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The Regression Kink (RK) design is an increasingly popular empirical method for estimating
causal effects of policies, such as the effect of unemployment benefits on unemployment
duration. Using simulation studies based on data from existing RK designs, we empirically
document that the statistical significance of RK estimators based on conventional standard
errors can be spurious. In the simulations, false positives arise as a consequence of non-
linearities in the underlying relationship between the outcome and the assignment variable,
confirming concerns about the misspecification bias of discontinuity estimators pointed out
by Calonico et al. (2014b). As a complement to standard RK inference, we propose that
researchers construct a distribution of placebo estimates in regions with and without a policy
kink and use this distribution to gauge statistical significance. Under the assumption that
the location of the kink point is random, this permutation test has exact size in finite
samples for testing a sharp null hypothesis of no effect of the policy on the outcome. We
implement simulation studies based on existing RK applications that estimate the effect
of unemployment benefits on unemployment duration and show that our permutation test
as well as inference procedures proposed by Calonico et al. (2014b) improve upon the size
of standard approaches, while having sufficient power to detect an effect of unemployment
benefits on unemployment duration.
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1 Introduction

We develop a permutation test for Regression Kink (RK) designs that rely on an
identification principle analogous to the one underlying the better-known Regression
Discontinuity designs. Regression Discontinuity designs estimate the change in the
level of an outcome Y at the threshold level of the assignment variable V' at which the
level of the policy changes discontinuously (see, e.g., Thistlethwaite and Campbell,
1960, Imbens and Lemieux, 2008). RK designs exploit discontinuous changes in the
slope of a policy B at a specific level of the assignment variable and assess whether
there is also a discontinuous change in the slope of the outcome variable. By com-
paring the ratio of the slope change in the outcome variable with the slope change
in the policy variable at the kink point, the RK design recovers a causal effect of
the policy on the outcome at the kink point. This is again analogous to RD designs
that calculate the ratio of the change in the level of the outcome to the change in the
level of treatment at the discontinuity. The slope change at the kink point identifies
the average effect of increasing the policy conditional on the level of the assignment
variable at the kink point. Key identification and inference results for the RK de-
sign were derived in Nielsen, Sgrensen, and Taber (2010), Card, Lee, Pei and Weber
(2015, CLPW in the following), Calonico, Cattaneo, and Titiunik (2014b, CCT in
the following), and Calonico et al. (2016).

This article discusses the proposed permutation test for the RK design, its under-
lying assumptions and implementation. For motivation, we begin by describing the
RK design based on an example from a growing body of literature that implements
the RK design to estimate the causal effect of unemployment benefits B on an out-
come Y such as unemployment duration or employment (see, Britto, 2015, CLPW,
Card et al., 2015a, Kyyra and Pesola, 2015, Landais, 2015, Sovago, 2015 and Kolsrud,
Landais, Nilsson and Spinnewijn 2015, KLLNS in the following). Despite being crucial

for policy design, it is difficult to address the question of whether unemployed individ-



uals stay out of work for longer if they receive more generous benefits in the absence of
a randomized experiment. RK studies of unemployment insurance aim to fill this gap
by exploiting the fact that many unemployment insurance systems pay out benefits
B that rise linearly with prior income V', up to a benefit cap B for individuals earning
above a reference income V, the kink point. In such a schedule, the slope of the policy
variable B with respect to the assignment variable V decreases discontinuously at V.
To study the effect of benefits B on unemployment duration, researchers estimate the
extent to which the slope of the outcome variable Y — unemployment duration —
with respect to the assignment variable changes discontinuously at such kink points.
Intuitively, if unemployment benefits have no impact on unemployment duration, one
would not expect to see discontinuous changes in the slope of unemployment duration
Y and prior income V at a kink point V. However, if unemployment benefits do deter
individuals from finding employment, one would expect discontinuous changes in the
slope of unemployment duration with respect to prior income at kink points that
depend on the strength of the causal effect of benefits B on unemployment duration
Y. Section 2 provides a more detailed review of the RK design and key identification
results.

While the RK design has become increasingly popular, RK estimators as typically
implemented may suffer from non-negligible misspecification bias and consequently
incorrectly centered confidence intervals (CCT). In most applications of the RK de-
sign, researchers use local linear or quadratic estimators to estimate the slope change
at the kink and choose bandwidths with the goal of minimizing mean squared error
(Fan and Gijbels, 1996). Table A.1 in the Appendix provides an overview of 44 RK
studies, the vast majority of which use a linear or quadratic specification. In these
specifications, misspecification bias can arise as a consequence of non-linearity in the
conditional expectation function. To observe how, consider Figure 1, which displays

data with a piecewise linear data generating process (DGP) featuring a kink and a



quadratic DGP with no kink. The top panel of Figure 1 shows that the estimated
conditional means from these two DGPs are visually indistinguishable. However, ap-
plying local linear estimators that are common in the RK literature to both DGPs
indicates statistically highly significant slope changes at the kink, even though the
quadratic DGP does not feature a discontinuous slope change. CCT show that such
misspecification bias is non-negligible with standard bandwidth selectors and leads
to poor empirical coverage of the resulting confidence intervals. As a remedy, CCT
develop an alternative estimation and inference approach for RD and RK designs
based on a bias-correction of the estimators and a new standard error estimator that
reflects the bias correction.

To provide a complement and a robustness check to existing RK inference, we
propose a permutation test that treats the location of the kink point V as random
and has exact size in finite samples. The key assumption underlying our test is that
the location of the policy kink point is randomly drawn from a set of potential kink
locations. This assumption is rooted in a thought experiment in which the data
are taken as given and only the location of the kink point V is thought of as a
random variable with a known distribution. In many RK contexts, this assumption is
appealing because the kink point’s location is typically not chosen based on features
of the DGP and in some cases — such as kinks in many unemployment insurance
schedules — is determined as the outcome of a stochastic process (see Section 3).
Under the null hypothesis that the policy has no effect on the outcome and the
assumption that the location of the policy kink is randomly drawn from a specified
support, the distribution of placebo estimates provides an exact null distribution for
the test statistic at the policy kink. We prove that the permutation test controls size
exactly in finite samples.

We implement simulation studies to compare the size and power of our permuta-

tion test to that of standard RK inference as well as the RK estimators and confi-
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Figure 1: Piecewise Linear and Quadratic Simulated DGPs. The data generating process (DGP) is
either linear with a kink (blue dots) or quadratic (red diamonds) without a kink. We generate 1000
observations with a variance of 12 and plot the data in bins based on the approach in Calonico et al.
(2014a, 2015). We estimate a linear Regression Kink model with heteroskedasticity-robust standard
errors. The top panel shows the relationship between the outcome variable and the running variable
for both the piecewise linear and the quadratic DGP. In the middle panel, we display the data for
the piecewise linear DGP and add the estimates from a local linear model. In the bottom panel we
display the data for the quadratic (no kink) DGP and estimates from a local linear model.



dence intervals developed in CCT. Specifically, we simulate data based on estimated
DGPs from existing RK applications aimed at estimating the effect of unemploy-
ment benefits on unemployment duration in Austria and Sweden (Card et al., 2015b,
Kolsrud et al., 2015). These Monte Carlo simulations document that asymptotic in-
ference and standard bandwidth choice procedures (Fan and Gijbels, 1996) lead to
over-rejection of the null hypothesis; RK estimates are statistically significant using
asymptotic methods even when the kink is fact zero. Further simulation studies show
that asymptotic inference and standard bandwidth choice procedures are particularly
problematic — as evidenced by high type I error rates — when the relationship be-
tween outcome and assignment variable is non-linear. By contrast, CCT and the
permutation test maintain actual size close to nominal size.

Following our analysis of size, we subsequently analyze power. The simulation
studies further reveal that both the permutation test and the estimator based on
CCT have sufficient power to reject the null hypothesis based on the effect sizes in
KLNS, i.e. they reject the hypothesis that unemployment benefits do not affect unem-
ployment duration. In the simulation studies, we also document examples of settings
in which the permutation test fails to detect non-zero kinks. This can occur when
the relationship between the outcome and the assignment variable is sufficiently non-
linear relative to the magnitude of the kink. Overall, the simulation studies document
that there is a spectrum of estimators’ performance: standard asymptotic inference
has much larger than nominal size, meaning that it substantially over-rejects the null
hypothesis, CCT has closer to nominal size and lower power and the permutation test
yields exact nominal size but the lowest power compared to its alternatives.

Our permutation test also serves as a complement to existing inference methods
for Regression Discontinuity (RD) designs. Applying our procedure to simulated data
based on two existing RD applications shows that the permutation test has similar

size and power to existing RD methods. In particular, Cattaneo et al. (2015) develop



a randomization inference approach for RD designs based on an interpretation of
RD designs as local randomized experiments in a narrow window around the RD
cutoff. While the procedure developed by Cattaneo et al. (2015) treats the locations
of observations above and below the cutoff as random within a narrow window and
also proposes a method for the selection of the window in which the randomization
assumption holds, our test offers a complementary approach by treating the location
of the kink point or cutoff itself as random.

By drawing on randomization inference, the permutation test that we propose
builds on a long tradition in the statistics literature (Fisher, 1935; Lehmann and Stein,
1949; Welch and Gutierrez, 1988; Welch, 1990; Rosenbaum, 2001; Ho and Imai, 2006,
see Rosenbaum, 2002, for an introduction), which has recently seen renewed interest
among econometricians (see, for instance, Bertrand, Duflo, and Mullainathan, 2004;
Imbens and Rosenbaum, 2005; Chetty, Looney, and Kroft, 2009; Abadie, Diamond,
and Hainmueller, 2010; Abadie, Athey, Imbens, and Wooldridge, 2014; Cattaneo,
Frandsen, and Titiunik, 2015). Our approach generalizes a suggestion by Imbens
and Lemieux (2008) for the RD design — “testing for a zero effect in settings where
it is known that the effect should be 07 — to the RK design by estimating slope
changes in regions where there is no change in the slope of the policy. Engstrom
et al. (2015) and Gelman and Imbens (2014) pursue related placebo analyses. Our
paper builds on CCT in developing new methods to deal with misspecification bias in
RK and RD designs. In related work, Landais (2015) proposes an alternative way of
gauging the robustness in RK estimates by constructing difference-in-differences RK
estimates based on the same kink point, albeit using data from time periods with and
without the presence of an actual policy kink. Ando (forthcoming) uses Monte Carlo
simulations to argue that linear RK estimates are biased in the presence of plausible

amounts of curvature.



2 Notation and Review

2.1 Identification in the Regression Kink Design

The following section reviews key results and notation for the RK design based on
CLPW and CCT and illustrates the method based on RK designs aimed at estimat-
ing the causal effect of unemployment benefits B on an outcome Y unemployment
duration, by exploiting kinks in the unemployment insurance schedule (see Britto,
2015, Card et al., 2015a, CLPW, KLNS, Kyyréd and Pesola, 2015, Landais, 2015, and
Sovago, 2015).

Formally, the outcome Y is modeled as

Y =y(B,V,U) (1)

where B denotes the policy variable, V' denotes a running variable, here thought of
as prior income, which determines the assignment of B, and U denotes an error term.
Analogous to treatment effects for binary treatments, defined as y(1,V,U)—y(0,V,U)
in a potential outcomes framework, the treatment parameter that RK designs intend
to estimate is the marginal effect of increasing the level of the policy B on the outcome

Y, ie.
dy(B,V,U)

B (2)

Integrating this marginal effect over the distribution of U conditional on B = b and
V = v leads to the “treatment on the treated” parameter in Florens, Heckman,

Meghir, and Vytlacil (2008):

oy(b, v,
TTp=pv=s I/wdFU|Bb,Vv(U) (3)



where Firp—py—, denotes the conditional c.d.f. of the error term U. In the con-
text of unemployment benefits, this corresponds to the average effect of marginally
increasing unemployment benefits on unemployment duration for individuals with
unemployment benefits B = b and prior income V' = v.

The key feature that RK designs exploit is a discrete slope change in the assign-
ment mechanism of the policy. Let B = (V') denote the continuous policy function.
In many unemployment systems, benefits B rise linearly with the prior income V
that an individual earned before becoming unemployed. A maximum level of benefits
is also typically offered for individuals earning above a higher reference income V.
This implies that the slope between the policy variable B (unemployment benefits)
and the assignment variable V' (prior income) changes discontinuously at V' when the
prior income rises above the reference income. To illustrate, the top panel of Figure
2 shows plots of unemployment benefits plotted against earnings in the previous year
based on Austrian Ul data (CLPW), in an example of a kink at which the slope
of the benefit schedule increases discretely. The benefit schedule or policy function

B = b(V) can be simply described as follows:

ob(V a ,v<V

where o # ay and lim,,y db(v) /dv = «; and lim,,| db(v)/dv = . In this example,
the researchers analyze a location V at which the slope of unemployment benefits B
with respect to prior income V' rises discontinuously, i.e. a; < ao.

Researchers can exploit the discrete change in the policy function b(V') at the
kink point to identify the marginal effect of the policy. Intuitively, if unemployment
benefits have no impact on unemployment duration, one would not expect to see
discontinuous changes in the slope of unemployment duration and prior income at

kink points. However, if unemployment benefits do deter individuals from going back
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to work, then one would expect discontinuous changes in the slope of unemployment
duration with respect to prior income at kink points. At the kink, one would expect a
positive slope change as individuals above the reference income receive more generous
benefits and consequently stay unemployed for longer. To study the effect of benefits
B on unemployment duration, researchers can then estimate the extent to which the
slope of the outcome variable Y — unemployment duration — with respect to the
assignment variable changes discontinuously at such kink points. To illustrate, the
bottom panel in Figure 2 plots a measure of unemployment duration Y against the
running variable V| earnings in the previous year, again based on Austrian Ul data

(CLPW) and documents an apparent slope change at the kink point.

2.2 Estimation and ldentification

The RK estimand, 7gk, is defined in the population as the change in the slope of the
outcome variable at the kink point normalized by the slope change in the policy at

the kink point:

_ lim,p dE(Y|V=v)/dv—lim,,p dE(Y|V=v)/dv 5
TRE = lim, | db(v)/dv—lim, 1y db(v)/dv (5)

In the example of unemployment benefits, the denominator of this expression —
i.e. the slope change in the policy variable at the reference income — corresponds to
lim,, db(v)/dv —lim,,y db(v) /dv = o —ay. This is analogous to the denominator in
fuzzy RD designs, which scales up the difference in the level of the outcome variable
at the discontinuity by the difference in the level of the treatment at the discontinuity.

CLPW prove that the RK estimand in (5) identifies the “treatment on the treated”

parameter in (3) (Florens et al., 2008) for individuals at the kink point under mild
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regularity conditions, in particular an assumption of smoothness of y, so that:

a ba )
TRK — /y(ab’UU)dFUB:byvzv(U,). (6)

Local polynomial regression techniques are used for estimation of 7z (Fan and
Gijbels, 1996). The data is split into two subsamples to the left and right of the
kink point (denoted by + and -, respectively) and a local polynomial regression is
estimated separately for each subsample. For the sharp RK design, in which the slope
change in the policy at the kink point — normalized to V = 0 in the following — is

known, this amounts to solving the following least squares problem in the sample:

min >N {Y; — Lo B]‘_(V;_)j}”( (V;L_)

{8}
min SEAY - S0 B (VY PE (Vi; )
subject to Bo_ = BSF
. (B — Br) /(a2 — ) (7)

Here, p denotes the order of the polynomial, K the kernel function, and h the band-
width used for estimation. In the literature, the bandwidth is typically chosen based
on the formula in Fan and Gijbels or the procedure in CCT. The numerator of the
left-hand side of equation (7) is identified as Bf — 5’1_ . The papers in the RK literature
have primarily adopted a uniform kernel as the choice of K and overwhelmingly use

local linear and quadratic specifications.

2.3 Asymptotic Bias

A potential problem of RK designs is that non-linearities of the conditional expecta-

tion function E[Y|V = v] can generate bias in the estimator #%,.. Panel 3 of Figure
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1 illustrates the intuition of this result as curvature of the conditional expectation
function generates bias of linear RK estimators. A formal argument supporting this
intuition follows from CCT who derive a general formula for the asymptotic bias of
RK and RD estimators. Based on the general formula, the asymptotic misspecifica-
tion bias of local linear RK estimators is proportional to (mf) + m(f))h where h is
the bandwidth and the terms mgf) and m" denote the limits of the jth derivative
of m(v) = E[Y|V = v] from above and below at the kink. A similar expression can
be derived for local quadratic estimators for which first-order bias is proportional to
third-order terms of the conditional mean function. CCT prove that such misspec-
ification bias is non-negligible with standard bandwidth selectors and thus leads to

poor empirical coverage of the resulting confidence intervals.

3 A Permutation Test for the Regression Kink Design

3.1 The Thought Experiment

We propose a simple permutation test to assess the null hypothesis that treatment
has no effect on the outcome of interest. At the core of our test is the assumption that
the location of the policy kink can be considered as randomly drawn from a known
set of placebo kink points. This assumption needs to be evaluated in the context of
the specific research design under scrutiny. We describe a method for how researchers
can estimate a distribution of placebo kink points in the context of unemployment
insurance systems. In this interval, we can reassign the location of the kink and
calculate RK estimates, 75, at these placebo kinks. The permutation test assesses
the extremeness of the estimated change in the slope at the kink point relative to

estimated slope changes at non-kink points under the null hypothesis that the policy
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does not affect the outcome.

The thought experiment underlying this permutation test and randomization in-
ference more generally is different from the one underlying asymptotic inference.
Whereas the idea underlying asymptotic inference is one of sampling observations
from a large population, the thought experiment in randomization inference is based
on a fixed population that the researcher observes in the data, with the realizations
of the running variable v and the outcome variable y, in which the assignment of
treatment is sampled repeatedly. In the latter approach, treatment assignment is
thought of as the random variable. Our test therefore does not treat the sample as
being drawn from a (super) population for which we seek inference but rather takes
the observed sample as given and tests hypotheses regarding this particular sample,

treating the location of the policy kink as a random variable.

3.2 The Permutation Test Statistic

This subsection introduces the reduced form RK estimator as the test statistic for the
permutation test, which can be easily adjusted to correspond to researchers’ modeling
choices in a given RK application. We let y denote the vector of y; values, v denote
the vector of v; realizations and k denote a potential kink point, with a policy kink
featuring a discontinuous slope change in the policy or a placebo kink not featuring
such a discontinuous slope change. The data are a vector of n observations each
with (y;,v;,b(v;)) denoting outcome, running variable and policy variable: in the
context of using the RK design to estimate the effect of unemployment benefits on
unemployment duration, these would correspond to unemployment duration, prior
income and unemployment benefits, respectively.

For notational tractability and expositional clarity, our exposition pertains to the

linear RK model with a uniform kernel. This can be easily generalized to higher-order
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polynomials and other kernels. Define the matrix

1 (v, —k) (v, —k)l(v, > k)

We define the test statistic for the slope change at the potential kink point k& as

T(v,y.k) = (0 0 1y (V') v, (9)

|U7L - kl é h(V,y, k)?

where h(v,y, k) denotes the bandwidth used for estimation. This test statistic corre-
sponds to the reduced form of a linear RK estimator. At the true kink point, which
we label £*, this estimator — scaled up by the slope change at the policy — identifies
the causal effect of the policy on the “treated”, [ W(ﬂFmB:b(my:k*’(u), under
the assumptions laid out in CLPW. We can calculate the test statistic T'(v,y, k) at
the true policy kink point k*, T'(v,y, k*), and at other points k € [Umin, Umaz| in the
range of v.

Modeling choices. The test statistic used for the permutation test should corre-
spond to the RK estimator and preferred modeling choices, including bandwidth (or
a bandwidth selection mechanism), polynomial order, and bias correction using the
approach developed by CCT, implemented by the researcher for the RK estimator at
the actual policy kink. The permutation test approach can be easily generalized to
incorporate alternative RK estimators, polynomial orders, and bandwidth choices. It
also can be easily applied to a Regression Discontinuity application (see Section 5).
The Monte Carlo studies that we present in Section 4 provide some guidance for the

modeling choices and suggest that estimators based on the procedure in CCT perform
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relatively well compared to local polynomial estimators with bandwidth choice based

on Fan and Gijbels (1996).

3.3 The Randomization Assumption

The core assumption underlying our permutation test is that the location of the policy

kink point £* can be thought of as being randomly drawn:

Assumption: Random Kink Placement. k* is a realization of a random variable

K distributed according to a known distribution P.

The assumption that the policy kink location can be thought of as being randomly
drawn is a strong but natural one in the context of many RK designs. It would be
violated if — for instance — policy-makers had chosen a kink location explicitly or
implicitly in response to the shape of the conditional expectation function E[Y|V],
e.g. at a location where curvature is particularly high or low. For example, KLNS
study an example where the benefit cap was raised beginning in 2001. If policy-
makers raised the cap specifically because they observed curvature in unemployment
duration near the policy kink, this would contaminate this analysis. However, the
institutional setup in KLNS makes this type of violation unlikely. We discuss four
implementable strategies for researchers to identify P.

1. Estimation of stochastic process based on institutional features. In the example
of estimating the causal effect of unemployment benefits on unemployment duration,
researchers implementing the permutation test for the RK design can exploit features
of many unemployment insurance systems to directly estimate the distribution P.
In many unemployment insurance systems, the location of the kink point at which
benefits are capped is determined as a consequence of past aggregate wage growth
in the economy. For instance, in Austria — the setting of the study by CLPW —
the earnings ceiling in the unemployment insurance system changes as a function of

aggregate wage growth from the third to the second previous calendar year (§ 108
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Allgemeines Sozialversicherungsgesetz). Therefore, data on past wage growth can be
used to directly estimate the properties of the stochastic process that determines the
realization of k£* in a given year or researchers can directly use the distribution of
past changes in the location of the kink point as a set of potential kink locations
for implementing the permutation test. In Section 4 and Appendix Table A.4, we
describe how we draw from the distribution of realized kink location changes in the
context of the Austrian unemployment insurance system.

If directly estimating the stochastic process determining £* is infeasible, then there
is a class of alternative selection mechanisms involving a discretized set of kinks on
range [v, v].

2. Documentary evidence on rule-making. Researchers can still proxy P by draw-
ing on information on the institutional environment of the relevant RK application.
In the spirit of randomization inference, P can correspond to a grid of points span-
ning the range of proposals for kinks that could have been adopted. For example, if
several policy proposals existed in a political debate regarding the choice of a refer-
ence income V in the example of unemployment insurance we discussed, researchers
could use the discretized range [v, 7] that includes all of these proposals. For instance,
prior to switching to a system of automatic updates of the earnings ceiling based on
aggregate wage growth in 1969, the German Bundestag adjusted the earnings ceiling
in a discretionary fashion so that the minutes of plenary proceedings can be used to
gauge the range of discussed proposals.

3. Local randomization neighborhood (Cattaneo et al., 2015). In the context of
developing a randomization inference approach for the RD design treating observa-
tions as randomly assigned, Cattaneo et al. (2015) design a data-driven procedure to
select a window around an RD cutoff based on balance tests of pre-treatment covari-
ates in which treatment status is arguably as good as randomly assigned. A natural

extension of their procedure is to treat the location of the cutoff or kink as randomly
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assigned within this window.

4. Range of available data. As a final benchmark, we suggest that researchers
consider the whole range of available data [vnin, Umaz] and treat the empirical dis-
tribution of V' as the distribution for P. This follows the approach in Section 4 of
Gelman and Imbens (2014) for selecting pseudo-thresholds in the context of evalu-
ating RD designs. This approach is natural in the context of using the RK design
to estimate the causal effect of unemployment benefits on unemployment duration,
because there are a wide range of policy kink locations in practice. For example,
the maximum weekly UI benefit is a direct function of prior income varies across US

states from $235 to $698.

3.4 Exact Size For Testing the Null Hypothesis of Policy Irrele-

vance

The goal of our permutation test is to assess whether the data reject the null hy-
pothesis that the policy does not affect outcomes. We formalize this as a sharp null
hypothesis where B and V denote the range of the policy and assignment variable,

respectively:

Null Hypothesis: Policy Irrelevance. The policy does not affect outcomes at any

v W0 — 0, Ybe B,V e V.

Note that this hypothesis implies that the policy is irrelevant, i.e. y(by,0,U) =
y(by, 0,U), Vby, by € B,¥Y0 € V. Under the Policy Irrelevance Hypothesis and the
Assumption of Random Kink Placement, the distribution of kink estimates over P
corresponds to the exact distribution of possible estimates that could have arisen
had the policy kink been at a different location in the same dataset. Under these
assumptions, we can construct an exact test following the logic of Fisher (1935)

and Pitman (1937). Note that the null hypothesis of policy irrelevance across the

18



distribution of potential kink points V is stronger than the null hypothesis in Cattaneo
et al. (2015) and Cattaneo et al. (forthcoming), who assume policy irrelevance in a
local region around the discontinuity.

Proposition 1. Under the Null Hypothesis of Policy Irrelevance and the Random
Kink Location assumption, there exists a test function ¢(v,y, k) for significance level
a that has an exact finite sample level of a.

In Appendix B, we follow the structure of a simple proof in Romano (1990) docu-
menting that under the Null Hypothesis of Policy Irrelevance and the Random Kink
Location assumption there exists a test function ¢(v,y, k) for significance level « that
has an exact finite sample level of a.

Under the assumption of Random Kink Placement, the Null Hypothesis thus
leads to a testable implication that can be assessed by measuring how unusual a
given realization of the test statistic is at the policy kink. Analogous to the test
outlined above, researchers can also calculate p-values for assessing the likelihood
that the Null Hypothesis is true given the RK estimate at the policy kink £* and
the distribution of placebo kink estimates. Suppose a researcher had calculated 1,000
placebo kink estimates and the estimate at the policy kink k* were the 201 Jowest
of these estimates. Subsequently, the two-sided p-value would be calculated to be
4% corresponding to twice the one-sided p-value of 2%. More generally, the two-sided
p-value can be calculated as twice the minimum of the two one-sided p-values, i.e.
the minimum of the fraction of placebo estimates — including the one at the actual
policy kink £*— that are no greater than or no smaller than the test statistic at the

policy kink k*.

3.5 Confidence Intervals

We also construct confidence intervals by inverting the permutation test following

Rosenbaum (2002, chap. 2.6.2) and Imbens and Rubin (2015, chap. 5.7). The

19



confidence interval is defined as the region of potential constant treatments effects for
which the permutation test does not reject the null hypothesis of policy irrelevance
when applied to the transformed data. We transform the data by subtracting out a set
of potential treatment effects and then apply the permutation test to the transformed
data. Appendix C provides details on the algorithm that we implement for identifying

confidence intervals.

4  Applications of the Permutation Test

4.1 The Effect of Unemployment Benefits on Duration: Sim-
ulation Studies Comparing Asymptotic and Randomization
Inference

We simulate data based on two existing RK applications estimating the effect of un-

employment insurance on unemployment duration, namely CLPW and KLNS. The

simulation studies compare the size and power of asymptotic inference and the per-
mutation test for linear, quadratic and cubic estimators based on FG and CCT band-
width choice. The simulations reveal a trade-off between size and power among infer-
ence procedures: FG bandwidth choice has high power but size well above nominal
levels, while CCT and the permutation test have much improved size but only have
the power to reject the null hypothesis in the KLNS setting and not in the CLPW

setting.

4.1.1 Simulation Procedure and Methods

Our data simulation procedure has two steps. In a first step, we estimate cubic spline
models on binned means of data given to us by the authors of the respective papers.
The running variable in both applications corresponds to measures of prior income

and the outcome variable to a measure of unemployment duration. The top panel
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of Figure 3 shows data that CLPW provided to us, outlining the relationship be-
tween log unemployment duration and base year earnings at the bottom kink for 100
non-overlapping bins. Similarly, the bottom panel of Figure 3 shows the relation-
ship between unemployment duration and the running variable for the application in
KLNS. We use a cubic spline model as approximation to the DGP because it offers a
very flexible approximation of the conditional mean function with only one additional
parameter per knot. We estimate two cubic spline models on each dataset: one with a
cubic spline that assumes there is no discontinuous slope change to evaluate size and
again with a modified cubic spline that allows for a discontinuous slope change at the
policy kink to evaluate power. In all cases, we use a spline with 100 equally-spaced
knots covering the full support of the running variable. To illustrate, the solid ma-
roon lines in both panels of Figure 3 show the estimated conditional mean function in
both applications using a cubic spline without allowing for a slope change at the kink
point, while the dashed maroon lines show a cubic spline fit allowing for discontinuous
slope changes at the kink point. In a second step, we simulate KLNS datasets and
CLPW datasets, each with 10,000 unemployment durations where y = E(y|x) + ¢
and € ~ N(0,0.125). We report results from 200 simulated datasets for FG and 50
simulated datasets for CCT in Table 1. We implement a higher number of simula-
tions for FG due to the increased dispersion of estimates based on FG bandwidth
choice relative to CCT and because of the higher computational burden of CCT’s
methodology.

To assess size, we implement the permutation test described in Section 3 and
asymptotic inference in datasets that were generated under the assumption that the
null hypothesis is true. The kink locations span the feasible range of the running
variable and we consider a grid of 100 equally-spaced placebo kinks. The proof
in Appendix B discusses how to handle ties. In every simulated dataset, we treat

every kink as a policy kink, meaning that we implement the permutation test and
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Table 1: Empirical Study: Regression Kink Estimators

Estimate Interval Length Error Rate
Data Kink? Method Mean SD  Asymp Permute Error Type Asymp Permute
CLPW No FG 1.09  1.80 3.82 651.80  Type I (Size) 0.38 0.05
CLPW No CCT -0.17 817  22.02 40.11 Type I (Size) 0.05 0.05
KLNS No FG 0.15 0.49 0.93 5.77 Type I (Size) 0.37 0.05
KLNS No CCT 0.00 0.39 1.49 1.67 Type I (Size) 0.05 0.05
CLPW  Yes FG 408 1.65 521 653.07  Type Il (1 - Power) 0.12 0.73
CLPW  Yes CCT 7.80 13.05 48.33 40.38  Type II (1 - Power)  0.92 0.73
KLNS  Yes FG -6.01  0.14 0.52 5.69 Type II (1 - Power) 0.00 0.00

KLNS  Yes CCT -6.44 0.24 1.07 1.52 Type II (1 - Power)  0.00 0.00

Note: To compare the false rejection rate (size) and false acceptance rate (power) of asymptotic
and permutation-based methods, we analyze data from two empirical applications which compute
the elasticity of unemployment duration with respect to benefits: CLPW (2015) and KLNS (2015).
We fit a natural cubic spline to each dataset. To estimate the type I error rate, we assume no kink
(rows 1-4), and require that the first derivative is continuous at all of the knots. To estimate the
type II error rate (rows 5-8), we allow the first derivative to change discontinuously at the policy
kink. We randomly generate 10,000 unemployment durations y = E(y|z) + ¢ with E(y|z) from the
cubic spline and € ~ N(0,0.125). For ease of exposition, we have scaled up the outcome variable by
10° for CLPW and by 102 for KLNS. FG uses a local linear estimator with Fan and Gijbels (1996)’s
bandwidth, while CCT uses Calonico, Cattaneo and Titiunik (2014b)’s local linear estimator with
quadratic bias-correction. We set the nominal level of the test to 5%. We reject the null hypothesis
when the estimate at the kink location is outside the 95% confidence interval, where the interval
is constructed either using standard asymptotic methods or the permutation method described in
Section 3 for a set of placebo kinks on [-1400,17800] for CLPW and [-400,300] for KLNS. We use
one draw of the dataset per simulation draw and 100 placebo kinks to estimate the type I error rate.
Reported results are based on 200 (FG) and 50 (CCT) draws for each specification.
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Figure 3: Conditional mean functions for RK applications in Card et al. (2015b) and Kolsrud et al.
(2015). The data showing the global relationship between the outcome variable and the running
variable were shared with the authors by Andrea Weber and Camille Landais. The solid maroon
line denotes the fit for a natural cubic spline estimated on the data without allowing for a slope
change at the kink point; the dashed maroon line denotes a natural cubic spline allowing for a slope
change at the kink point.

asymptotic inference at each of the 100 placebo kinks. We set the nominal level of
the test to 5% for both inference methodologies and reject the null hypothesis if the
95% asymptotic confidence interval excludes zero. We compute the asymptotic type

I error rate as the fraction of times that the null hypothesis is rejected.

4.1.2 Results

When the null hypothesis is true, asymptotic inference with FG bandwidth choice
has size far exceeding nominal levels, while CCT’s procedure and the permutation
test are reliable, as documented in Table 1. To evaluate size, we report the type

I error rate, which is the fraction of placebo kinks where each methodology rejects
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the null hypothesis at the 5% level. Linear estimators with FG bandwidth choice
have substantially higher than nominal coverage rates, close to 40%, demonstrating a
failure of asymptotic inference for these modeling choices. This failure arises because
the procedure cannot distinguish between the global “U-shape” in the CLPW data-
generating process and a discrete change in slope at the policy kink. In contrast,
estimators following CCT’s procedure perform substantially better and lead to type I
error rates much closer to the nominal level. The type I error rate of the permutation
test corresponds to the nominal level of 5% as proven in Proposition 1.

In the context of these two empirical applications, the permutation test produces
longer confidence intervals precisely when asymptotic methods over-reject the null
hypothesis. We construct asymptotic interval length using standard methods and
permutation interval length using the methodology described in Section 3.5 and Ap-
pendix C following Rosenbaum (2002, chap. 2.6.2) and Imbens and Rubin (2015,
chap. 5.7). The interval lengths based on the permutation test are substantially
larger than the asymptotic ones in the case of FG bandwidth choice, in particular
in the case of CLPW where intervals based on the permutation test are two orders
of magnitude larger than the asymptotic ones. In contrast, permutation-test based
confidence intervals following CCT’s procedure tend to be larger, in three of four
specifications, but of a similar order of magnitude as asymptotic confidence intervals
based on CCT.

To assess power, we implement the permutation test and asymptotic inference in
datasets that were generated under the assumption that the null hypothesis is false,
specifically by assuming that that there is a slope change in the DGP at the policy
kink. We use the same grid as in our analysis of size and again set the nominal level
of the test to 5%. We analyze the type II error rate, which is defined as the fraction
of times where the null hypothesis is rejected when there is a true policy kink.

When the null hypothesis is false, Table 1 shows that asymptotic inference with

24



FG bandwidth choice consistently rejects the null hypothesis, while CCT’s procedure
and the permutation test rejects the null hypothesis in only one of two empirical
applications. For CLPW, the error rate is 12% when the FG bandwidth procedure is
used; in contrast, CCT and the permutation test fail to reject 92% and 73% of the
time, respectively. For KLNS, the error rate is zero across all procedures, i.e. the
null hypothesis is rejected each time. This shows that asymptotic inference with FG
bandwidth choice has high power in both settings, while CCT and the permutation
test only have sufficient power in one of the settings. The permutation test delivers
different conclusions in these two settings due to the differing shapes of the conditional
mean functions. The estimated slope changes in CLPW away from the policy kink
tend to be positive, just like the change at the true policy kink. In contrast, in KLNS,
the slope change at the policy kink is negative, while the estimated slope changes away
from the policy kink tend to be zero or positive.

We also assess the performance of quadratic and cubic specifications and find that
standard inference achieves lower type I and higher type II error rates as the order of
the local polynomial model increases. Table A.2 in the Appendix demonstrates qual-
itatively similar results for quadratic specifications, while Table A.3 demonstrates
that cubic specifications with standard inference also have lower type I error rates.
In addition, we also implement the permutation test by drawing on information on
the institutional environment and using the past realization of changes in the earn-
ings ceiling as described in Table A.4 in the Appendix and proposed in Section 3.3.
Similar to the previous specifications, the results in Table A.4 illustrate that the per-
mutation test achieves exact size, albeit with higher type II error rates than standard
procedures.

Taken together, the results show that linear and quadratic estimators with FG
bandwidth choice over-reject the null hypothesis in data simulated based on actual

RK applications. Our results show a trade-off between size and power across inference
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Table 2: Simulation Study: Size of Regression Kink Estimators

Estimate Interval Length ~ Type I Error Rate
DGP Method Mean SD  Asymp Permute Asymp Permute

1 FG -0.00  0.15 0.44 9.18 0.05 0.05
1 CCT 0.01 0.55 1.73 4.14 0.05 0.05
2 FG -0.89  1.81 2.67 10.92  0.56 0.05
2 CCT 0.07 2.01 5.21 8.76 0.24 0.05
3 FG -1.86  20.42  3.10 117.07  0.94 0.05
3 CCT -0.22 6.03  18.87 23.16  0.15 0.05

Note: To compare the false rejection rate (size) of asymptotic and permutation-based methods, we
analyze the data-generating processes displayed in Figure A.1. For every DGP, we randomly
generate 10,000 observations with z distributed uniformly on [-2,2] and y = E(y|z) + € with

e ~ N(0,0.25). FG uses a local linear estimator with Fan and Gijbels (1996)’s bandwidth, while
CCT uses Calonico, Cattaneo and Titiunik (2014b)’s estimator. We set the nominal level of the
test to 5%. We reject the null hypothesis when the estimate at the kink location is outside the 95%
confidence interval, where the interval is constructed either using standard asymptotic methods or
the permutation method described in Section 3 for a set of 100 placebo kinks on [-1,1]. In this
setting, the null hypothesis is true by assumption and the type I error rate for an accurate
estimation method should be 5%. Reported results are based on 200 (FG) and 50 (CCT) draws for
each specification.

methods. Unlike asymptotic FG methods, CCT’s estimator as well as permutation
test-based inference lead to type I error rates closer to the nominal level. However,
CCT and the permutation test only have sufficient power to detect an effect of unem-

ployment benefits on unemployment duration in one of the two empirical applications.

4.2 Comparing Standard and Randomization Inference: Addi-
tional Simulation Studies

To further understand where our approach has power, we extend the analysis to

three artificial data-generating processes (DGPs). The conditional mean functions

for the linear and non-linear DGPs that we analyze are displayed in Figure A.1 in the

Appendix. For each of these conditional mean functions, we simulate data with and

without a kink at zero analogous to the procedure in the previous section and report
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the same set of statistics as in Table 1 to study size and power. DGP 1 is a linear
function and piece-wise linear in the specification with a kink. DGP 2 is based on a
combination of trigonometric polynomial and exponential functions with and without
kinks. DGP 3 follows a sine function. The simulations show that there is a spectrum
where asymptotic inference using FG bandwidth substantially over-rejects and CCT
has closer to nominal size but lower power and the permutation test has size close
to nominal levels but lowest power. In general, the power of RK estimators is lowest
when the DGP is highly non-linear relative to the effect size studied.

We implement simulation procedures analogous to those described in Section 4.1.
Specifically, we study a grid of 100 equally-spaced placebo kinks on the interval [-
1,1] and analyze 200 simulated datasets using the FG methodology and 50 simulated
datasets using the CCT methodology for computational reasons and due to the higher
dispersion of FG estimates. The only modification is that while in the real datasets
there was exactly one location for the policy kink — i.e. the actual policy kink in the
applications in CLPW and KLNS — in our simulated datasets we consider a grid of
equally-spaced locations for the policy kink in our analysis of the type II error rate.

Table 2 reports the type I error rate of linear RK estimators under asymptotic
and permutation test-based inference. In line with the previous section, the results
document that asymptotic inference with FG bandwidth choice leads to substantial
overrejection of the null hypothesis — type I error rates greater than 50% — when
the DGP features non-linearity (DGPs 2 and 3), while it performs well when the
DGP is linear — in the case of DGP 1 — with a type I error rate of 5%. Asymptotic
inference based on CCT’s procedure outperforms the estimator with FG bandwidth,
but leads to overrejection of the null hypothesis in some settings with non-linearity
(DGPs 2 and 3). Inference based on the permutation test achieves type I error rates
at the nominal level of the test by construction. In Appendix Table A.5 and A.3, we

repeat the exercise for the case of quadratic and cubic RK estimators. The relative

27



Table 3: Simulation Study: Power of Regression Kink Estimators

True Estimate Interval Length ~ Type II Error Rate
DGP Kink Size Method Mean SD  Asymp Permute Asymp Permute

1 20 FG 19.99 0.14 0.46 120.82 0.00 0.04
1 20 CCT 20.06  0.47 1.69 3.53 0.00 0.00
2 20 FG 19.02  1.80 2.67 10.26 0.00 0.05
2 20 CCT 20.34 1.63 2.23 8.92 0.00 0.00
3 20 FG 17.81 20.22  3.13 662.21 0.06 0.89
3 20 CCT 20.07  6.25 1943 23.13 0.02 0.15
1 5 FG 5.01  0.15 0.43 61.67 0.00 0.25
1 5 CCT 493  0.56 1.79 3.57 0.00 0.08
2 D FG 412 1.88 2.65 10.72 0.09 0.57
2 5 CCT 512 1.84 5.25 9.35 0.12 0.39
3 5 FG 291 2052  3.10 138.10 0.04 0.94
3 5 CCT 457 535  19.26 23.02 0.82 0.87

Note: To compare the false acceptance rate (power) of asymptotic and permutation-based
methods, we analyze the data-generating processes displayed in Figure A.1. For every DGP, we
randomly generate 10,000 observations with z distributed uniformly on [-2,2] and y = E(y|x) + ¢
with € ~ N(0,0.25). FG uses a local linear estimator with Fan and Gijbels (1996)’s bandwidth,
while CCT uses Calonico Cattaneo and Titiunik (2014b)’s estimator. In our baseline specification,
we randomly choose a kink location on [-1,1] with a kink size specified in column 2. We set the
nominal level of the test to 5%. We accept the null hypothesis when the 95% confidence interval
includes zero, where the interval is constructed either using standard asymptotic methods or the
permutation method described in Section 3 for a set of 100 placebo kinks on [-1,1]. Reported
results are based on 200 (FG) and 50 (CCT) draws for each specification.

performance of these estimators with asymptotic inference does not improve relative
to the case of linear RK estimators. Again, the permutation test leads to empirical
coverage at the nominal level.

Table 3 reports the type II error rate of linear RK estimators under asymptotic
and permutation test-based inference for slope changes of 5 and 20 at the kink point
and shows that the permutation test suffers from lower power for highly non-linear
DGPs. Asymptotic inference with RK estimators relying on the bandwidth choice
procedure in FG leads to the lowest type II error rates and has small interval lengths

compared to asymptotic inference based on CCT as well as the permutation test.

Nonetheless, comparing the mean of the estimates across specifications reveals that
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Table 4: Empirical Study: Regression Discontinuity Estimator

Estimate Interval Length Error Rate
Data Discontinuity? Method Mean SD Asymp Permute Error Asymp Permute
Lee No IK 0.00 0.10 0.35 0.79 Type I (Size) 0.06 0.05
Lee No CCT -0.00 0.04 0.15 0.70 Type I (Size) 0.05 0.05
LM No IK 0.00 125 4.54 16.87 Type I (Size) 0.06 0.05
LM No CCT 0.01 1.56  5.35 8.17 Type I (Size) 0.06 0.05
Lee  Yes IK 0.45 0.09 0.36 0.80 Type II (1 - Power)  0.00 0.00
Lee  Yes CCT 0.44 0.04 0.14 0.70 Type II (1 - Power)  0.00 0.00
LM Yes IK -1.65 1.23 515 18.89  TypeII (1 - Power)  0.77 0.77
LM  Yes CCT -1.64 1.62 6.04 8.42 Type II (1 - Power)  0.80 0.83

Note: To compare the false rejection rate (size) and false acceptance rate (power) of asymptotic
and permutation-based methods, we analyze data from Lee (2008) and Ludwig-Miller (LM, 2007).
For the "Yes’ Discontinuity rows, we estimate a natural cubic spline, allowing for a jump in the
intercept in the knot at the policy discontinuity. For the 'No’ Discontinuity rows, we take the true
DGP and subtract the estimated jump at the policy discontinuity so that the conditional mean
function is continuous at zero. For Lee, we randomly generate results from 10,195 elections with a
victory probability equal to the predicted mean of the cubic spline. For LM, we randomly generate
a mortality rate in 2,810 counties using a predicted mean of the cubic spline and a standard
deviation of 5.7. IK uses a local linear estimator with Imbens-Kalyanaraman (2012)’s bandwidth,
while CCT uses Calonico Cattaneo and Titiunik’s (2014b)’s local linear estimator with quadratic
bias-correction. We compute two-sided asymptotic p-values and permutation-based p-values from
placebo kinks on [-48,47] for Lee and [-40,9.5] for LM using the method described in Section 3 and
set the nominal level of the test to 5%. The permutation test is based on 100 placebo kinks.
Reported results are based on 200 (FG) and 50 (CCT) draws of each dataset.

CCT’s estimator is much less biased, in particular in the case of DGP 3, which is
highly non-linear. The results also suggest that the power of the permutation test
is particularly low when the DGP is very non-linear. Curvature makes the imple-
mentation of the RK design particularly problematic due to misspecification bias, as
discussed in section 2.3 and pointed out by CCT. In the case of highly non-linear
DGPs, point estimates are also much more dispersed as indicated by the standard
deviation and longer intervals for the permutation test. In Appendix Tables A.6
and A.3 (last six rows), we also report results for the case of quadratic and cubic

estimators.
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5 Applying the Permutation Test to Existing RD Ap-
plications

In this setting, we briefly document results of applying the permutation test to
RD designs based on two well-known studies by Lee (2008) and Ludwig et al. (2007)
and illustrate that standard asymptotic inference and the permutation test deliver
similar conclusions in the RD setting. We display the conditional mean functions
in Figure A.2 in the Appendix. To apply our analysis to an RD setting, we modify

equations (8) and (9) to allow for an intercept shift at the discontinuity:

1 1(vi >k) (vi—k) (vi—k)1l(vi>k)
vl ; : (10)

1 1(wv1>k) (vn—k) (vn—k)1(vp >k)

N\ —1
T(v,y,k)=(0 1 0 o0y (vF'vF) vy, (11)

The analysis of size and power of asymptotic and permutation test-based inference
follows the same structure as in Sections 4.1 and 4.2 and we report the results of
our simulations in Table 4, which also features randomization inference for the RD
design based on the approach in Cattaneo et al. (2015). The simulation studies reveal
that for both RD applications the permutation test and asymptotic inference lead to
actual size close to nominal size and have comparable type II error rates.

We also find broadly similar results using a different permutation test proposed
by Cattaneo, Frandsen and Titiunik (2015, CFT in the following), which holds the
location of the discontinuity fixed and randomly varies which observations are assigned
to the treatment and control. Specifically, we implemented CFT for 50 simulated
datasets based on Lee (window of 1) and LM (window of 1.1, following Cattaneo
et al., forthcoming). With nominal size of 5%, the type I error rates were 0.28 (Lee)
and 0.04 (LM), while the type II error rates were 0.00 (Lee) and 0.78 (LM). CFT’s
performance is similar to the asymptotic and permutation method’s in Table 4 except

that CF'T over-rejects the null in the Lee empirical setting.
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6 Conclusion

We develop a permutation test for the regression kink design and document its
performance compared to standard asymptotic inference. The thought experiment
underlying our test differs from the one of standard asymptotic inference, which is
based on the thought experiment of drawing observations from a large population so
that standard errors reflect sampling uncertainty. Our test follows the randomization
inference approach in taking the sample as given and takes the assignment of treat-
ment — here the location of the kink point — as a random variable and thus the
source of uncertainty:.

Non-linearity is ubiquitous in many of the settings in which RK designs are ap-
plied. In the presence of such non-linearity, the test can offer a complement to exist-
ing methods and is more robust than asymptotic inference with standard bandwidth
choice. Based on the results of our simulation studies, we recommend that practition-
ers: (1) avoid using linear and quadratic RK estimators with FG bandwidth choice,
(2) use CCT’s robust procedure as preferred procedure for estimating kinks, (3) use
the distribution of placebo estimates to assess whether they will have power to detect
economically meaningful results in their context, (4) report p-values constructed by
comparing their point estimate to the distribution of placebo estimates and (5) report
the robustness of the permutation test to different assumptions on the placebo kink

distribution.
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Table A.2: Empirical Study: Quadratic Regression Kink Estimators

Estimate Interval Length Error Rate
Data Kink? Method Mean SD  Asymp Permute Error Type Asymp Permute
CLPW No FG -0.03 347 7.32 106.77  Type I (Size) 0.21 0.05
CLPW No CCT 0.05 17.58  45.37 88.64  Type I (Size) 0.05 0.05
KLNS No FG 0.05 0.44 0.68 2.72 Type I (Size) 0.23 0.05
KLNS No CCT -0.00 0.38 1.32 1.79 Type I (Size) 0.06 0.05
CLPW  Yes FG 433 375 1216 102.85  Type II (1 - Power)  0.69 0.78
CLPW  Yes CCT 948 21.85 88.19 91.98  Type Il (1 Power)  0.94 0.88
KLNS  Yes FG -6.72  0.05 0.21 2.19 Type II (1 - Power)  0.00 0.00
KLNS  Yes CCT -6.37  0.23 1.00 1.58 Type II (1 - Power)  0.00 0.00

Note: To compare the false rejection rate (size) and false acceptance rate (power) of asymptotic and
permutation-based methods, we analyze data from two empirical applications which compute the
elasticity of unemployment duration with respect to benefits: CLPW (2015) and KLNS (2015). We
fit a natural cubic spline to each dataset. To estimate the type I error rate, we assume no kink (rows
1-4), and require that the first derivative is continuous at all of the knots. To estimate the type
IT error rate (rows 5-8), we allow the first derivative to change discontinuously at the policy kink.
We randomly generate 10,000 unemployment durations y = E(y|z) + ¢ with E(y|z) from the cubic
spline and € ~ N(0,0.125). For ease of exposition, we have scaled up the outcome variable by 10°
for CLPW and by 10% for KLNS. FG uses a local quadratic estimator with Fan and Gijbels (1996)’s
bandwidth, while CCT uses Calonico, Cattaneo and Titiunik (2014b)’s local quadratic estimator
with cubic bias-correction. We set the nominal level of the test to 5%. We reject the null hypothesis
when the estimate at the kink location is outside the 95% confidence interval, where the interval
is constructed either using standard asymptotic methods or the permutation method described in
Section 3 for a set of placebo kinks on [-1400,17800] for CLPW and [-400,300] for KLNS. We use
one draw of the dataset per simulation and 100 placebo kinks to estimate the error rates. Reported
results are based on 200 (FG) and 50 (CCT) draws for each specification.
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Table A.3: Regression Kink with Cubic Specification

Estimate Interval Length Error Rate
Data Kink? Kink Size? Mean SD  Asymp Permute Error Asymp Permute
KLNS No — -0.03 0.48 1.71 6.41 Type I (Size) 0.08 0.05
CLPW No — 0.34 805 1834 436.31  Type I (Size) 0.06 0.05
Artificial DGP 1 No 0 -0.03 0.34 1.27 8.92 Type I (Size) 0.08 0.05
Artificial DGP 2 No 0 -0.52  3.72 4.09 23.26  Type I (Size) 0.57 0.05
Artificial DGP 3 No 0 -0.43  53.62  7.62 678.80  Type I (Size) 0.93 0.05
KLNS Yes — -6.37  0.14 0.52 4.88 Type II (1 - Power)  0.00 0.00
CLPW Yes — 453 878  30.50 439.25  TypeII (1 - Power)  0.88 0.88
Artificial DGP 1 Yes 5 5.00 0.34 1.17 8.65 Type II (1 - Power)  0.00 0.30
Artificial DGP 1 Yes 20 20.02 0.35 1.20 8.97 Type II (1 - Power)  0.00 0.08
Artificial DGP 2 Yes 5 493 355 4.05 24.10  TypeII (1 - Power)  0.22 0.71
Artificial DGP 2 Yes 20 19.55 3.63 3.95 23.05  TypeII (1 - Power)  0.00 0.23
Artificial DGP 3 Yes 5 4.27 53.56  7.46 654.68  Type II (1 - Power)  0.08 0.96
Artificial DGP 3 Yes 20 20.17 52.64  7.69 599.35  Type II (1 - Power)  0.08 0.89

Note: This table replicates Fan and Gijbels (1996) specifications in Tables 1, 2 and 3 using a cubic
polynomial estimator instead of a linear estimator. See notes to Tables 1, 2 and 3 for details.
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Table A.4: Empirical Study: Regression Kink with Placebo Kink Locations Chosen
From Data

Estimate Interval Length Error Rate
Kink? Method? Mean SD  Asymp Permute Error Asymp Permute
No FG 1.79 243 6.21 1006.12  Type I (Size) 0.38 0.05
No CCT 0.19 11.57 41.33 38.05 Type I (Size) 0.05 0.05
Yes FG 2,718  2.75 6.14 1097.33  Type II (1 - Power)  0.34 0.94
Yes CCT 3.08 15.72  52.05 38.82 Type II (1 - Power) 0.86 0.83

Note: To compare the false rejection rate (size) and false acceptance rate (power) of asymptotic
and permutation-based methods, we analyze data from an empirical application which computes the
elasticity of unemployment duration with respect to benefits: CLPW (2015). We fit a natural cubic
spline to each dataset. To estimate the type I error rate, we assume no kink, and require that the
first derivative is continuous at all of the knots. To estimate the type II error rate, we allow the first
derivative to change discontinuously at the policy kink. We randomly generate 10,000 unemployment
durations y = E(y|x)+¢ with y = E(y|z) from the cubic spline and € ~ N(0,0.125). FG uses a local
linear estimator with Fan and Gijbels (1996)’s bandwidth, while CCT uses Calonico, Cattaneo, and
Titiunik (2014b)’s local linear estimator with quadratic bias-correction. We set the nominal level of
the test to 5%. We reject the null hypothesis when the estimate at the kink location is outside the
95% confidence interval, where the interval is constructed either using standard asymptotic methods
or the permutation method described in Section 3 for a set of placebo kinks. Specifically, we use
historical data on changes in the earnings ceiling of the Austrian unemployment insurance system
from 1996 onwards. Per law, the earnings ceiling moves as a function of past aggregate wage growth
(§ 108 Allgemeines Sozialversicherungsgesetz). For each year from to 2016, we calculate the nominal
change in the earnings ceiling and normalize them by the average change from 1996 to 2016. We
then draw from this distribution of changes in the earnings ceiling to simulate counterfactual kink
locations by adding a given draw to the actual realization of the kink point, here corresponding to
the lower kink in the unemployment insurance system. We use one draw of the dataset and 100
placebo kinks to estimate the type I error rate; because there is no slope change by assumption, the
type I error rate for an accurate estimation method should be 5%. To estimate the type II error rate,
we use 50 draws of the dataset and test for an effect size as indicated by the actual slope change
based on a natural cubic spline specification (see Section 4 for more details).
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Table A.5: Simulation Study: Size of Quadratic RK Estimators

Estimate Interval Length  Type I Error Rate
DGP Method Mean SD  Asymp Permute Asymp Permute

1 FG -0.00 0.14 0.49 9.70 0.05 0.05
1 CCT 0.00 1.12 3.41 6.73 0.05 0.05
2 FG 0.27 2.80 1.63 25.09 0.78 0.05
2 CCT -0.22  2.36 7.41 11.76 0.12 0.05
3 FG -3.00  23.64 4.53 423.60  0.81 0.05
3 CCT 0.11 5.75 20.36 24.15 0.06 0.05

Note: To compare the false rejection rate (size) of asymptotic and permutation-based methods, we
analyze the data-generating processes displayed in Figure A.1. For every DGP, we randomly
generate 10,000 observations with z distributed uniformly on [-2,2] and y = E(y|z) + € with

g ~ N(0,0.25). FG uses a local quadratic estimator with Fan and Gijbels (1996)’s bandwidth,
while CCT uses Calonico, Cattaneo and Titiunik (2014b)’s local quadratic estimator with cubic
bias-correction. We set the nominal level of the test to 5%. We reject the null hypothesis when the
estimate at the kink location is outside the 95% confidence interval, where the interval is
constructed either using standard asymptotic methods or the permutation method described in
Section 3 for a set of 100 placebo kinks on [-1,1]. In this setting, the null hypothesis is true by

assumption and the type I error rate for an accurate estimation method should be 5%.
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Table A.6: Simulation Study: Power of Quadratic RK Estimators

True Estimate Interval Length Type II Error Rate
DGP Kink Size Method Mean SD  Asymp Permute Asymp Permute

1 20 FG 20.01 0.12 0.47 8.28 0.00 0.03
1 20 CCT 20.06  0.97 3.39 6.30 0.00 0.00
2 20 FG 20.25  2.79 1.64 24.22 0.00 0.28
2 20 CCT 20.01 1.61 7.22 12.03 0.00 0.00
3 20 FG 1753 2346  4.49 407.89 0.05 1.00
3 20 CCT 20.51 5.44  20.16 23.26 0.04 0.13
1 5 FG 499 0.14 0.49 8.52 0.00 0.28
1 5 CCT 4.89 093 3.30 6.50 0.04 0.19
2 5 FG 9.27 283 1.63 25.33 0.09 0.83
2 5 CCT 4.78  2.29 7.61 14.08 0.32 0.52
3 5 FG 1.51  23.60 4.54 431.32 0.09 0.92
3 5 CCT 4.88 526  20.64 23.70 0.82 0.91

Note: To compare the false acceptance rate (power) of asymptotic and permutation-based methods,
we analyze the data-generating processes displayed in Figure A.1. For every DGP, we randomly
generate 10,000 observations with x distributed uniformly on [-2,2] and y = E(y|z) + ¢ with ¢ ~
N(0,0.25). FG uses a local quadratic estimator with Fan and Gijbels (1996)’s bandwidth, while CCT
uses Calonico Cattaneo and Titiunik (2014b)’s local quadratic estimator with cubic bias-correction.
In our baseline specification, we randomly choose a kink location on [-1,1] with a kink size specified
in column 2. We set the nominal level of the test to 5%. We accept the null hypothesis when the 95%
confidence interval includes zero, where the interval is constructed either using standard asymptotic
methods or the permutation method described in Section 3 for a set of 100 placebo kinks on [-1,1].
This process is repeated 200 and 50 times for FG and CCT, respectively.
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Figure A.1: Conditional mean function for simulation DGPs. To compare the performance of asymptotic and
permutation-based methods, we analyze four different data-generating processes. They are:

0
E(ylz) = | 0.3(0.5+ |z|) cos?(5(z — 0.1)) — 5e®
2 (sin10(z — 0.1))

The figure displays the conditional mean function E(y|z) for each of these DGPs (left column). To illustrate, we also
show DGPs where a kink at = 0 (20z1(z > 0)) has been added (right column).
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Figure A.2: Conditional mean functions for RD applications in Lee (2008) and Ludwig et al. (2007).
The solid maroon line denotes the fit for a natural cubic spline estimated on the data without
allowing for a discontinuity at the cutoff; the dashed maroon line denotes a natural cubic spline
allowing for a discontinuity at the cutoff. Bin number chosen based on the approach in Calonico
et al. (2014a, 2015).
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B Appendix: Proof of Finite Sample Size of Per-

mutation Test

Proposition: Under the Null Hypothesis of Policy Irrelevance and the Random Kink
Location assumption, there exists a test function ¢(v,y, k) for significance level «
that has an exact finite sample level of a.

Proof: Let K denote the number of potential kink points k& drawn according to
distribution P. For any data vector (v,y), let

TO(v,y) <TO(v,y) < ... <TW(v,y)

denote the kink estimates of T'(v,y, k) ranked from smallest to largest.
For a given nominal level a € (0,1) and a two-sided test, we define the critical

values ¢ and ¢ as

a{,

= |=K

€ [2 }
and c= K — [ZK}

where [%f( } denotes the largest integer less than or equal to %f( :

Let K*(v,y) and K~ (v,y) denote the number of values TVU)(v,y) (j =1, ..., K)
that are smaller than 79 (v,y) and greater than 7 (v,y), respectively, and let
K°(v,y) be the total number of values of TU)(v,y) (j = 1, ..., K) equal to TO(v,y)
or TO(v,y).

Define

oK — (Kt(v,y)+ K~ (v,y))
Kov,y)

a(v,y) =
as the rejection probability in the case of a tie.
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We can define a permutation test function ¢(v,y, k) that determines the proba-

bility of rejecting the null hypothesis given a test statistic T'(v,y, k):

1 ,T(v,y, k) <TO(v,y) or T(v,y, k) >TO(v,y)

o(v,y, k) = a(v,y) ,T(v,y, k) =TO(v,y) or T(v,y, k) =TO(v,y)

0 , TO(v,y) < T(v,y, k) < TO(v,y)

This implies that for any realization of (v,y), we have that:

> é(v.y. k) = K" (v,y)+ K~ (v,y) +a(v,y) - K°(v,y) = oK.

Note that under the Null Hypothesis of Policy Irrelevance, the distribution of
(v,y) is invariant to the realized location of the kink point. This implies that the test
statistic T'(v,y, k) is also invariant to the realization of the kink point £*, since the
test statistic only depends on the policy variable through its effect on the outcome.
Taking expectations of the expressions above over the distribution of the location of

kink points denoted as P, we thus have

oK = Ep[Y_ ¢(v,y, k) = >_ Eplo(v.y, k)] = KEp[6(v,y, k)]

ke ke

Thus, it follows that Ep[p(v,y, k)] = «, proving that the exact finite sample level

of the permutation test is a. W
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C Construction of Confidence Intervals Based on
Permutation Test

We construct confidence intervals by inverting the permutation test as described in
Rosenbaum (2002, chap. 2.6.2) and Imbens and Rubin (2015, chap. 5.7). For a set
of hypothetical effects, we reconstruct the data by subtracting out the hypothetical
effect and apply our permutation test to the transformed data, defining the confidence
interval as the set of hypothetical effects that are not rejected. Relative to the exist-
ing literature, which primarily uses a grid of hypothetical effects, we implement the
bisection method to find the end points of the confidence interval, which significantly
improves upon the computational cost of a grid search while delivering the same level
of precision.

The algorithm that we implement proceeds as follows:

1. Identify search region. To identify a search region over which a bisection search
is performed, we obtain lower and upper bounds, S and S, for hypothetical
effect sizes that lead to a rejection of the null hypothesis with the permutation
test when subtracted from the data. Quantitatively, we start with a search
region 10 times the size of the asymptotic confidence interval and iteratively
increase the search region by a factor of 10 until we have found lower and upper

bounds, S and S, at which the null hypothesis is rejected.

2. Perform bisection search in each half of search region. We split the search region
at the RK point estimate, S, and perform a bisection search in S, S*] and [S ,S].

We illustrate the bisection search for the interval [S, S]:

(a) Perform permutation test subtracting out as hypothetical effect size the

mid-point, m, of [S,S]: m = 0.5 % (5 + 9).

(b) Define new interval depending on result of permutation test at midpoint
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i. If the permutation test rejects at the midpoint m, continue algorithm
with interval [S,m).
ii. If the permutation test does not reject at midpoint m, continue algo-

rithm with interval [m, S].

(c¢) Implement step (a) and (b) with new interval calculated in (b) until the
search has converged. We define the search as having converged if two sub-
sequent midpoints are less than one tenth the magnitude of the asymptotic

confidence interval apart from one another.

3. Identify confidence interval. Report the confidence interval as the smallest and

largest non-rejected hypothetical effect sizes from step (2) of the algorithm.
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