4#{(1,...,j1) 1< ji <--<jp <d,0< L <pl,

DZ#{(jla"'?jp+1):1§j1S"'Sjp+1§d}a
and (Sj,.jo1s---»Sj.j.d) € Z‘éo such that s;, ;0 = #{je : jo = k,1 < ¢ < L}.

Further, define s;, ;! = s, ,1'...5j. j.a!- When L =0, we set (j1,...,75) = jo =0,

8;,..5.! = 1. Note that ijl 5j,..j.¢ = L. The local-polynomial estimator

B(r) = (5j1,...jL (T>>,1§j1§~-§jL§d,0§L§p

= (Bo(r), Bi(r), ..., Ba(r), B (r), .. Baa(r), ..., Bra(r), ..., Ba.alr)).

of

M) = ()

Sjigr 1<j1<<jp <d,0<L<p

) 0 0
_ (m(r), oem(r), . dam(r), 11;6(7")’ 1217";(7") e dd;l(T)’

Or.am(r) Orom(r)  Og_am(r))’
ooopt (=Dt pl
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is given as a solution of the following problem:
L

(A.1) B(T) = arg minz (Yi — Z Z By v H(Rivﬂ — rje)> Ky (R;—r)

D
BERT =1 L=01<j; <-<j<d =1

where § = (Bji..j1)1<ji<-<jr<do<i<p

Rii—ri Rig—rq
KyRi—r)=K|———m,...,———
=) ( I ha
and each h; is a sequence of positive constants (bandwidths) such that h; — 0 as n —
oo. For notational convenience, we interpret >, o < < Bir..jx [T, (Rij, —75,) = Bo

when L = 0. We introduce some notations:

Y;
Y = |, Wi=diag (Ky (R —7), ..., K, (R, — 1)),
Y
1 1
R=(Ri.. R, - (R — 1), (R, — 1), _ Vl v1 |
R, . R,
(B —7), (Ry—1),

where
L /
(Ri—7), = <H(Rm - Tjg)) :
=1 1< <<y <d

The minimization problem (A.1) can be rewritten as

B(r) = arg min(Y — R'3)W(Y — R'j3) = arg min Q,,(53).

BERP BERD

Then the first order condition of the problem (A.1) is given by

0

§5@n(%) = “2RWY +2RW R = 0.
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Hence the solution of the problem (A.1) is given by
B(r) = (RWR)'RWY
Zn: K, (Ri — 1) RiR, ) Zn: Ky (Ri — 1) RY.
=1 i=1
Define
H .= diag(1,hy, ..., ha, k3 hihg, ... b2, . W2 RE hy .. RP) € RPXD.

THEOREM A.1 (Asymptotic normality of local-polynomial estimators) Under As-

sumptions 2.1, 2.2, 2.3 and 2.4, as n — 0o, we have

nhy - hg (H (5(7«) - M(@) _ g-1p(dn) M,gdw)(r)>

0
d | )

SN , SIS,
f(r)

where

p+1 !
(d,p) — Jl JP“
M, (r) = h]e
1<51 < <gp1<d

8.71 ]p+1

81‘..177%( ) p+1 81 2m( ) Ou. dm( ) +1>, D
—_ —hph —hp eR
(i SRR |

I
A/~

| i 1
B(d,p) — / (Z);+1dz c RDXD7 ]C = /K2<Z> (1 il)dz.

z

PROOF: Define h := (hy,...,hy)" and for r,y € RY, let roy = (ryyy,- -+ ,7qyq)" be the

Hadamard product. Considering Taylor’s expansion of m(r) around r = (r1,...,74),
; 1 1 N
m(R) = (LR)M(r) + > e m(R)
(p + 1)! . . Sj1..4 +1' !
1< <<Jpy1<d P
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p+1

X H(ij - Tje)v

(=1

where R; = 7 + 6;(R; — r) for some 6; € [0,1). Then we have

Br) = M(r)
= (RWR)'RW(Y — RM(r))
-1
_ iKh(Ri—r) 1 (1 R) iKh(Ri—r) 1
i=1 R; i=1 R;
1 B p+1
et D 0 m(B) [[(Rij =)
1<j1 < Sgpyr<d I e A (=1

This yields
nhy -~ haH(B(r) = M(r)) = S, (Va(r) + Ba(r)),

where

= (Vn,jl...jL (T))igjlg-ugngd,ongpy

1 - 1
Bu(r) = ——u S Ky (Ri—r)H |
1 ~ p+1
x Z Si |aj1 vvvvv jp+1m(Ri) H(Riyjz - rjz)
1<1 < Sgpy1<d I Ip L =1

=t (Bujioin (Bi)1<ji < <5y <a0<r<p

(Step 1) Now we evaluate S, (r). For 1 < ji1 < -+ < g1 02055020, < d,0 <
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Ly, Ly < p, we define

I,

2J1,100-J1, L1 5J2,1---J2, L

n L L
1 1 [ Bije, — T3, [ Rige, — 7
— K L 3Jlq 1 WJEY 2 .
e 2 K (B T>H(—hj IH{———

i=1 =1 4

Observe that

E [[najl,l---jl,Ll7j2,1---j2,L2:|
1 =g (R, — 1) ﬁ R, — T, ﬁ Rij,, = Tj,
= — n(Ri—r — 1 —-2 -2
hy---hg e hj@l P hjég
Ly Lo
:/<sze1) <HZ]'22> K(z)f(r—i—hoz)dz
l1=1 lo=1

_ (1)
- f(r)K;jl’l...j17L1j2,1...j27L2 + 0(1)
For the last equation, we used the dominated convergence theorem.

Var (1,

WJ1,1-01,L0 52,1 +-02,Lg )

L L
1 1 [ Bije, — T T [ Rije, — T
= ——-V Ky, (R, — e B _ s I
n(hy - hy)? ar | Ky (R 7ﬂ)l_[< h H h

) /=1 jll lo=1 j£2
Ly 2 I, 2
1 / Rij,, —Tj, Rij,, = Tj, 5
= L ——=—= | K°(2)f(r+hoz)dz
nhl . e hd { 21:1 < hjfl EQH::[ hjZQ
L L 2
—hy by ( / <—h ) 11 (— ) K()f(r+ho z)dz)
(=1 Jey lo=1 hj@z
1 )
= nhy - hy (f(r)Hle---jl,Lle,l---jz,L2j1,1---j1,L1j2,1---j2,L2 + 0(1>>
1 1
- E(f(r>Ii§1,)1-~-j1,L1j2,1---j2,L2 + 0(1)>2 (DCT)

2
fye® 1
J1,1+--J1,L1J2,1---J2,L9J1,1+--J1,L1 J2,1---J2,Lo
= +o|———F— .
nh1 cee hd nh1 hd
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Then for any p > 0,

(1)
(’[ n,J1,1---J1 L17]2 1.--J2 ,Lo - f(r)K’jl’l...j17L1j2’1...j27L2‘ > p)

_ 1 2
P ! {va‘r(jn:jl,lmjl,Llyj2,1--~j2,L2) + (E[[Thjl,l.--jl,Ll,j2,1-~j2,L2] - f(r)"é‘l,)l...jl,,;ljg,l...jgyLQ) }
1
(i) ol =ot)

This yields Tnj, 1. jy 1, ooy LN f(?")/i(-l) - . .. Hence we have S, (r) LN f(r)S.

J1,1---J1,L192,1---J2,Lo

(Step 2) Now we evaluate V,,(r). For any t = (to,t1,. .., ta,t11, - s tags - t1.1, -+ ta.a) €

R?, we define

L
1 P .
an" o= K i — T Lt 5271< 7"’7. <d7
58,J1---JL nhl'hd Hl < > jl ]L —
p
L = Yot Ruigi

L=01<j1<--<jr<d

Observe that

2 —
Ongiodr “— Var ( nml ]L>

Lo/p N2
QKh (Rl —r H ( 1,]2 ]l) ]
=1 Je

L 2
1 Ry — )
:—E R JZ 4
| g( )]
L
/ (r+hoz) (Hz£> f(r+hoz)dz
1
= () f(r)KS) i, + o).

For the last equation, we used the dominated convergence theorem. Moreover, for 1 <

J11 < <jir, <dand 1 <js1 <+ < jor, <d, we have

COV(Vn,jl,th,Ll (7“), Vn,j2,1~~~j2,L2 (T))

L L
1 1 [ Rijie, = Tive T [ Rijoyy = Tins
=-— F RIOK R B hihd Sl ol W2 Jef2
hy---hy o (Ri) K. ( T)H< h: H I

=1 1,64
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:/ (r+hoz) (H ZJMl) (1_2[ ZJ‘&@) K*(2)f(r + ho z)dz

l1=1 lo=1

—o2(r)f(r)e? o 4o(1).

J1,1+-J1,L1J2,1+--J2,Lo

For the last equation, we used the dominated convergence theorem. For sufficiently

large n, we have

> ElZuil*)
=1

1 s
- nO72(hy - - hy)LT/2 [|5i|2+(S | Ky (Ri — )"
p

L
Rl Je —
]1 ]L
L=01<j1 <-<j<d =1 i

__ U ’ -
= (nhy - hg)®/? Z L. H
L=01<j1<-<j.<d =1

L

_ Ulr)fr) -
=gt | o X

L=0 1§]1< <]L§d /=1

2+6

244
24, |K(z)|2+‘5f(7“+ hoz)dz

245
| K (2)[*"°dz + o(1)

=o(1).

For the second equation, we used the dominated convergence theorem. Thus, Lya-
pounov’s condition is satisfied for Y " | Z,,;. Therefore, by Cramér-Wold device, we

have

(Step 3) Now we evaluate B, (r). Decompose

Bn7j1-~~jL(Ri) = {Bn:jlmjL (Rl) - Bn,jL--J’L (T) - b |:Bn,j1--~jL (RZ) - Bn7j1-~~jL (7“)] }

+ B [Bugy o (Re) = B, ()]
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+{ n,j1.. JL( ) —F [anjlu-jL (7”)]}
+ E[Bn .. (7))

4
§ :B n,j1...3L-

/=1

Define N, (h) := [ [rj — Crhj,rj + Cihy]. For By j,1,

7j=1

Var(Bn,jLnle)

E

1 L o 2

< 7]2 Z

= {(p+1)1}2hy - hg E( )
1 1

X Z | |
Sj11..j P 8ha1.d2

1<51,1 << py1 S 1< G2 1 <o Kgin py1 <d I 11T Lp L

X(aj1,1-~~j1,p+1m<Ri) - aj1,1~~-j1,p+1m(r))(ajz,l..-jQ,p+1m(éi> - aj2,1-~j2,p+lm(r))

p+1 p+1
< [T (Rigus, = 700) 1T (Rigisy, — sz,zg)]

£1=1 £2:]_
—1 2
“{p+ 1} 1Sj1§@gi+1§dyesﬁf()h) 1051y UY) = Oiy a7
p+1 p+1
x Z H hjl,él H hjz,ZQ
1<511 < <g1,p41<d,1<52, 1 < <gia pr1<d £1=1 Ly=1
p+1 p+1
/ (H EA H |21, H |Zi2.e, ) (2)f(r+hoz)dz
=1 l1=1 lo=1
p+1 p+1
(A2) =0 Z H h’jl,él H hj2,g2
1<51,1 < <1 ,p4+12d,1<52 1 < <J2 pr1<d €1 =1 lo=1
Then we have B,, ;, .1 = 0,(1).
FOI' Bn7j1~--jL2’
|BTZ7]1]L2|
1
< max Sup |95, gy m(y) — Oy (7))

(p + 1)' 1<j1,sdp+15d ye N, (h)
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p+1 p+1
X Vnhche Hhh,ﬁ/(HquvM) ()IF(r+hoz)dz

1<511 <1 pr1<d £1=1 /=1 (=1
(A3)  =o(l).
For B

n,j1..-JL3»

Var(Bn7]1]L3)

1
< {( + 1)]}2 Z 8j1,1~--jl,p+lm(r>aj2,l~-j2,p+lm(r>
p 1< << pr1 <d 1< o 1 << p 1 <d
p+1 p+1 p+1 p+1
X H hjl,@l H hj?alz / (H Zje H |ZJ1 21| H |ZJ2 o ) )f(T +ho z)dz
l1=1 lo=1 /=1 01 lo=1
(Ad)  =o(1).

Then we have B, ;, ;.3 = 0,(1).

For Bn,jl...jL47

B

nyj1...jrd

= v/ nh1 ce hd Z ajlal"'j17p+1m(7ﬂ)

St tdtnas)
1<51,1 < <g1,p+15d JL1-J1p 41

p+1 p+1
X Hhﬁ,el/ (HZ]Z HZJIZ ) (7‘—|—h02)d

£1=1 (=1 {1=1

p+1

a41 1eJ1p 1m( )
(A5) = f(r)V/nhi--hy > LTt I1 7., K s (D).

S;
1<j1,1< <1, p41<d Jt 31P+1 f1=1

Combining (A.2)-(A.5),

~ 0 m(r)
Bn,jle(Rz) = f(?”)\ /nhl . hd Z Jl,lA Jl,p’+1 :
1<j1 1< <j1 pr1<d Sji1.dipst
p+1

, (1)
X H hjlvh Hj1~~~ij1,1~~j1,p+1 + Op(l)'
l1=1
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(Step 4) Combining the results in Steps1-3, we have

An(T’) = Vn(T) + (Bn(r) - f(?")\/ nhl v hd (bn,jl...jL (T))/lﬁjlﬁmﬁjLSd,OSLSP)

0
SN LK
0
This yields the desired result. Q.E.D.

REMARK A.1 (General form of the MSE of @jlﬁ(r)) Define

bgld,p) (r) == B(dp) Mr(,,d’p) (r)
= (bn,O(T)a bn,1<r)7 R 7bn,d(r)7
bn,n(?"), bn,12(7”)7 cen ,bn,dd(T), . >bn,1...,1(r)a bn,l...2(7"), . >bn,d...d(7”))/

andlete; ;, =(0,...,0,1,0,...,0) be a D-dimensional vector such that ¢’ bt (r) =

Ji. gL ="
bj,..j, (). Theorem A.1 yields that

p+1

b . A (’I") L aj1,1~~~j1,p+17n(7’) H h. I{(l)
1,015 ] L T E , ] J1,1 "V J1--JLI1,1--J1,p 41

S 1 :
1§j1,1§---§j17p+1§d Ji,1---J1,p+1 =1

for 1< 53 <--- <75 <d,0<L<pand

- d, 2
= {sh...jLNS 1ej1...jL>'LB<dﬂp>M7g %}
HZ:l hjz
02 r ) )
+(8j1-..jL!)2 ( ) e;j...jLS 1’CS 1€j1.“jL.

nh -+ ha x (TTE hje)2 1(r)
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A.2. Higher-order bias

In this section, we derive higher-order biases of local-polynomial estimators. Suppose

that Assumptions 2.1, 2.2, 2.3 and 2.4 hold. Further, we assume that

e the density function f is continuously differentiable on U,.

e the mean function m is (p + 2)-times continuously differentiable on U,.

Recall that

Vb -+ hgH(B(r) = M(r)) = S,

where

1
Va(r) = Ky, (R; H™*
1= S L K (A=)
1 n
B,(r) = Ky (R; H!
(1) = S > K (=)

1
S TD DR

Sii..j .
1<j1<Sjppa<d Pt
Z 1
+ P—

Sil i
1< <o Spgasd T IPER

= (BrhjlmjL(R))/1§j1§~--§jL§d,O§L§p‘

Now we focus on B, ;. ;, (R).

Bn]1-~-jL(R)
1 n
= K, (R;
nhy hd; n{ r)(

» 3 I S

S, ; !
1<j1,1 < <1 pga<d L ILptl

— T
Je

|8j1,1,-..,j1,p+1m<r) H (Ri,jl,el - rjul)

l1=1

(Va(r) + Ba(r)),

€

p+1

= (Vn,j1~-~jL (T>>

/
1<j1 < <Jr<d,0<L<p>
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p+2

1 ~
+ > o Oheaiem(Lh) 1 (Riss, —7is)
1<j11< <1 pya<d L1 Ilpt2? =1
= Bn,l (7’) + Eng(é)
For B,, 1(r),
L
n Ry, —r;
BB (r)] = |- B | Ky (Ry —r) [ [[ 2
hy - hq L,
1 p+1
X > o e m(r) T (Ris, —7i0)
1<j1,1 << py1<d I ILptLT =1
1 p+1
AL Z ﬁ8j1,17---,j1,p+1m(r) H hjl,el
1<j1 1< <]1 p+1<d ‘711 J1 pF1 41:1
p+1
/Hz%Hz]M f(r+hoz)dz
/=1 l1=1
1 p+1
V1 Z ﬁaj1,1,m,j1,p+1m(7ﬂ) H h’jl,él
1<]1 1< <_]1 p+1<d Jl 1--J1 pF1 g]_:l
p+1
( /H ~je H “j 41
/=1 l1=1
d p+1
(A.6) +Zakf(r)hk/zkﬂz” I1z..K )(1+0(1)).
k=1 /=1 /1=1
Var(B,,1(r))
< Z ajl,l---jl,p+1m(r)an,l---jQ,p+1m<r)
1<51,1 < <J1,p+1<5d,1<j21 < <j2,p+1<d
p+1 p+1 L p+1 p+1
s T f (T T T ) 80504109
l1=1 lo=1 /=1 l1=1 lo=1
p+1

(A7) =0 > Ik

1<j1 < <Jp+1<d £=1
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For B, - (ﬁi),

Boa(7) = {Bua(R) — Baa(r) — BBua(R) - Bua(r)] |
+ E[Bpa(R) — By (r)]
+ Ba2(r) — E[Bn2(r)]

n,2(7)]

Bn,%-

I
U
M- &
=

Define N,.(h) := Hd [r; — Ckhj,rj + Ckh;]. For By, o1,

7=1
Var(Bnygl)
L 2
<5 Il ()
hy - hd o h;,
1 1
x )
. ; , . Sj11..51 2! Sjo..dopre
1<g1,1 <<, pra<d,1<j2 1 < <ja pra<d 11 ILet A Szt
X(8j1,1---j1,p+2m(Ri) - aj1,1---j1,p+2m(r))(aj2,1---j2,p+2m(Ri> - aj2,1---j2,p+2m(r))
p+2 p+2
X H 41,00 3151) H (Ri,jz,ez o ereQ)
l1=1 lo=1
2
< max sup ‘aj1-~~jp+2m(y) - ajl...jp+2m<?a)‘
1<ii<-- <]p+2<dy€]\[7 (R)
p+2 p+2
x ) 1 7, 11 P,
1<]1 1< <j1 p+2<d 1<j2 1< <]2 p+2<d El_l 62_1
p+2 p+2
[ (T T T ) 1261 0
/=1 l1=1 lo=1
p+2

(A8) =o > o T1m

1<j1 < <jpr2<d ¢=1

For anz,

|Bn,22|
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< o —_H. .
< T, 20, P 0) = O

p+2 p+2
x\/nhy-ha Y thl,ﬁ/(Hme) ()|f(r + ho2)dz

1<51,1 < <1 py2<d l1=1 =1 l1=1

p+2
(A.9) =o | Vnhy - hy Z H hjul

1<j1,1 < <j1,pt2<d £1=1

For Bn,QSa
Var(Bnyzg)
< E : ajm---j1,p+2m(r)aj2,1---j2,p+2m(r)
1§j1,1S"'§j1,p+2§d71§j2,1S"'S]'Qp+2<d
p+2 p+2 p+2 p+2
T T [ (T4 T Tl ) 52010 00210
l1=1 lo=1 /=1 01 lo=1
p+2

(A.10) =0 > I

1<j1< - jpyasd =1

For Bn,24,

B, 24 = m Z Oji 1t pre(T)

S; i .
1Sj1 1<<J1 p+2<d Ji,1---J1,p42

p+2 p+2
. thl,h/(nzunzm) e+ o)

=1 =1 =1
f nhl
63'1 1od1,pp2 T P+2 gk
(A1) e [T, Lo I o ) Kz | 15 o)
1<y 1<+ <31p+2<d J1,1- J1P+2 £1=1 (=1 =1

Combining (A.6)-(A.11),

B .., (R)

p+1
1

= nhl tee hd Z +|aj1,1,...,j1,p+1m(r) H hjl,zl

S, !
1<j11< <1 pyr<d B ILptL =1
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( ) [T 1T o=+ st [ (HH) K(z)dz) (1+o(1)).
=1 =1 k=1 =1 =1

+ 1 /nhl ce hd
y (f(r) Z Dji 1 jipiaM H Rj e, / (H 2, szZl) K(Z)dz) (1+0(1)).

S,
1<1,1 << g1 pya<d Tt M“ f1=1

A.2.1. Higher-order bias of the local-linear estimator

For local-linear estimators (i.e., d = 2,p = 1), we have

2
bno = f(r) Z 8jkm(r)hjhk/zkzjK(z)dz

jkm(r)hjhkhg/zjzkng(z)dz

Gk=1

2
fT Z ]kgm h hkhg/ZjZngK(Z)dZ,

by = f(r) Z @-km(r)hjhk/zlzkzjl((z)dz

Z Ojxm(r)h; hkhg/zlszngK(Z)dZ

(=1 7,k=1

Jkgm r)h; hkh@/ZleZkZﬁK(Z)dZ,

‘\
(o))
Mw

n2—

ixm(r)h; hk/z2zszK( )dz

7,k=1

19)
+Z Ef Z Ojxm(r)h; hkhg/zQz]szgK( )dz

7,k=1

2
+¥ Z 3jkem(7’)hjhkhf/ZZZJZWK(Z)CZZ‘

J,k =1
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When K(z) = Ki(21)Ka(22) where Ki(z1) = (1 — |21])1{z, <1y and Ky(29) = 2(1 —

=2 L{o<z,<1}, We have

r
bn,O = f<2 ) {h%@llm(r)ﬁgz’l) + h%@ggm(r)mg’n}

o1 f(r)
2

+ Oaf(r) (h%hg@llm(r)nfél’l) + hgaggm(r)m§3’1)>

+

<2h%h2812m(7")/€§?§1’1)>

r
+ f( ) <3h?h28112m(r)/£%1’1) + hgagggm(’l“)f{gg’l)> s

(2,1,1)

b1 = - <2h1h2312m(7”)’f1,2 )
O f(r)

(hg@llm(r)/ig4’l) + h%hgaggm@“)fiff’l))
O f(r
+ 2f( ) <2h1h§(912m(7’)/£%2’1)>

r
+ f( ) (h?@lllm(r)/fg4’l) + 3h1h§8122m(7“)/<;f§2’1)) y

-
bpo = & (h?511m(7")/1§?§1’1) + hg@zZm(r)/ié?”l))

2
o f(r
+ 1];( ) <2h%h2812m(7‘)/£%2’1)>
19)
+ QJ;(T) <h?h2811m(7”)l€(1?é271) + h3822m(r)n§4’1)>
r
+ —f(6 ) <3h%h28112m<7“)lif§’1) —+ hgagggm(’/’)lﬁg’l)) .
Therefore,
Bias(r(r))
= 51by0 + 5302
(R _@en o~ @iy, b3 -2~ (31
= ?811771(7’)(31&1 +83k15 ) + ?Gggm(r)(smz + 83Ky )
811m(7“) an(T) 31f(7“) 8112m(T) ~ (2,1,1) .~ (2,2,1)
h2h 1y 45
+ hihs ( 5 o) + O1am(r) ) + 5 (81kyg " + 83Ky 5
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1 Oof (7 1 . -
+ 1} (5322m<r> jv@{)) " 6‘9222m<r>> (3urs™) + Bamg"™)).

APPENDIX B: IMPLEMENTATION DETAILS

In section 2.3, we propose our optimal bandwidth selection from the following for-

mula:
ﬁ B BQ(C)Z 1/4
hQ a 31(0)2
and
o2 (c)+ o2 (c 1/6
hy = [( +( )2n ( ))elS_llCS_le'l|Bl(c)]_5/2|Bg(c)\_1/2)

and our RD estimate prior to the bias correction is A1 (¢) — 5 (¢) where these intercept
terms of the local-polynomial estimates {37 (¢), 35 (¢)} are computed with the band-
widths specified above. Nevertheless, to compute the optimal bandwidth, we need to
estimate the bias terms Bj(c) and Bs(c) as well as the residual variances {02 (¢), 02 ()}
We follow Calonico et al., 2014, Section 5) in estimation of the residual variances at the
boundary point ¢. For the bias terms, as in Calonico et al. (2014), we set a pair of pilot
bandwidths with the local-quadratic regression. The key complication of our study is

that the local-quadratic regression is also multivariate.

The expression of the bias terms involve a pair of partial derivatives (011m (c), Osam4(c))
for the treated and (0y3m_(c), 0em_(c)) for the control. Given a pair of pilot band-
widths b, and b_ for the treated and the control, we run the local-quadratic estimation

n

7%(c) = arg min Z (Y =70 —n(Rix — 1)
(705-+-75) €R6

- 72(Ri,2 - 02) - '73(Ri,1 - 02)2
- '74(Ri,1 - Cl)(Ri,Z - 02)
— ’}/5(Ri,2 — 02)2)2Kb (Rl — C) 1{R1 € T}
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and

n

7 (c) = arg min Z (Y =70 —n(Rig — 1)
(70,-v5)'€RS ;T

- ’72(Ri,2 - 02) - ’73(31,1 — 02)2
- 74(Ri,1 - Cl)(Ri,2 - Cz)
— ’75(Ri72 — 02)2)2Kb (Rz — C) 1{Rz € TC}

where Ky(R; —¢) = K (%, @) to obtain these partial derivatives. These pilot

bandwidths (b, ,b_) are chosen from minimizing the mean squared error of estimating
the bias term, which involves the local cubic regression. !

Given the pilot bandwidths, we estimate the bias terms By (c) and Bs(c). Let Bi(c)
and B (c) be their estimates. In the optimal bandwidth selection, we follow Imbens and
Kalyanaraman (2012) to regularize the bias term which appears in the denominator.
Specifically, we employ their result that the inverse of bias term estimation error is
approximated by 3 times their variance. If the estimated signs of the bias terms are the

same, sgn(By(c)By(c)) > 0, then the optimal bandwidths should be chosen from the

first-order condition: we set

. 1/471/6
. (63(0)4‘&3(0))6 “11 51! (B ()2 7 (B (o)1 By(c)?
hy = 5 1STIKST e (Ba(e)” + 3V (Ba(c)) (31(0)2—1—3‘7(3’1(6)))

and

. 1/471/6
~2 ~2 A o Bile)?
hy = |9 H 02O it (B (0 + 3V (Ba(e) ! [ = o]
2 2(¢))
separately for each subsample of the treated and control, where V' (Bj(c)) and V (Bs(c))
are variance estimates from the bias estimation with the pilot bandwidths. If the esti-

mated signs of the bias terms are different, sgn(Bi(¢)Ba(c)) < 0, then we use the same

'Furthermore, we choose the preliminary bandwidth for the local cubic regression from minimizing
the mean squared error of estimating the bias term for the pilot bandwidth. This preliminary bandwidth
selection involves the global 4th order polynomial regressions.
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bandwidth ratio hi/hs, but the first-order bias can be eliminated. Hence, we set

147 1/6

. (63(0)4‘&3(0))6 ~1 g1 (3V (B (¢ —1 BQ(C)Q
= on 15T KST A BV(Bi()/2) <é1<c)z+3x7(f31(c))>

and

. 1/47 /6
Bi(c)?
2n

~2 ~2
hy = |9+ i1 3V (By(e))/2) [ = -
By(c)? + 3V (Bz(c)))
where the bias terms are replaced with the regularization terms.

APPENDIX C: CONSEQUENCE OF CONVERTING TWO-DIMENSIONAL DATA TO ONE
DIMENSION.

Let ZZ = HRZH and Kl(’f’) = 2(1 — T)l{ogrgl}. Define

1 n 5 n
F0)=— Y Ki(Zi/h)Un 0y, =Y Lg,z0
i=1

i=1
Note that % = P(Ry2 > 0) + Op(n~"/?) and

. 1 1 1 1 <

10 = (G~ P 0 =) oo
1 1

P(Riz > 0)nh
1

=: mﬂo) +0y(n~17?).

Z Ki(Zi/h) R, 501 + Op(n_l/Q)
i=1

Further,

E[f(0)] = %E[Kl(zl /B LR a50)]
_ %/(1 — G/, o /YD (1 By o /B || < W0y f ()i
2

=5 /(1 = tra /2 /R) DL Cra/ By 2/ W) < A oy 0y f ()i
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=2h | (1= [|2[)1qz)<1,2020y f (h21, hzo)dz

\

2h

f(0 1 P >)

(101 /
2h<f 1—r7“dr/07rd9—|—0(1))
(5

=24 (S F(0 )+o(1))

where we used the dominated convergence theorem for the fifth equation, and

Var(F(0)) < 5B (K2 )1 201

0= 1Pt s, )
(70) [~ 11t ot + o)

(f(O) /01(1 —r)’rdr /07r do + 0(1))

(35/(0) +0(1))

Sk 3l 31k 31+~3

where we used the dominated convergence theorem for the second equation. Then we

have

. 7h

f(0) = mf(o) +o(h) + Oy(n™'7?).
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APPENDIX D: ADDITIONAL FIGURES

distance scaled
| distance

0.51

0.41

HHHHHIHHHH

HH

—0.11

—0.21

1 2 3456 7 8 9101112131415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

F1GURE 4.10.— Estimation results over the 30 boundary points comparing two dis-
tance estimates with and without modifying the relative scale of two axes. Values from
1 through 30 in the x-axis corresponds values in Figure 4.8. Points from 1 through 15
are of exceeding the merit threshold among the need-eligible students; points from 16

through 30 are of exceeding the need threshold among the merit-eligible students.
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0.4

IIIIIIIIIIIIIII

]

0.21 I ]: ] }
0.0 + 1l
—0.21
—0.41

distance scaled
_06] I rd2dim

123456 7 8 9101112131415 1617 181920 21 22 23 24 25 26 27 28 29 30

FIGURE 4.11.— The same estimates as Figure 4.10, comparing the scaled distance
estimates against the non-scaled rd2dim estimates. Values from 1 through 30 in the
x-axis corresponds values in Figure 4.8. Points from 1 through 15 are of exceeding the
merit threshold among the need-eligible students; points from 16 through 30 are of

exceeding the need threshold among the merit-eligible students.
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APPENDIX E: ADDITIONAL TABLES

mean mean mean mean var var var var

spec bias band opt band opt band2 prelim band bias band opt band opt band2 prelim band

common  0.794076  0.296791 NA 1.073086  0.030233  0.009093 NA 0.079046

rd2dim  0.794076  0.487928 0.451023 1.073086  0.030233  0.180021 0.120483 0.079046

distance  0.365445 0.175759 NA NA  0.001036 0.000615 NA NA
TABLE 5.2

BANDWIDTHS VALUES IN SIMULATION STUDIES: DESIGN 1, LEE SHAPE.

mean mean mean mean var var var var

spec bias band opt band opt band2 prelim band bias band opt band opt band2 prelim band

common  0.764508 0.172198 NA 1.043899  0.006529  0.000332 NA 0.018939

rd2dim  0.764849  0.166120 0.082935 1.044551  0.006539  0.000088 0.000153 0.019033

distance  0.311965  0.144708 NA NA  0.000486 0.000298 NA NA
TABLE 5.3

BANDWIDTHS VALUES IN SIMULATION STUDIES: DESIGN 2, LM SHAPE.

mean mean mean mean var var var var

spec bias band opt band opt band2 prelim band bias band opt band opt band2 prelim band

common  0.452217 0.117801 NA 0.649366  0.001988  0.000145 NA 0.007845

rd2dim  0.451275 0.161877 0.050484 0.647143  0.001857  0.000623 0.000060 0.006993

distance  0.217524  0.101804 NA NA  0.000181 0.000218 NA NA
TABLE 5.4

BANDWIDTHS VALUES IN SIMULATION STUDIES: DESIGN 3, ADDITIVE SHAPE.
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mean mean mean mean var var var var

spec bias band opt band opt band2 prelim band bias band opt band opt band2 prelim band

common  0.664811  0.221003 NA 1.073762  0.013142  0.005277 NA 0.079971

rd2dim  0.665097  0.265174 0.169662 1.073617  0.013127  0.051824 0.031091 0.080807

distance  0.554709  0.292187 NA NA  0.011424 0.005015 NA NA
TABLE 5.5

BANDWIDTHS VALUES IN SIMULATION STUDIES: DESIGN 4, LM2 SHAPE.
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