Nonparametric Bayes Analysis of the Sharp and
Fuzzy Regression Discontinuity Designs

Siddhartha Chib *
Edward Greenberg

March 17, 2014

Abstract

We develop a Bayesian analysis of the sharp and fuzzy RD designs in which the un-
known functions of the forcing variable and the other covariates are modeled by penalized
natural cubic splines, and the errors are distributed as either Gaussian or Student-t. Sev-
eral novel ideas are employed. First, in estimating the functions of the forcing variable,
we include a knot at the threshold, which is not in general an observed value of the forcing
variable, to allow for curvature in the estimated functions from the breakpoint to the near-
est values on either side of the breakpoint. Second, we cluster knots close to the threshold
with the aim of controlling the approximation bias. Third, we introduce a new second-
difference prior on the spline coefficients that can deal with many unequally spaced knots.
The number of knots and other features of the model are compared through marginal like-
lihoods and Bayes factors. Fourth, we develop an analysis of the fuzzy RD design based
on a new model that utilizes the principal stratification framework, adapted to the RD de-
sign. In this model, the sharp RD model holds for compliers, while the outcome models
for never-takers and always-takers are assumed to satisfy the usual exclusion rule with
respect to the forcing variable. In each design, posterior computations are straightforward
and are implemented in two R-packages that may be downloaded. Calculations with
simulated data show that the frequentist RMSE of the Bayes ATE estimate (in the sharp
model) and the Bayes ATE for compliers (in the fuzzy model) are smaller than that of the
frequentist local ATE estimate in all examples, in several cases by a significant factor.
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1 Introduction

The sharp and fuzzy regression discontinuity (RD) designs are simple but powerful quasi-
experimental designs for conducting causal inferences with observational data. Interest in
these designs has grown substantially in recent years following the realization that many
cause-effect problems in such fields as economics, finance, political science and other fields
can be viewed in terms of one or the other RD design (Imbens and Lemieux, 2008, |Lee and
Lemieux| [2010).

At their core, these designs rely on the fact that treatment assignment in some problems is
determined by an exogenously specified rule. The rule is characterized by a forcing variable
z and a known break-point 7. In the sharp RD design, subjects with a value of z less than
or equal to 7 receive the control treatment x = 0, while those with z value greater than the
break-point are the treated and receive the treatment x = 1. Thus, in this case, treatment
assignment is a deterministic function of the forcing variable. In contrast, in the fuzzy RD
design, treatment assignment is a non-deterministic function of the forcing variable but with
the property that the treatment probability changes discontinuously at the break-point. As a
result, some subjects to the left of the break-point, though more likely to be non-treated, can
receive the treatment, and some subjects to the right of the break-point, though more likely to
be treated, can be non-treated. In effect, in the fuzzy RD design, the forcing variable along
with the assignment rule is an instrument.

Such rules can be exploited to find the relevant RD treatment effects. Let y be the outcome
of interest, and suppose for concreteness that it is continuous. If it can be assumed that z is
not manipulable and that the distributions of z and other observed confounders w is smooth
around 7, then, in the sharp design, the RD average treatment effect is given by the size of the
discontinuity in the relation between y and z at 7, and it can be consistently estimated (Hahn
et al.,[2001). In the fuzzy RD design, these and additional assumptions imply the consistency
and identification of the LATE estimator, a version of the instrumental variable treatment effect
(Hahn et al., [2001)).

In this paper, we provide the first Bayesian analysis of these designs. We employ non-

parametric modeling and use flexible and novel priors for the non-parametric functions. Let



y; denote the potential outcome when = j, for j = 0,1. The observed outcome is y =
(1 — 2)yo + zy;. Let w denote a single continuous confounder (for simplicity), and let v
denote ¢ categorical and linear confounders not including an intercept. Then, in the sharp RD
design, the model we analyze assumes that the potential outcomes y; conditioned on (z, w, v)
are generated as

y; = g;(2) + 'y + h(w) + ¢, (1.1)

where g;(-) are smooth unknown functions of z, one for each value of value of z, h(-) is a
smooth function that depends on w but not x, and ¢, is the random noise that is independent
of z. We assume that the distribution of the noise is Gaussian or Student-¢ with degrees of
freedom not less than two. We refrain from modeling the noise distribution non-parametrically
to focus on the main features of our approach, but it is straightforward to extend our analysis
to a fully non-parametric model. Given this model and a random sample of data on n subjects,

we show how to estimate the posterior distribution of the RD ATE

E[y1|z = 7,w,v] — E[yo|z = 7, w,v] = g1(7) — go(7)- (1.2)

In our approach, we do not limit the data to a window around the threshold, as is done in
the local linear regression method of Imbens and Kalyanaraman| (2012)). Our modeling of
the unknown functions is by penalized splines. These are a compromise between regression
splines, which have fewer knots than data points and no penalty, and smoothing splines, which
have one knot for each data point and a penalty for roughness of the fit (Ruppert et al., 2003).
We employ splines because they are flexible and easy to work with, and they have known
asymptotic properties Zhou et al.| (1998)), |Claeskens et al.| (2009).

Our choice of the number of knots is guided by a result in/Claeskens et al.[(2009) that fewer
knots provide better asymptotic rates and lower mean-squared errors than a large number of
knots. We allow the number of knots to grow moderately with the sample size, according to
the rates in |Claeskens et al.| (2009), but the distribution of knots, for any given sample size,
is tailored to the specifics of the RD model. A key idea in our approach is to have a knot at
7 in the basis expansion of each g;(-) function. This allows the estimated functions to have
curvature from 7 to the nearest z value on either side of 7. We also recognize the special

importance of the region near the threshold by dividing the support of the gy function into two
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regions, one close to 7 and one further away. Analogously, we divide the support of g; into
two regions. We then cluster some knots in the regions that are proximate to 7, subject to the
requirement that there is at least one observation between each pair of knots. We also impose
this requirement on knots placed in the regions farther away from 7.

The cubic spline basis we use is described in (Chib and Greenberg (2010), where its value
for Bayesian function smoothing is highlighted. An attractive property of this basis is that its
coefficients are interpretable as function ordinates at the knots, which is useful in constructing
priors. In this paper, we develop a new prior on the basis coefficients. We suppose that
the function values, conditioned on the first two ordinates and precision (penalty) parameters
Aj, arise from a discrete second-order Ornstein—Uhlenbeck (O-U) process. This formulation
is essentially a generalization of the second-difference penalty in Eilers and Marx| (1996)) to
the case of unequally spaced knots. In the next step, the two initial ordinates of each g;
function are modeled by Zellner’s g-prior, in the first use of this prior in this context. The final
element of this prior is a flexible distribution on the penalty parameters to promote data-driven
smoothness. It is worth noting that this prior requires only a small number of inputs and can
be implemented in a default way.

Our analysis of the fuzzy RD design is based on a new model that utilizes the principal
stratification framework of Frangakis and Rubin (2002), adapted to the RD design. In this
model, the mismatch between the treatment implied by the forcing variable, and the treatment
actually observed, is explained by a discrete confounder variable s that represents one of three
subject types (or strata): compliers, never-takers and always-takers, that are distributed a priori
as

Pr(s=k)=q, k €{c,n,a}, (1.3)

with q. + ¢, + q. = 1. For subjects of the type s = ¢, the compliers, the sharp RD model holds
precisely, that is, as z passes the break-point 7, the treatment state changes from O to 1 with

probability one:
Pr(z=0z<7,s=c¢)=1land Pr(z =1z >1,s=¢) =1 (1.4)

On the other hand, for subjects of the type s = n, the never-takers, the probability that z = 0



is one regardless of the value of the forcing variable,
Pr(x =0|z,s =n) =1 (1.5)

and for subjects with s = a, the always-takers, the probability that z = 1 is one regardless of

the value of the forcing variable
Pr(x =1|z,s =a) =1 (1.6)

For compliers, therefore, we can assume that the sharp RD model holds. On the other hand, for
never-takers and always-takers, the outcome models are assumed to satisfy the usual exclusion
rule with respect to z. In detail, by subject type, our assumption is that outcomes are generated

as

s=c:y; = g;(z) + vy + h(w) + ¢,
§="n">Yon = [1a v/]fyn + hn(w) + €0n

§=0a:Yia = [1;1},]% + ha(w) + €1a; (17)

where ¢y, is either Gaussian or Student-¢ with dispersion 0,%, and ¢g, is either Gaussian or
Student-¢ with dispersion 02. We include intercepts in the n and a models because v is as-
sumed to be free of an intercept. Under these assumptions, the fuzzy RD ATE is again the

difference g1(7) — go(7) which we can interpret as the ATE for compliers (ATEC) at 7:

ATEC = E[y1|z = 7,w,v, s = ] — E[yo|z = 7, w, v, s = (]
= 91(7') — go(T). (18)

We note that although the principal stratification model has been used in many different
situations, this is the first use of the model to describe the fuzzy RD problem. It is interesting
to see how this model straightforwardly generalizes the sharp RD model. Fitting of this model
takes advantage of the usual Bayesian techniques for mixtures and involves the augmentation
and sampling of the latent variables s; (i < n). Label switching does not occur in this model,
even with a non-informative prior, because of three reasons: one, the exclusion restriction
ensures that the distributional component for compliers is distinct from the other two compo-

nents in the mixture; second, information from the observations with z > 7 and = = 0 supply
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a revision of the prior distribution of the parameters of the n model without contamination by
compliers; and, third, information from the z < 7 and x = 1 observations provide an update
of the @ model, again without contamination by compliers.

Posterior computations for each model, which are described below, have been coded in two
R-packages and are available for download on request. We use these packages to examine the
performance of our methods in both Bayesian and frequentist terms. Comparisons of results
with simulated data show that the frequentist root mean squared error (RMSE) of our ATE
estimates in each case are smaller than of the frequentist local ATE estimate, in several cases
by a significant factor. The frequentist coverage of the Bayesian interval estimate of the ATE
is often closer to the nominal value than that of the corresponding frequentist interval ATE
estimate. These superior frequentist properties of the Bayes point and interval estimators may
be due to the principled way in which we take advantage of the full Bayesian apparatus to
address the particular challenges that arise in the RD problem.

The rest of the article is organized as follows. In Section [2} we specify the data generation
process and the cubic spline formulation. Section [3| contains the prior specification, and Sec-
tion @] presents the posterior distributions and summarizes an MCMC algorithm to sample the
posterior distributions. Sections [5|and [6]contains examples of simulated data for the sharp and
fuzzy RD designs, respectively, and Section [/| contains our conclusions. Details of the basis

functions are contained in Appendices[A]and

2 Modeling g;(z), basis expansions and likelihoods

We begin by describing our modeling of the unknown go(2), g1(2), h(w), h,(w) and h,(w)
functions. Our approach is based on penalized natural cubic splines. A natural cubic spline is
a smooth curve constructed from sections of cubic polynomials joined together at knot points
under the constraints that the function has continuous second derivatives at the knot points and
that the second derivatives are zero at the end knots. The cubic splines are expressed as affine
functions of basis functions. The specific basis we use is explained in Chib and Greenberg
(2010) and described in Appendix A. We favor this basis, as opposed to others, for example,

the B-spline basis, because of the interpretability of its basis coefficients. The modeling is



further characterized by an approach for placing the knots that has been tailored to the RD

problem, and a new regularizing prior on the basis coefficients.

2.1 Data

The available data are n independent observations on (y, x, z, w,v). These are indicated by
(Yi, iy 2iy w4, v;), © < m, where y; is yo; Wwhen ; = 0 and y3; when z; = 1. In the sharp RD
case, denote the number of observations to the left of 7 by ng and the number of observations
to the right of 7 by ny, with n = ng + ny. For convenience, rearrange the data so that the first
ng observations correspond to those for x; = 0 and the next n; to those for x; = 1. Let the

vector of observations on (y, z) to the left of 7 be assembled as

Yo = (Y1, Uny) (nox1), 20=1_(21,-..,2n,) (nox1),

and those to the right of 7 as

Y1 = (yno+1> oo 7yn) (nl X 1)7 1 = (Zno+17 SRR Zn) (nl X 1)7

and similarly for the observations on (w, v). For later reference, define
Zimin = Min(z;),  2jmax = Max(z;), (j =0,1),

and the pth quantile of z; by z;,,.

In the fuzzy RD design, these data structures are modified appropriately. In particular,
since observations on either side of 7 can be controls or treated, the data is arranged in se-
quence in four cells, defined by Iog = {i : 2; < 7,2, = 0}, I1o = {i : 2z, > 7,2, = 0},
Ip ={i: 2z, <7,x;=1}and [}y ={i: z; > 7,2; = 1}, as

‘ x=0 r=1

2 < 7T | Yoo, 200, Woo Yo1, 201, Wo1 (2.1)
Z > T | Y10, 210, W10 Y11, 211, W11

The number of observations in these cells is denoted by n;; (I, j = 0, 1). The outcome data in
cell Iy is indicated by ygo and consists of those outcomes for which z; < 7 and x; = 0 and
the outcome data in cell /;; is indicated by y1; and consists of outcomes for which z; > 7 and

x; = 1. Similarly, the w data in the ;; cells is indicated by w;;, a vector of size n;; x 1.
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2.2 Kbnots and basis matrices: sharp RD

Normally, it is enough to place knots equally-spaced through the range of the data or at partic-
ular quantiles of the data. For estimating the gy and g; functions, however, it is advantageous
to place the knots more strategically. Because interest is centered on the difference of the two
g functions at 7, we propose a procedure that clusters some knots in the regions around 7.
Partition the intervals [2o min, 7] and [T, 21 max] into intervals that are proximate and far from 7.

Let these four intervals be determined by the quantiles
<0,po and “1,p1

for specific values of pg and pq, for example, (po, p1) = (0.9,0.1). A particular distribution of

knots is shown in Figure[I]

g
§
T T T T T T QO
20,min Ko2 Ko,3 Ko,4 ko5 ko6 g;é ;; .
g
]
——@ T T T T
;: ;j K14 K15 K1,6 <1, max

Figure 1: Example of knot locations in the basis expansions of gq (top panel) and g; (bottom
panel), determined by m, = (6,5), m., = (5,5). Note that the no empty interval constraint
meant that the number of knots is smaller than what is implied by these choices. The circled
points are the py an p; quantiles of zy and 27, respectively. Both gg and g; have a knot at 7.

Knots are now allocated to each of the four segments with the provision that there is at least
one observation between each successive pair of knots. In placing these knots, we first place
a knot at 7 for each g; function. Even though 7 is not an observed value of z in general, this
key idea allows the estimated g functions to have curvature from the breakpoint to the nearest
z value on either side of it. Otherwise, the functions are linear over those intervals. We then
place m o, and m, ; - knots in the intervals proximate to 7. Finally, we place m. o and m ;
knots in the intervals that are further away from 7. It is convenient to define m, = (m. o, m.,)

andm, , = (mz,o,n mz,l,r)-



Setting up an algorithm that places the desired number of knots under the constraint of
no-empty intervals can be a bit tricky, especially when the data is sparse. One algorithm,
which may be characterized as ‘propose-check-accept-extend,” is simple to implement and
ensures that the number of knots produced is close to, but not necessarily equal to, the desired
numbers. It proceeds in the following way: For the two intervals to the left of 7, place a knot
at 7 and let A, = (7 — z0,,)/(m=0.- — 1) be the initial spacing for the remaining knots in the
interval proximate to 7. Propose the next knot at 7 — A, and accept it as a knot if it produces
a non-empty interval. Otherwise, propose a knot at 7 — 2A ., check for a non-empty interval,
accept or extend the interval, and continue in this way until either zg ,, is reached or exceeded.
Then calculate the spacing Ag = (20, — 20,min)/M,0 and proceed from the last accepted knot
in the same way as before, making sure that zg mi» 1s a knot at the end of this stage. The same
propose-check-accept-extend approach is applied to the right of 7 after placing the first knot

at 7 and ending with a knot at 27 ymax. Let

{zO,miny R0,2y - - -y KO,mo—1, T} (22)

denote the mg knots to the left of 7 determined by this procedure, and let

{7—7 K12,y R1m;—1, Zl,max} (23)

denote the m; knots to the right of 7. An example is shown in Figure [T} where mq = 10 and

mq = 7. When using this algorithm, note that
mo S mzo + mzo,r

and

my S mzir + mza

and that, in general, the knots are not equally-spaced.

In specifying the number of knots, m; can be selected to be cn?, for some constant ¢ and
v > %, following the rate derived in |Claeskens et al.| (2009). To choose the values of p;,
m. ;, and m ; -, the observed zp and z; can be examined, placing more knots where there is a
greater concentration of observations. These choices can then be adjusted on the basis of the

marginal likelihoods of various models, as discussed below.
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Given the knots and the basis functions, the unknown function ordinates go and ¢; at zg

and z;
go(21) 91(2ng+1)
go(70) = ?0(22) and  g(z) = :gl(z"(’“) , (2.4)
90(20) 91(2n)
respectively, can now be expressed in terms of the knots and the basis functions in the appendix
as
9o(20) = Boax
and
91(z1) = B1B,

where B;: n; x m; are the basis matrices and «, and /3 are the basis coefficients. Since the
basis coefficients, as noted above, are the function values at the knots, the components of «

and [ are explicitly,

gO(ZO,min) 91(7—)
go(lfo,z) gl(lﬁ,z)
a = : ; g = : : (2.5)
(mox1) (m1x1)
gO(KIO,mofl) gl(ﬁl,mrl)
gO(T) gl(zl,max)

which implies that the ATE under our parameterization is the first component of 5 minus the
last component of o

ATE = 5[1] - a[mo]. (26)

Knot placement for the function h(w) needs little comment. One can provisionally allocate
m., equally-spaced knots on the interval [wmin, Wmax], again under the constraint that there are
no empty intervals. The value m,, can be chosen to be c,,n”, for some constant c,, and v > %

The function ordinates
h(w) = (h(wy), h(wy), -+, h(wy))

can then be expanded as

h(w) = By,0

where the basis matrix B,, has one column less than the number of knots because of an iden-

tifiability condition (see Chib and Greenberg, |2010).
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2.3 Kbnots and basis matrices: fuzzy RD

In dealing with the fuzzy RD design, the knots are selected as above, except that the data used
is the one that is relevant for that function. For instance, in dealing with the go function, one

takes the data zoo, padded with 7 at the right, to locate the knots, so that

90(z00) = (90(21): 90(22). **+ , 9o(2na0))’

can be expressed as
9o(200) = Booc,
where we use the notation By to emphasize that this basis matrix is constructed from the z

data in the oo cell. Similarly, from the z;; data, padded with 7 at the left, we express the ¢;

function values

91(211) = (gl(zno+n01+1)7 gl(zno+n01+2)7 T 791('2”))/

as
91(211) = Bllﬁ‘

Notice that we abuse notation in denoting the basis coefficients by the same symbols as in the
sharp RDD model. This is done to emphasize the correspondence with the sharp model. The
ATEC is again

ATEC = Bp1) — [mg)- (2.7)

For the h function in the model for compliers, the knots are computed from the data (woo, w11),

and
h(w) = (h(w1)7 T 7h(wnoo)? h(wno+n01+1)? T h(wn))/

has the expansion

h(w) = Boo119 ,

where we employ the somewhat cumbersome (but informative) subscripting to clarify that
this basis matrix is based on the w data in the Iy and /1; cells. In the same manner, the basis

expansion of the h,, function makes use of the data (wqg, w1g) so that

hn(w) = (hn(w1)7 Tt hn(wnoo)7 hn(wnoo-i-l)? T hn(wno)),
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is expressed as

hn(w) = Boo,105n-
Finally, for the h, function in the fuzzy model, we base the knots on (wp1, w11) and express

ha(w) = ( ha(wnoJrl) ha(wno+2) ha(wn) >/

as

ha(w) = Boo,105a-

2.4 Likelihood: sharp RD

With the basis expansions in hand, we can express the sharp RD model y; = g¢;(z) + v'y +

h(w) + ¢; in a form convenient for computing by collecting all n observations as:

(6%
Yo €
(nox1) _ BO 0 Bw,l:no ‘/l:no B + (nogl) (2 8)
1 O Bl Bw,no+1:n Vno“:n Y €1 ’ '
(n1x1) 5 (n1x1)

where the notation B, 1.y, is shorthand for the first ny rows of B,,, and the notation B, .,
for its last n; rows, and V' is the matrix of observations on v, partitioned conformably. In

abbreviated form, this model can be written as
y=X0+e¢,
where € = (&9, €1) are the independently distributed errors, and
0 = (a,8,7,9)

is the regression parameter of length k = (mg + my + m,, — 1 + ¢). Therefore, the Gaussian
likelihood is
yl0, 0% ~ N (X0,5°1,), (2.9)

where [, is the identity matrix of order n, and the Student-¢ likelihood is
ylo, 0% v ~t,(X0,0°I,) (2.10)
for given degrees of freedom v > 2.
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2.5 Likelihood: fuzzy RD

The likelihood function in the fuzzy RD model is that of a mixture model. Consider for
simplicity the Gaussian case. Let By ; denote the ith row of By, with similar notation for the

other basis matrices. Then, the likelihood contribution of the ith observation by cell are

Loo,i = qeN(yi|Boo,icv + viy + Boo 11,i0, 02) + ¢ N (yi| [1, vi]¥n + Boo,10,i0n, 0721)>

L1o; = ¢ N (vi][1, vi]Yn + Boo,10,i0n, oi),
Lo1,i = ¢uN(yil[1, vi]va + Bo1,11,i0as 02),
L1 = @N (i) Bi1.iB + viy + Boo11.i0,0%) + ¢aN (vi|[1, vi]7a + Bor11.i0a, 02),  (2.11)

and the likelihood function is the product of these contributions over all the observations:

L= H Loo; X H Lo X H Loy X H Li1;. (2.12)

iEIoo iEIm iEI()l i€l
3 Prior distribution

In spline estimation with no regularizing penalty, there is a trade-off between the model fit and
the smoothness of the function estimates. As the model fit is improved by adding knots, the
function estimates tend to become less smooth. In non-Bayesian penalized spline estimation,
the smoothness of the function is controlled by adding an />-based roughness penalty to the
negative log-likelihood, or least squares, objective function. A commonly chosen penalty
is the integrated squared second-order derivative of the spline function, which, because the
function is linear in the basis parameters, is a quadratic form in the basis parameters.

Our approach to specifying this penalty is through a novel prior distribution. Consider
the sharp RD model for specificity. The parameter of interest in the mean function is § =
(c, 8,7, ). The prior we construct is conditioned on four positive penalty parameters, namely

A = (Ao, A1, Aw; Aa), and the error variance o. It has the form
(0| Ao, A1y Ay As, 02) = o (a|)\0, 02) m (5|)\1, 02) Ty ('y|)\7, 02) s (5|)\5, 0’2>

where each of the distributions on the right-hand side is Gaussian, and except for the distribu-

tion 7., is of a form that has not been used before. The other three distributions, 7, ; and
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ms, which are the distributions of the basis parameters in the expansions Bya, B1 and B0,
respectively, are constructed by supposing that the basis parameters (the function ordinates
at the knots) are each realizations of mutually independent discrete, second-order Ornstein—
Uhlenbeck (O-U) processes. Our approach naturally handles unequally-spaced knots and pro-
duces a proper distribution, unlike the prior in Eilers and Marx| (1996)).

In continuous time, the second-order O-U process for a diffusion {¢;} can be defined

through the stochastic differential equation
d?p, = —a(dp, — b)dt + s dW,,

where a > 0, and {W,} is the standard Wiener process. We propose to use this process in
its Euler discretized form as a prior for the ordinates of the non-parametric functions at their
respective knots. One simple possibility istoleta = 1, u = 0 and s = o/ V/\, where ) is
equal to \; for the g; functions or As for the A function. Furthermore, in discrete time, dt is
the spacing between successive knots. This discrete second order O-U process is the basis of

the prior on the unknown function ordinates.

3.1 Priorof o

Consider the situation shown in Figure [2| for values of gy computed at three successive knots,

o = go(lfo,z‘) ﬁj = 91(’43173‘)

Bj+2

|

|

| .
Q2 | Bi Pi+1

ho,i haj1
— > >
K0,i—2 K0,i—1 Ko,i T K1,j K1,j+1 K142 &

Figure 2: Function ordinates and prior formulation.
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represented by a; = go(Ko,i), -1 = go(ko,i—1) and a;_» = go(Ko,i—2). Let

A2Oéi = (Oéi — Oéi_l) — (Oéi_l — Oéi_Q) , 7> 2
and define the spacings between knots by
hO,i = Ro,; — Ro,i—1

as shown in Figure Then, in the Gaussian error model, our prior assumption on (a3, oy, . . . , )
conditioned on (o, ap) is that
A’ = —(ajm1 — a-2)ho; + o, 3.1
2
uoil0®, Ao ~ N (0, ‘;hoﬂ-) , (3.2)
0
where (o;_1 — ®;_2)hg; introduces mean reversion and )\ is an unknown penalty parameter.
Note that the assumed dependence between the spline coefficients and o2 is uncommon, but
requiring conditional conjugacy with respect to o2 is also quite reasonable. In the Student-
t error model, on the other hand, conditional prior conjugacy with respect to o cannot be
achieved, and it is more reasonable to suppose that the spline coefficients and o2 are a priori
independent.
Next consider the starting ordinates, (a1, «p). Instead of an improper prior as in Lang and
Brezger (2004) and Brezger and Lang (2006), we specify a proper g-type prior that smoothly

avoids any elicitation difficulties. We let
Ta_,%:2 = (B(/)Bo)m

denote the first two rows and columns of B{ B, and then suppose that

2
oy | QO(ZO,min) N Q.0 g
- ~ y N ta,l:2
az go(ko,2) @0 ) Ao
where o o and ;o are 2 free hyperparameters that we roughly set to equal the prior means
of go, if such information is available, otherwise, we set them to zero. In our experience,
posterior inferences are quite robust to the choice of these values.
By straightforward calculations it can be shown that these assumptions imply that

0.2

To(a|o?, Xo) = N <a|D;1a0, AD‘:lTO‘D;l/> (3.3)
0
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where

/.
Qp = (Oé17070427070, B ,0) tMmp X ]_,

D, is a tri-diagonal matrix (given in Appendix [B) that depend entirely on the spacings, and
Ta = bIOdeiag(Tml;Q, Imo—Z) T Mo X 1
Thus, the penalty matrix of the gy function is A\gD, 1, ng.

3.2 Priorof g

Our prior 7 (5|A1,02) on 3 is constructed in a way analogous to m(a|o?, \g) but with the
key difference that the O-U process is oriented for knots going from right to left. Consider

again Figure 2] and now consider the three successive values of g;, ordered from right to left,

and represented by 5; = g1(k1,;), Bj+1 = 91(k1,j+1) and 512 = g1(k1,j4+2). Our proposal is

to imagine the specific second differences

A?B; = (B — Bj+1) — (Bj+1 — Bjra) , j <mi—1

with spacings between knots given by

hij+1 = K141 — Ky,

conditioned on the right end-points (5,1, Bm, ), as following the process

Azﬁj = —(Bjr1 — Bjra)ha v + i, 3.4

2
Uji|027/\1 ~N (0, ihl,j-&-l) ) (3.5)
1

where )\; is another unknown penalty parameter.

We orient the 3 process in this way to circumvent the direct specification of a distribution
on 31 = g1(7), which can be both difficult and consequential. In our approach, the prior
on g;(7) is determined by the O-U process, in the same way that the prior on the other key
parameter «,,,, = go(7) is determined by the o O-U process. Our experiments have indicated

that this formulation helps to reduce the extent of the shrinkage-bias for «a,,, and f3;.
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The distribution of the initial values (3,,,_1, Sm,) is once again a type of g-prior. Let

1 o /
Tﬂ,mlfl:ml - (BlBl)mlfl:ml

denote the last two rows and columns of Bj B,, then our assumption is that

Bmy—1 91(21,my-1) N Bmi-1,0 o’
! = X ~ e — T mi—1mq | -
( 57711 gO(/{l,ml) 5m1,0 ’ )\1 By —lims
These two assumptions immediately imply that
0'2 ’
m(Blo3 A1) =N (Dﬁlﬁo, ZD51T5D51 ) , (3.6)
where
60 = (07 cee 07 6m171,07/8m1,0)/ tmy X 17

Dg is the tri-diagonal matrix in Appendix (B} and
T = blockdiag(L,n,—2, T5.my—1:my) : M1 X 1.

Thus, the penalty matrix for the g; function is Ay DT}, ' Dj.

3.3 Prior of v and o

For the linear parameters  our proposed prior is a semi-conjugate g-prior with a prior mean
of 7, and precision matrix equal to o)\, V'V . Specifically,
o2
o0 =X (2o 5077
where we generally set ~y, to equal zero.
Finally, for the basis parameters d, the prior construction proceeds entirely analogously to
that of . Omitting details,

2
s (5|)\5,02) =N <5|D;U150, i(sD;lTwD;y)

where the matrices D,, and 7, are those given in the appendix.

We remark that in the fuzzy model, the preceding prior is the prior on the parameters of
the complier model, where the penalty matrices are computed from the data in the cells /y
and ;3. The prior on the parameters of the n and a models is constructed analogously to that

of (v, ¢) in the complier model. Because the details are clear, they are omitted.
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3.4 Prior of o and )\

The prior on o2 is of the usual form. Independent of the precision parameters, we suppose that

)
2 Yo %
o G<2,2 ,

where 1y and dg are chosen to reflect the researcher’s views about the mean and standard
deviation of 2. We have a similar prior on ¢2 and o2 in the fuzzy model. In the sharp
model, this leaves us with the parameters A = (Ao, A1, A, As) and with the parameters \ =
(Ao, A1 Ay, As, Ay, As,, Ay As, ) in the fuzzy model. Specifying a general prior assumption
about these parameters is not easy. In the frequentist interpretation of the penalized smoothing
spline, for fixed n, A; — 0 implies an unpenalized regression spline, and \; — oo implies
piece-wise linearity. Also, in that interpretation, the size of ) increases with n. For our setting,
Claeskens et al. (2009) derive the optimal rate A = O(n*/%).

In our Bayesian formulation, A\ helps determine the prior variances of #, which may be
regarded as a measure of the strength of our belief in the specification of the prior mean.
The prior variances of the elements of «, for example, are equal to the diagonal elements of
(02/X0)D;1T,, DY . These variances depend on 02, \o and the hg j,, which vary from problem
to problem. We consider two methods of choosing the hyperparameters of the distribution of
Ao- One is simply to specify prior values of E(\g) and sd(\) and match a Gamma distribution
to these choices. The second idea is to choose E(\g) to make the smallest diagonal element of

the variance matrix equal to one, that is, choose E()\¢) so that

min {diag (EE‘;Z;DalTQDal’)} ~1,

and let sd(\o) be a multiple of the prior mean. For specificity, in the sharp model, the same

approach can be taken for \;, A, and \,,. Given the prior mean and standard deviation, we can

find the matching Gamma distributions, which are denoted as
CLjo bjO .
Aj ~ Gamma o | j=0,1,7,0

and assumed to be distributed independently. An identical approach can be employed in the
fuzzy model. Note that we obtain a result comparable to an unpenalized regression spline

model by letting the prior mean of A\; (j = 0, 1,+, J) be small and the prior standard deviation
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be even smaller. In the Bayesian interpretation, these settings have the effect of enforcing a

small precision on the prior distribution of («, /3,7, d).

3.5 Priorofgqg

In the fuzzy RD model, a prior distribution on the probabilities ¢ = (¢., ¢n, o) is needed.
Following the usual custom, this prior is taken to be Dirichlet with parameters (1., 1on, 704 )-
We normally set these hyperparameters to reflect the belief that half the sample consists of
compliers, and that the remaining half is equally divided between never-takers and always-

takers.

4 Posterior Distributions and MCMC Sampling

We begin with the sharp RD design and then show how to modify it for the fuzzy case.
4.1 Sharp RD design
4.1.1 Gaussian error

Consider first the Gaussian error model which has the form

yld, 0% ~ N, (X0, 0°1,),
0l02 {\j} ~ Ni (90,02140) ;

5
2 g (Koo f00
g 2772 )

Aj ~ Gamma (ijo bjo) , (1 =0,1,7,9)

272
where
to = (Dgloéo,Dglﬁo,’VoyD;l%)/ :
and
Ag = blockdiag (;D;ITaDj’, ;DngﬁDgl’, ;(V’V)‘l, ;DngwD;f)
0 1 ~ 5

The posterior distribution of the parameters of this model can be sampled by the following
MCMC algorithm, which is iterated ng +m times, where ng is the number of burn-in iterations

and m is the number of iterations retained:
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* Given (y, {)\;}), sample (6, 0?) from the updated normal-inverse gamma distribution:

(0. 0%y, {0 1) = m(0lo?, y, {\;}) m(0®ly. {\;})
~ Ni(01,0% A1) 1G(11/2,61/2),

where

01 = A1(X'y + Agto),
A= (X'X + AN,
V1 = Vo + n,

81 = oo + y'y + O Ag 0 — 01 A6,

e Given («a, 02), sample )\ from
an updated Gamma distribution, independent of y:
7T()\0|Oé, 0'2) ~ Gamma(a01/2, b01/2),
where

ap1 = Goo + Mo,
(Do — ag)' T (Do — )
02 ’

bor = boo +

* Given (3,0?), sample \; from an updated Gamma distribution, independent of y:
7T()\1’ﬂ7 02) ~ Gamma(a11/2, b11/2),
where

ai1 = aip + my,

(Dgf — Bo) T3 (Dsf — bo)

bir = bio + >
o

* Given (v, 0?), sample )\, from an updated Gamma distribution, independent of y:
(A, |y, 0%) ~ Gamma(a,1/2,b.1/2),
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where

G~y1 = G~ + q,
(v =) (V'V) "y = )

02 '

by1 = by +
¢ Given (8, 02), sample \s from an updated Gamma distribution, independent of y:
7(As|y, 0?) ~ Gamma(asi/2, bs1/2),
where
as1 = a5 + My,

(Dw5 — 50),Tu71(Dw(5 — (50)

o2

bs1 = bso +

e After the burn-in iterations, extract the last element of « and the first element of (5 to

obtain drawings of the ATE from its posterior distribution.

4.1.2 Student-{ error

The Student-t error model differs from the Gaussian model for only two distributions

y|9,02 ~ t,,(X@,JzIn)
9|{)‘j} NNk (90,140),

since the prior distributions of o2 and {);} are the same. The posterior distribution of the
parameters in this model are easily sampled by using the well known representation of the

Student-¢ distribution as a gamma scale mixture of normals:

5i|027 §i~ N(07 U2/§i)7

& ~ Gamma(%, %) i< n.

Then, by augmenting the posterior distribution of ¢ by the {;}, MCMC sampling proceeds
in much the same way as above, except that 6 is sampled conditioned on both o2 and {¢;},
02 is sampled conditioned on ¢ and {¢;}, and a layer is added in which the {;} are sampled

conditioned on 6 and o?2.
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4.2 Fuzzy RD design

Estimation of the fuzzy RD model relies on the usual augmentation of the mixture indicators,
here the type variables s; (i < n). Conditioned on the parameters, these type variables have
to be sampled only in the cells Ipy and /;; (because the subjects in cells /39 and [;o are nec-
essarily of types n and a, respectively). From the likelihood contributions given above, for
observations in cell Iy

4N (yi| Boo i + viv + Boo 11,40, 02)

4N (yi| Boo ;v + vi7y + Boo 11,0, 02) + ¢ N (yi] [1, vi] Ve + Boo,10,i0n, 02)
Pr(s; = nly;,0) =1 — Pr(s; = cly;, 0)

Pr(s; = c|y;, 0) =

and for observations in cell /1
¢eN (yi| B11,i8 + viv + Boo11,i0, 02)

4N (yi| B11,:8 + viy + Boo1,i0, 02) + qa N (¥i|[1, vi] Ve + Bo1,11,i04, 02)
Pr(s; = aly;,0) = 1 — Pr(s; = c|y;, 0)

PI’(Si = C‘yi, 9) =

Suppose that in a particular MCMC iteration, the sampling of {s; } with these probabilities
produces ng, compliers and ng, = ngo — ng, never-takers in cell Ioy. Similarly, suppose that
the sampling produces n{; compliers and n{; = n1; — n{; always-takers in cell /;;. Given
the sampled types, the probabilities ¢ = (¢, ¢n, ¢.) are sampled from an updated Dirichlet

distribution with parameters
C C n a
(noe + ngo + 131, Non + Ngg + N10, Noa + No1 + N71)-

Again, conditioned on the sampled types, the model decomposes into three separate mod-

els, one for each type. Then, we can write

e By, 0 Bioar Voo o €00

(mgxD) | _ [ (moxmo) (my 1) p (no 1) 4.1)
Y11 0 11 B(C)O,ll Vi Y €l 7

(nflxl) (nﬁxml) (nfl XMy —1) 5 (n%Xl)

where the c superscript indicates the sub-vectors and sub-matrices consisting of the rows (ob-
servations) sampled as compliers in the indicated cells. This is analogous to (2.8) in the sharp
RD model. Therefore, the parameters (a, 3,7,d), (Ao, M1, Ay, As) and o2 can be sampled ac-
cording to one step of the sharp RD MCMC algorithm.
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Similarly, given the ng, observations sampled as never-takers in the cell Iyp, we can write

n
€00

Yoo Voo Bgo,lo 5 ( :

(ngyx1) _ (ngyxmp—1) n + ngyx1 (42)
Y10 Vio  Boou1 ( On ) €11 ’

(n10x1) (n10xmqyw—1) (n1ox1)

where V(o and V3o contain an intercept, and Bgo,m consists of the rows of Byg 11 in cell Iy that
are classified as never-takers. This model again is similar in structure to the sharp RD model
and, therefore, its parameters (7, ), (A,,, As, ) and o2 can be sampled using one step of the
sharp RD MCMC algorithm.

Next, given n§; observations classified as always-takers in the cell /11, we have

Yo1 Vo Boi,11 €01
(no1x1) (no1xmg,—1) Ya (no1x1)

a = a a + a 4.3
Y11 Vi Bgi 11 ( Oa ) €11 (*3)
(nf;x1) (nfy xmg,—1) (ngy x1)

where Vp; and V;j contain an intercept, and Bngl consists of the rows of By 11 in cell I3
that are classified as always-takers. Its parameters (7,4, 04), (M, As,) and o can likewise be
sampled as above.

These steps, which constitute one iteration of the MCMC sampling in the fuzzy RD model,
are repeated, and sampled values beyond the burn-in are retained for analysis, just as in the

sharp MCMC algorithm above.

4.3 Marginal likelihood computation

For both these models, the procedure of |Chib| (1995) can be used to calculate the marginal
likelihood. We use the marginal likelihood to compare models that differ in the value of p
and in the number of knots in the four regions implied by a given p. We also use marginal
likelihoods to compare the Gaussian and Student-¢ assumptions, and the Student-¢ model with

different degrees of freedom.

S5 Simulated Data: Sharp RD Design

5.1 Gaussian errors

This section examines the performance of our method in both Bayesian and frequentist terms

using simulated data with a Gaussian error. The first goal is to investigate the posterior esti-
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mates of the ATE as a function of sample size. The second goal is to examine the sampling
properties of the posterior ATE estimates, again as a function of sample size. The perfor-
mance is benchmarked against those of the frequentist estimator of Imbens and Kalyanaraman
(2012) as implemented in the R package rdd. As will be seen, these side-by-comparisons
show that the frequentist RMSE of the Bayes ATE estimate is smaller than of the frequentist
ATE estimate, in several cases by a significant factor. The coverage of the Bayes ATE estimate
is also better than that of the frequentist ATE estimate. All results are calculated and easily

reproduced from an R package that is available from us on request.

5.1.1 Data generating process

The data generating process (DGP) is similar to that of Rau| (2011)), but the gy and ¢; used
here have derivatives up to second order throughout their support. We also include control

variables W and V in the DGP. In detail,

go(2) = 2 + 2% + 2% +sin(302),

(
g1(2) = 2+ 2° + 2> + 5sin(10z2) + 1,
B sin(rV/2)

1+ W2(sign(W) + 1)

V ~U(0,1), 6 =1,

e ~N(0,1),
7=0.

h(W)

The true value of the ATE is one. A particular data set of n = 500 observations drawn from
this design is shown in Figure [3] It can be seen from this figure that the range of the outcome
data is quite large relative to the size of the ATE and that the gy and g; functions have quite
different cycles and amplitudes. The outcome data is also noisy.

In the analysis that follows, this design is called Design 1. It is used to generate 10,000
data sets for each of the sample sizes n = 500, 1000, 2000 and 4000.

5.1.2 Kbnots and prior distribution

We define the two regions proximate to 7 = 0 through the quantiles p = (.8, .2). In estimating

the model when n = 500, the number of knots is selected from a small marginal likelihood
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Figure 3: Simulated data - Design 1, n = 500: True functions and sample data. Bottom panel
is a zoom plot of the plot in the top panel.

comparison of alternative models. This yields the values m, = (30,20), m,, = (5,5) and
m,, = 5. For the remaining sample sizes, the number of knots is increased moderately from
these values: when n = 1000, m, = (32,22), m., = (8,8), and m,, = 10; when n = 2000,
m, = (35,30), m,, = (9,9), and m,, = 15; and when n = 4000, m, = (40,35), m,, =
(10, 10), and m,, = 18.

The prior means of the first two ordinates of gg, the last two of ¢g; and the first two of h are

assumed to be

a1 =000 =—15 Brni-10=Bmo =230, 71,0 ="20=0,

respectively. The prior mean of ¢§ is assumed to be 0. The hyperparameters v, and &y are
chosen so that E(02) = 2 and sd(¢?) = 20. Finally, the hyperparameters a;o and bjo for each
of the four \’s are chosen to make E(\;) = 1 and sd(\;) = 10. This same prior distribution is

used for all the data sets generated in this section.

5.1.3 Conditional analysis

Consider first a conditional analysis of this model for varying sample sizes. All results are

based on a burn-in of 1,000 iterations and a retained sample of 10,000 iterations.
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Figure [4 contains the posterior mean of the g; functions along with the 95% point-wise
credibility bands. The true values of the functions are indicated by squares, and the outcome
observations are indicated by open circles. For better clarity and to see how the functions are
estimated near 7, a zoom plot is provided in the bottom panel of Figure ] These results show

that the method closely tracks the functions even with a relatively small sample size.

Figure 4: Simulated data - design 1, n = 500: Posterior mean of the g; functions along with
the 95% point-wise credibility bands. True function values indicated by squares. The outcome
data is indicated by open circles. Zoom plot in the bottom panel.

The posterior results for the ATE by sample size are given in Table [T] and Figure 5] As

Bayes Frequentist
n  Mean sd Estimate se
500 1.69 0.90 3.03 0.70
1000  0.75 0.61 2.12 0.65
2000 1.67 0.50 248 0.57
4000 1.34 046 1.38 0.39

Table 1: Simulated data - Design 1: Summary of the ATE estimates, conditional on a given
sample, by sample size. The true value of the ATE is one.

expected, the posterior standard deviation of the ATE declines with the sample size. A com-

parison with the estimates from the Imbens and Kalyanaraman, (2012) method shows that, at
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least for this data set, the Bayes posterior mean is closer to the true value than the frequentist

estimate for each sample size.
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Figure 5: Simulated data - Design 1: Posterior pdf of the ATE conditional on a given sample,
by sample size. True value of one is indicated by a vertical line.

5.1.4 Sampling performance

Further information about the Bayesian method can be generated by evaluating the frequentist
properties of the Bayesian point and interval estimators. By repeating the estimation 10,000
times for each sample size, we obtain Monte Carlo estimates of the frequentist bias, the RMSE,
and the coverage behavior of the Bayesian credibility interval. These properties can be con-
trasted with those of the corresponding frequentist estimators. The sampling results reported
in Table 2 are striking. They show that the sampling behavior of the Bayesian point and inter-
val estimates is superior to that of the frequentist estimators. The sampling distribution of the
posterior mean shows faster convergence to the true value and substantially smaller RMSEs,
especially for the first three sample sizes. The coverage properties of the Bayesian interval

estimator is also close to that of the nominal value for every sample size.
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Bayes Frequentist
ATE coverage RMSE ATE coverage RMSE
n = 500
mean 1.4847 0.9328 0.9499 2.791 0.427 2.1211
q.025 0.9438 1.0000 2.053 0.0000
q.975 2.0104 1.0000 3.413 1.0000
n = 1000
mean 1.1371 0.9675 0.7279 2.3589 0.4122 1.6006
q.025 0.6754 1.0000 1.8223 0.0000
q.975 1.6131 1.0000 2.8303 1.0000
n = 2000
mean 1.0599 0.9618 0.5560 1.7589 0.6043 0.9874
q.025 0.6939 1.0000 1.3477 0.0000
q.975 1.4243 1.0000 2.1700 1.0000
n = 4000
mean 1.0215 0.9534 0.4305 1.2642 0.8627 0.5307
q.025 0.7318 1.0000 0.9602 1.0000
q.975 1.3145 1.0000 1.5764 1.0000

Table 2: Simulated data - Design 1: Summary of the ATE sampling distributions from 10,000

repeated samples. The true value of the ATE is one.

5.2 Student-{ error

In this section, we consider the performance of the Bayes method using a second design, this
one based on Imbens and Kalyanaraman| (2012)), that has features that are not present in the
preceding example. In particular, under this design, the data around 7 is sparse, and only about
10% of the observations are treated. We introduce another dimension of complexity into the
model by assuming that the errors are distributed as Student-¢ with 2 degrees of freedom. This

allows us to examine the impact, if any, of a thick-tailed error distribution on inferences about

the ATE. There are no controls in the design other than z.

5.2.1 Data generating process

The design, which we call Design 2, is defined by

go(2) = 0.48 + 1.272 + 7.182% + 20.212° + 21.542* + 7.332°,

g1(2) = 0.52 4+ 0.84z — 3.002% + 7.992° — 9.012* + 3.562°,

z ~ 2 x Beta(2,4) — 1,
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g~ t2(0, 1),
T=0.
The true ATE for this model is 0.04. In Figure [6] we plot a particular sample of 500 obser-

vations drawn from this design. The sparseness around 7 and the small number of treated

observations are apparent in the plot.
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Figure 6: Simulated data - design 2, n = 500: True functions and sample data. Bottom panel
is data in the top panel plot restricted to the quantiles p = (.9, .2).

5.2.2 Conditional analysis

As before, the analysis and results below are obtained from our R package and are there-
fore easily reproduced. Our computational strategy for determining the size of the proximate
intervals around 7 and the number of knots is to perform a marginal likelihood comparison
of a limited number of models around the starting specifications p = (.8,.2), m, = (4,4),
m., = (2,2) with Gaussian and Student-¢ errors. The starting specification is our standard
default. We then consider nearby models by adding knots in the various regions, as shown in
Table 3] We do not consider models far from the default, because those models are not com-
petitive in the marginal likelihood comparison, which is reasonable in the case of estimating
fifth-degree polynomials. The degrees of freedom of the ¢-distribution are allowed to take the

values 4 and 8. The value 2 is intentionally omitted to avoid considering the true model. In
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Dist. m, M, P log ML

n = 500

ts 43 22 090.2 -78.674
ts 44 22 080.2 -78.702
ts 43 22 0902 -129.022
Gaussian 43 22 0902 -478.017
n = 1000

ts 43 22 090.1 -7.150
ts 53 32 090.1 -9.571
ta 53 22 090.1 -8.552
ta 44 22 0802 -7.497
ts 43 22 090.1 -79.060
ts 53 32 090.1 -81.382
Gaussian 43 22 090.1 -672.978
n = 2000

ta 43 22 090.1 23.780
ts 53 32 090.1 20.609
t4 53 22 090.1 21.744
ts 44 22 080.2 21.599
ts 43 22 090.1 -116.907
tg 53 32 090.1 -120.266
Gaussian 43 22 090.1 -1116.926
n = 4000

ts 44 22 090.1 121.110
ts 54 32 090.1 117.953
ta 53 22 090.1 120.183
ta 44 22 080.2 121.492
ts 44 22 090.1 -152.629
ts 54 32 090.1 -155.468

Gaussian 44 22 090.1 -1856.054

Table 3: Simulated data - Design 2: Marginal likelihoods for selected models.

the fitting, we suppose that the four hyperparameters in the prior of ¢ equal 0, that the prior
mean of 02 equals 0.3 and its prior standard deviation equals 2, and that the prior means and
standard deviations of the A; equal 1. This prior is relatively benign.

Results of the marginal likelihood comparison are contained in Table [3] The model spec-
ifications that yield the largest value of the marginal likelihoods are in bold. It is noteworthy
that the marginal likelihood is informative about the length of the proximate region around 7

and that it strongly prefers the Student-t model with 4 degrees of freedom to the model with
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8. Furthermore, the support for the Student-¢ assumption over the Gaussian is overwhelming.

5.2.3 Comparison

Consider now the models that are picked in Table[3] It is worthwhile to compare the Bayesian
and frequentist estimates of the ATE (the latter computed by the Imbens and Kalyanaraman

(2012) method), by sample size. These results, given in Table 4, show that for these data the

Bayes Frequentist
n Mean sd  Estimate sd
500 0.029 0.104 0.172 0.114
1000 0.034 0.097 0.001 0.077
2000 0.178 0.063 0.164 0.083
4000 0.060 0.033 0.005 .053

Table 4: Simulated data - Design 2: Bayes and Frequentist ATE estimates, conditional on a
given sample, by sample size. The true value of the ATE is 0.04.

Bayes posterior mean is closer to the true value, except in the n = 2000 sample. In addition,
the posterior standard deviations are smaller than the frequentist standard errors for every
sample size.

It remains now to discuss the results from the sampling investigation of the Bayesian
and frequentist point and interval estimates of the ATE. The RMSE and coverage estimates
are again based on 10,000 data sets for each sample size. The results, reported in Table [5]
demonstrate that, even in this rather complex setting, the sampling distribution of the Bayes
posterior mean is less biased and has substantially smaller frequentist RMSE than the frequen-
tist estimator, for all sample sizes. The frequentist coverage of the Bayesian and frequentist
ATE interval estimates is similar in this design though the frequentist coverage tends to be

smaller than the nominal value.

6 Simulated Data: Fuzzy RD Design

This section is devoted to a study of our approach for the fuzzy RD design. The intent, as
above, is to document both the conditional and sampling behavior of the Bayesian estimate of

the RD ATE (specifically, the RD ATE for compliers) in comparison with the corresponding
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Bayes

Frequentist

ATE coverage RMSE  ATE coverage RMSE
n = 500
mean  (0.042 0968 0.096 0.043 0926 0.570
q.025 -0.021 1.000 -0.051 1.000
q.975 0.106 1.000 0.154 1.000
n = 1000
mean  0.039 0967 0.086 0.049 0.934 0.238
q.025 -0.018 1.000 -0.031 1.000
q.975 0.095 1.000 0.132 1.000
n = 2000
mean  0.041 0.966 0.061 0.046 0.942  0.148
q.025  0.001 1.000 -0.019 1.000
q.975 0.082 1.000 0.111 1.000
n = 4000
mean  0.040 0.964 0.042 0.043 0.937 0.112
q.025 0.011 1.000 0.960 1.000
q.975 0.068 1.000 1.576 1.000

Table 5: Simulated data - design 2: Summary of the Bayesian and frequentist ATE sampling
distributions from 10,000 samples. The true value of the ATE is 0.04.

frequentist estimator of Imbens and Kalyanaraman| (2012)) as implemented in the R package

rdd. The latter estimator is a version of the standard I'V estimator, adapted to the specifics of

the fuzzy RD design. Surprisingly, the performance of the freqentist fuzzy RD estimator has

not been examined before in any simulation experiment.

6.1 Data generating process

Our data is generated by simulating s for each observation with probabilities of type in (1.3)

given by

q = (.5,.25,.25)

and supposing, as in the previous designs, that

z ~ 2Beta(2,4) — 1

and 7 = 0. Given the type and z for any observation, = is generated according to the as-

signment model in ([.4)-(I.6). We then generate the continuous and nonlinear confounders
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as

w~ N(0,1), v~U(0,1),

and then given the sampled type s and treatment x, we generate the outcome from the appro-
priate model in (I.7) where we suppose that the model for compliers is the same as the one

above. Specifically, we suppose that

go(2) = 0.48 + 1.27z + 7.182% + 20.212° + 21.542% + 7.332°,
g1(2) = 0.52 4+ 0.842 — 3.002% + 7.992° — 9.012* + 3.562°,

B sin(mw/2)

h(w) = 1 4+ w?(sign(w) + 1)’
B sin(mw/2)
in(w) =57 w?(sign(w) +1)°

ha(w) e

~ 3+ w(sign(w) + 1)’
7:17 771:37 7&247
0? =0.1295%, o2 =02 =0.1°

n a

The true value of ATEC is 0.04. In the experiments, we use this DGP to create data sets with
sample sizes of n = 500, 1000, 2000 and 4000.

6.2 Khnots and prior distribution

As before, the analysis is conducted under our default preferences: the two regions proximate
to 7 = 0 are defined by the quantile values p = (0.9,0.2) when n = 500 and p = (0.9,0.1)
for the other values of n. The number of knots in the expansion of the gy and g; functions are
defined as m, = (4,3) and m,, = (2,2), for n = 500, 1000, 2000, and by m, = (4,4) and
m,r = (3,3), for n = 4000. Each of the three h functions, namely A, h,, and h,, has a basis
expansion with and m,, = 5 knots, for each sample size.

The prior distribution is likewise specified in a default way. The prior means of the first
two ordinates of gg, the last two of ¢;, and the first two of A, h,, and h,, are assumed to
be zero. The prior means of 7, v, and ~, are also assumed to be 0. The prior means of

2 2

02, 02, and o2 are each assumed to be 0.3 with a prior standard deviation of 3.0. The prior

mean of each of (Ao, A1, Ay, As) in the complier model, each of (\,,, As,) in the never-takers
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model, and each of (\,,, \s,) in the always-takers model, is assumed to be one with a prior
standard deviation of 1. Finally, the Dirichlet prior of ¢ is defined by the hyperparameters

(noc, Non, Noa) = (5,2, 2). This same prior is used for each sample size.

6.3 Conditional analysis

For brevity, we focus attention only on the conditional results as they pertain to the ATEC, for
each of the four sample sizes. These are given in Figure [/|and are based on output from our
MCMC sampling on a burn-in of 1,000 iterations and a retained sample of 10,000 iterations.
Once again we observe the tendency of the posterior distribution to concentrate on the true

value as the sample size increases.

4 (5]
31 1]
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14 S
0- [
44 =i
55 [
o_?: =
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= 0' —
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N34 I
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0- —
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2+ -, ~ o 3
14 - - ~ =
0_ _______ N o e o - - - — -
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ATE

Figure 7: Simulated data - Fuzzy design: Posterior pdf of the ATEC conditional on a given
sample, by sample size. True value of 0.04 is indicated by a vertical line.

Next, in Table[6] we compare the Bayesian posterior mean and posterior standard deviation
of the ATEC, by sample size, against the corresponding frequentist estimates. We observe that

the Bayes estimates are closer to the true ATEC except in the first case.

6.4 Sampling performance

We conclude by providing the frequentist properties of the Bayesian and frequentist point and
interval estimates of the ATEC. The RMSE and coverage estimates are based on 10,000 data

sets for each sample size. The numbers of knots and prior parameters are those specified
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Bayes Frequentist
n Mean sd Estimate sd
500 0.0724 0.1553 0.0457 0.5364
1000 0.0917 0.0992 -0.0670 0.4534
2000 0.0807 0.0942 -0.2271 0.2359
4000 0.0449 0.1198 0.3383 0.1823

Table 6: Simulated data - fuzzy design: Bayes and frequentist ATEC estimates, conditional on
a given sample, by sample size. The true value of the ATEC is 0.04.

in Section [6.2] It is evident from the results in Table [7] that, for each sample size, the sam-

Bayes Frequentist
ATEC coverage RMSE ATEC coverage RMSE
n = 500
mean 0.033 0.968 0.157 0.057 0.958  0.648
q.025 -0.052 1.000 -0.289 1.000
q.975 0.123 1.000 0.438 1.000
n = 1000
mean  0.030 0.955 0.143 0.071 0.952  0.399
q.025 -0.057 1.000 -0.172 1.000
q.975 0.116 1.000 0.325 1.000
n = 2000
mean  0.036 0945 0.109 0.072 0.944  0.277
q.025 -0.030 1.000 -0.103 1.000
q.975 0.105 1.000 0.255 1.000
n = 4000
mean 0.036 0940 0.079 0.075 0942 0.192
q.025 -0.011 1.000 -0.044 1.000
q.975 0.087 1.000 0.196 1.000

Table 7: Simulated data - Fuzzy design: Summary of the Bayesian and frequentist ATE sam-
pling distributions from 10,000 samples. The true value of the ATEC is 0.04.

pling distribution of the Bayes ATEC estimate is less biased and has smaller RMSE than the

frequentist ATEC estimate, paralleling the results seen in the sharp RD cases.

7 Conclusions

In this paper, we have introduced several novel ideas in the analysis of the sharp and fuzzy

RD designs. First, we specify a new second-difference prior on the spline coefficients that
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is capable of handling the situation of many unequally spaced knots. Second, we include a
knot at the threshold, which is not in general an observed value of z, to allow for curvature
in the estimated function from the breakpoint to the nearest z value on either side of the
breakpoint. Third, our procedure allows for the clustering of knots close to the threshold with
the aim of controlling the approximation bias. The number of knots and other features of the
model can be compared through marginal likelihoods and Bayes factors. Our methods are
also easily implemented through available R packages, and examples show that the Bayesian
RD ATE and RD ATEC estimates have superior frequentist properties than the corresponding
frequentist estimates.

Extensions of the method are possible. For instance, the method of | Albert and Chib (1993)
can be easily embedded in the approach to fit RD models with binary and categorical out-
comes. The approach can also be extended to multivariate outcomes and multiple thresholds.

These extensions are ongoing and will be reported elsewhere.

A Appendix: Basis functions

In this appendix, we let g(+) denote any function that is to be represented by a cubic spline and
let z denote its argument. For any point z € R and the set of knots x;, j = 1,...,m, the basis

functions are the collections of cubic splines {®;(2)}",; and {W;(2)}2;, where

0, z < Kj-1,
® ( ) —(2/}1?)(2 — Iij_l)z(Z —Kj — 05h]), Kj—1 <z < Kj, (A1)
(2) = )
! (2/h341)(2 = Kj1)?(2 — £ +05h541), Ky < 2 < Ky,
07 < Z Kj+1,
0, 2 < Kj-1,
1/h3) (2 — Kki—1)?(z — k), ki1 < 2 <K,
\Uj(Z) — ( / ]2)( J 1) (2 ]) j—1 j (AZ)
(1/h51)(z = Kja)*(z — K5), Ky < 2 < Kj,
0, 2> Kjtt,

and h; = k; — k;_1 is the spacing between the (j — 1)st and jth knots. Note that $; and ¥,
are defined by the last two lines of equations (A.I)) and (A.2), respectively, and that ®,,, and
V,,, are defined by only the first two lines. In both cases the strong inequality at the upper limit

should be replaced by a weak inequality.
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The representation of g(z) as a natural cubic spline is given by
2) =D (9;(2)f; + Vi(2)s;). (A.3)
7j=1
where

f=01,- fm) and s=(s1,...,5m)

are the coefficients of this cubic spline. Conveniently, f; = g(x;) is the function value at the
jth knot, and s; = ¢/(k;) is the slope at the jth knot.

The fact that g(z) is a natural cubic spline implies that ¢ (k1) = 0 = ¢”(k,,,) and that the
second derivatives are continuous at the knot points. These conditions place restrictions on
the s;. If we define w; = h;/(h; + hj+1), and p; = 1 — w; for j = 2,...,m, then Lancaster
and Salkauskas (1986, Sec. 4.2) show that the ordinates and slopes are related by the relations
Cf=As,or

a1
=A"Cf,
where
210 0 0 0 0 0
w2 2 pp 0 0 0 0 O
0wy 2 ps O 0 0 0
A= ) . ,
00 0 0 0 . wmno1?2pm
000 0 O 0 1 2
and ) )
-5 B 0 0 .. 0 0 0
wy w I I
—@eomol2 oo o 0 0
0 - i3 9 0 0
h3 h3 hg Ny
=3
: : : Do o 0 L0
m—1 m—1 m—1 m—1
0 0 0 0 .. —gmlogmel fmel e
0 0 0 0 .. 0 _-L L

hm hm

For any observation of z, z;, it follows that g(z;) in - can be re-expressed as

)= 30 (@5 (0) 5 + Vi(2)s)

]:

O(z) + V(=) ATIC) f

[y

where



V(z) = (Vi(2),. ., Vin(2)),
and
b; = q)(ZZ')I + \U(Zi)/Ailc

which implies the following representation for the n X m basis matrix:

B(2) = (by, ..., by).
B Appendix: D, and Dg

Suppose that m is the dimension of v and 3. Then, the matrices D, and D in equations (3.3)
and (3.6) take the following forms:

1 0 0 0 0 0 0
a 2 - 1 2 0 0 0 0 0
—ho3 0,3~ 1
2 2 0 0 0 0
A/ P03 4/h03 /P03
0 (1-ho4) (ho.a—2) 1 0
\/ o4 A/Poa /P04
D, =
0 . : . . .
0 0 0 (1- hO m— 1) (hOm 2) 0
\/hOm 1 \/hOm 1 \/hOm 1
0 0 0 0 0 (1- hO m) (hOm 2) 1
\/ hO,m A/ hO,m A/ hO,m
and (h 2) (1-hq3)
1,2— 1,2
0 0 0 0
\/h12 \/h12 A/ h1,2
(h13—2) (1—hy3)
0 0 0 0
h1 hy hy
3 3 3
(h1,4—2) (1—hy 4)
0 0 2 0 0
h14 \/P1,a /P14
Dﬁ = .. . ’
0 1 (h1,m—1—2) (1=h1 m_1)
\/hl,m—l \/hl,m—l \/hl,m—l
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
respectively.
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