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Abstract

We address a major discrepancy in matching methods for causal inference in observational data.
Since these data are typically plentiful, the goal of matching is to reduce bias and only secondarily
to keep variance low. However, most matching methods seem designed for the opposite problem,
guaranteeing sample size ex ante but limiting bias by controlling for covariates through reductions
in the imbalance between treated and control groups only ex post and only sometimes. (The
resulting practical difficulty may explain why many published applications do not check whether
imbalance was reduced and so may not even be decreasing bias.) We introduce a new class of
“Monotonic Imbalance Bounding” (MIB) matching methods that enables one to choose a fixed
level of maximum imbalance, or to reduce maximum imbalance for one variable without changing

it for the others. We then discuss a specific MIB method called “Coarsened Exact Matching”
(CEM) which, unlike most existing approaches, also explicitly bounds through ex ante user choice
both the degree of model dependence and the causal effect estimation error, eliminates the need
for a separate procedure to restrict data to common support, meets the congruence principle, is
approximately invariant to measurement error, works well with modern methods of imputation for
missing data, is computationally efficient even with massive data sets, and is easy to understand
and use. This method can improve causal inferences in a wide range of applications, and may be
preferred for simplicity of use even when it is possible to design superior methods for particular
problems. We also make available open source software which implements all our suggestions.



1 Introduction

Observational data are often inexpensive to collect, at least compared to randomized experiments,
and so are typically in plentiful supply. However, key aspects of the data generation process —
especially the treatment assignment mechanism — are unknown or ambiguous, and in any event
are not controlled by the investigator. This generates the central dilemma of the field, which
we summarize as: information, information everywhere, nor a datum to trust (with apologies to
Samuel Taylor Coleridge).

Matching is a nonparametric method of controlling for some or all of the confounding influ-
ence of pretreatment control variables in observational data. The key goal of matching is to prune
observations from the data so that the remaining data have battarcebetween the treated and
control groups, meaning that the empirical distributions of the covari&ésnthe groups are
more similar. Exactly balanced data means that controlling furthekfes unnecessary (since it
is unrelated to the treatment variable), and so a simple difference in means on the matched data can
estimate the causal effect; approximately balanced data requires controllixgvidth a model
(such as the same model that would have been used without matching), but the only inferences nec-
essary are only those relatively close to the data, leading to less model dependence and reduced
statistical bias than without matching.

The central dilemma of matching in observational data means that model dependence and
statistical bias are usually much bigger problems than large variEhd’drxe key problem we
address is that most matching methods seem designed for the opposite problem. They guarantee
the matched sample size ex ante (thus fixing most aspects of the variance) and produce some level
of reduction in imbalance between the treated and control groups (hence reducing bias and model
dependence) only as a consequence and only sometimes. That is, the less important criterion is
guaranteed by the procedure, and any success at achieving the most important criterion is uncertain
and must be checked ex post. Because the methods are not designed to achieve the goal set out
for them, numerous applications of matching methods fail the check and so need to be repeatedly
tweaked and rerun.

This disconnect gives rise to the most difficult problem in real empirical applications of match-
ing: In many observational data sets, finding a matching solution that improves balance between
the treated and control groups is easy for most covariates, but the result often leaves balance
“slightly” worse for some other variables at the same time. Thus, analysts are left with the nag-
ging worry that all their “improvements” in applying matching may actually have increased bias
in making causal inferenc@s.

Continually checking balance, rematching, and checking again until balance is improved on
all variables is the best current practice with existing matching algorithms. The process needs
to be repeated multiple times because any change in the matching algorithm may alter balance
in unpredictable ways on any or all variables. Perhaps the difficulty in following best practices
in this field explains why many applied articles do not measure or report levels of imbalance at
all, and appear to run some chosen matching algorithm only once. Moreover, even when balance
is checked and reported, at best a table comparing means in the treatment and control groups

1As ) writes, “First, since it is generally not wise to obtain a very precise estimate of a drastically wrong
quantity, the investigator should be more concerned about having an estimate with small bias than one with small
variance. Second, since in many observational studies the sample sizes are sufficiently large that sampling variances of
estimators will be small, the sensitivity of estimators to biases is the dominant source of uncertainty.”

2The consequence for estimating the average treatment effect of an increase in imbalance for some variables is
unknown because it depends on the importance of each variable in affecting the outcome; because importance cannot
be estimated without reference to the outcome variable; and because of what might be called The Prime Directive, the
fundamental principle accepted throughout the matching literature that the outcome variable should be ignored while
matching (except in very special cases) so as to avoid inducing selection bias (yet another example of the focus of the
literature on bias over variance).



is included. Imbalance due to differences in variances, ranges, covariances, and higher order
interactions are typically ignored. This of course is a real mistake, since any one application of
most existing matching algorithms is not guaranteed (without balance checking) to do any good
at all. Of course, its hard to blame applied researchers who might quite reasonably expect that a
method touted for its ability to reduce imbalance might actually do so when used once.

We introduce a new Monotonic Imbalance Bounding (MIB) class of matching methods, and
discuss a simple and widely applicable method from the class, that inverts the process and thus
guarantees a fixed level of balance ex ante between the treated and control groups. This level is
chosen by users on the basis of specific, intuitive substantive information which they demonstrably
have. (If you understand the trade-offs in drawing a histogram, you will understand how to use
this method.) Improvements in the bound on balance for one covariate can be studied in isolation
with our approach because they are known to have no effect on the maximum imbalance in each
of the other covariates. We show that our method controls, up to specified levels, for all imbal-
ances in central absolute moments, comoments, coskewness, interactions, nonlinearities, and other
multidimensional distributional differences between treated and control groups, which most other
methods do not address. In fact, the method controls not only covariate imbalance; it also explic-
itly controls the degree of model dependence and, more importantly, the size of estimation error
(and statistical bias) in the causal quantity of interest. Although most matching methods attempt to
approximate a classic experiment with complete randomization, our approach produces additional
local balance (and the resulting efficiency) by attempting to approximate the superior randomized
block experimental design.

Whereas most prior matching methods must be preceded by an entirely different algorithm
limiting covariates to areas of common empirical support, our approach does this automatically
as a natural part of the same matching algorithm. The method is approximately invariant to mea-
surement error and the global multivariate differences between treated and control groups are
controllable by easy-to-understand local decisions about specific variables and their measurement
characteristics. The method avoids the troubling difficulty in existing matching methods of work-
ing with modern methods of imputation for missing data. The algorithm is fast and efficient, even
with extremely large data sets, with speed scaling linearly with the number of variables. The same
algorithm can be used for binary or multi-category treatments, and for pre-randomization blocking
in experiments. With this paper, we make available free, open source, and easy-to-use software
that implements these methods.

Our approach can improve causal inferences across a very wide range of applications, and thus
is designed as an easy default choice or first line of defense in protecting users from the threats to
validity in making causal inferences. The method is not necessarily optimal in every application
and may be out-performed in specific cases by methods designed or tuned for specific data sets in
ways we discuss, usually at the cost of more work designing special procedures. In what follows,
we introduce our notation and setup (Secfipn 2), describe the method we introduce (Section 3),
characterize the new class of matching methods into which our method falls (§€ction 4), discuss
the methods other properties (Secfipn 5), and extend it in various ways (§€ction 6). We then show
in simulated and real data how it works in practice (Sedtion 7) and conclude with a discussion of
what can go wrong when using this approach (Se¢tjon 8).

2 Preliminaries

This section describes our setup. It includes our notation, definitions of our target quantities of
interest, some simplifying assumptions, a brief summary of existing matching methods and post-
estimation matching, a general characterization of error in estimating the target quantities, and
how to measure imbalance.



2.1 Notation

Consider a sample of unitsrandomly drawn from a population @¥ units, wheren < N. For
unit 4, denoteT; as an indicator variable with valigé = 1 if unit i receives the treatment (and so
is a member of the “treated” group) afitl= 0 if not (and is therefore a member of the “control”
group). The outcome variable is denoédwhereY;(0) is the potential outcome for observation

if the unit does not receive treatment arid1) is the potential outcome if the (same) unit receives
treatment. For each observed unit, the observed outdgme 7;Y;(1) + (1 — 7;)Y;(0) and so
Y;(0) is unobserved if receives treatment aiid(1) is unobserved if does not receive treatment.

To compensate for the observational data problem where the treated and control groups are not
necessarily identical before treatment (and, lacking random assignment, not the same on average),
matching estimators attempt to control for pre-treatment covariates. For this purpose, we denote
X = (X1,Xo,...,X}) as ak-dimensional data set, where eakh is a column vector of length
n, containing the observed values of pre-treatment variabibe the n. observations in the sample
(and N observations from the population). Thatd,= [X;;,i =1,...,n,j =1,...,k].

2.2 Quantities of Interest

As usual, the treatment effect for unjtTE; = Y;(1) — Y;(0), is unobserved. All relevant causal
gquantities of interest are functions of J Eor different groups of units, and so must be estimated.
The most common include tlEample(SATE) andpopulation(PATE) average treatment effect
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SATE= - Y TE; PATE= < Y TE,
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and thesample(SATT) andpopulation(PATT) average treatment effect on the treated

1 1
SATT = — Z TE; PATT=-—— Z TE;,
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whereny = 3"  TyandT ={i: 1 <i<nnTi=1}andNy = >N TyandT* = {i : 1 <
i < NNT; =1}. Sed Imbeng (2004); Morgan and WingHip (2007).

Although SATE and SATT may be the quantities of interest in and of themselves, without
regard to a population beyond the sample data, we can write, under the assumption that the sample
is randomly drawn from the relevant populatiofi(SATE) = PATE andE(SATT) = PATT
(where the expected value operator averages over random samples). Sepafatslyaifdomly
assigned, we can writ8(SATT) = SATE (where the expected value operator here averages over
different random assignmentsBj, but we do not make this assumption.

2.3 Simplifying Assumptions

We begin with three simplifications and decisions. First, we make the standard assumption, known
as “no omitted variable bias” in the social sciences, “ignorability” in statistics, and “unconfound-
ing” in epidemiology, thatX is defined such that conditional oK, the treatment variable is
independent of the potential outcomé¥7’| X, Y (0),Y (1)) = P(T|X).

Second, as with most matching-based estimators, we focus on SATT (or PATT) so that, by
retaining all treated units and matching on controls, the process of pruning observations does not
necessarily change the target quantity of interest, as would not be the case for SATE or PATE
(which prune both treated and control units). This convention in the methodological literature is a
reasonable but practical decision, chosen because SATE or PATE are not amenable to straightfor-
ward matching-based estimation. Of course, the initial set of units in observational data is almost
always arbitrary to some degree anyway. This decision implies that, for each obser¥vgtion,



is always observed, whil;(0) is always estimated (usually by choosing values from the control
units via some matching algorithm or applying some model).

And finally, another common practical decision is to go another step and match both treated
and control units. The result changes the estimand, which is not unreasonable so long as one is
transparent about the choice and the consequences in terms of the new set of units over which the
causal effect is defined. We also follow this convention and recommend it to users for applications
(as, e.g.f Crump et @[., 2006), although all methods and results we discuss below also hold if we
keep all treated units and thus retain a fixed target quantity of interest. The situation is similar
to most randomized experiments which do not select subjects randomly, and so have an estimand
that is also defined over a somewhat arbitrary set of units (such as patients who happen to show
up at a hospital and agree to be enrolled in a study, or those who fit conditions researchers believe
will demonstrate larger causal effects). Related examples include local average treatment effects,
regression discontinuity designs, and many others.

2.4 Overview of Existing Matching Methods

This section outlines the most commonly used exact and approximate matching methods. To begin,
one-to-one exact matchinig an algorithm that estimates the unobser¥gd), corresponding to

each observed treated umifwith outcome valué€’; and covariate valueX;), with the outcome

value of a control unit (denoteH, with covariate valuesX,), chosen such that, = X,. We

denote the resulting estimate Bf(0) asY;(0). More generally and to increase efficiency the
alternativeexact matchinglgorithm usesll control units that match each treated unit (i.e. 4l

such thatX, = X;).

The problem of course is that typically neither form of exact matching is possible for all treated
units, in which case the exact matching estimator does not exist. If exact matches are available for
only some treated units, the analyst may choose to discard the unmatched units, but if the remain-
ing observations are unrepresentative the resulting estimator may be biased (or, equivalently, is
an unbiased estimate of a different quantity), or inefficient. In most real applications with covari-
ates sufficiently rich to make ignorability assumptions plausible, insufficient units can be exactly
matched.

If a satisfactory result is infeasible via exact matching, analysts must choose one of the exist-
ing approximate matchinghethods, the best practice for which involves two separate steps. The
first step drops control units (and sometimes treated units) outside the common empirical support
of both groups or in the sample region requiring extrapolation. The second step then matches the
treated unit to some control observati@nthat, if not exactlyX, is close by some metric. The
second step of most existing approximate matching procedures can be distinguished by the choice
of metric. For example, nearest neighbor Mahalanobis matching choose the closest control unit
to each treated unit (among those within the common empirical support), using the Mahalanobis
distance metric (with a variance matrix estimated fr&h For another example, nearest neighbor
propensity score matching first summarizes the vector of covariate values for an observation by
the scalar propensity score, which is the probability of treatment given the vector of covariates,
estimated in some way, typically via a simple logit model. Then the closest control to each treated
unitis used as a match, with the distance defined by the absolute difference between the two scalar
propensity score values. (Instead of using the nearest neighbor with Mahalanobis or propensity
score metrics, some use optimal, subclassification, full matching, or other algorithm.) Since the
second step in existing algorithms do not guarantee an improvement in balance except under spe-
cialized conditions, the degree of imbalance must be measured, the matching algorithm must be
respecified, and imbalance checked again, etc., until a satisfactory solution is reached. (For ex-
ample, the correct specification of the propensity score cannot be measured by the usual measures
of fit, only by whether matching on it achieved balance between the treated and control groups.)



Many other combinations of these approximate matching algorithms and other innovations have
been proposed for specific types of applications.

An additional problem for existing approximate matching methods is that most of the tech-
nologies used for matching in the second step are unhelpful for completing the first step. For
example, the propensity score can be used to find the area of extrapolation only after we know that
the correct propensity score model has been used. However, the only way to verify that the correct
propensity score model has been specified is to check whether matching on it produces balance
between the treated and control groups on the relevant covariates. But balance cannot be reliably
checked until the region of extrapolation has been removed. To avoid this type of infinite regress,
researchers use entirely different technologies for the first step, such as kernel density estimation
(Heckman, Tchimura and ToHd, I997) or dropping control units outside the hyper-recfanglp (lacus
[and Porrp] 2008, forthcomihg) or convex hdill (King and 4dng, 2006) of the treated units. The
method we introduce below avoids these problems by satisfying both steps simultaneously in the
same algorithm.

2.5 Post-Matching Estimation

Matching methods are data preprocessing algorithms, not statistical estimators. Thus, after pre-
processing, some type of estimator must be applied to the data to make causal inferences. For
example, if one-to-one exact matching is used, then a simple difference in means bgtindba

treated and control groups provides a fully nonparametric estimator of the causal effect. When the
treated and control groups do not match exactly, the estimator will necessarily incorporate some
modeling assumptions designed to span the remaining differences, and so results will be model-
dependent to some degrge (King and 2éng, P007). Preprocessing via matching can greatly reduce
the degree of modeling necessary and thus also the degree of model depgndence](Ho e}t al., 2007).

Under a matching method that produces a one-to-one match (or in general any match that has
a fixed positive number of treated and control units across strata), any analysis method that might
have been appropriate without matching can alternatively be used on the matched data set with
the benefit of having a lower risk of model dependefce (HoJdt al. | 2007) or alternatively specially
designed nonparametric methods (Abadie and Tnjlbens] 2007).

When different numbers of control units are matched to each treated unit — or in general if
different numbers of treated and control units appear in different strata, as in exact matching —
the analysis model must weight or adjust for the different stratum sizes. In this situation, the sim-
plest SATT estimator is a weighted difference in means between the treated and control groups,
or equivalently a weighted linear regressionYofon 7', (using weights defined in Appendi¥ B).

We can go farther by running trying to span the remaining imbalance via a weighted regression of
Y onT andX. In either regression, the coefficient @his our SATT estimate. (When strata in-
clude many observations, one can instead estimate a statistical model within each stratum without
weights and average the results across stratum weighted @r}.QyNonlinear (or linear) models

may also be fit to all the data and used to predict, for each treated unit, the unobserved potential
outcome under contrdt;(0) given its observed covariate valugs, with the treated unit-level
estimated causal effects averaged over all treated units. A final approach, which has an empirical
Bayes flavor, would be to take a weighted average of each estiigt@dwith the average value

of Y among control units (with weights based on how well the model fits).

2.6 Quantifying Estimation Error

Existing methods can be used to accomplish this goal by applying some algorithm, checking af-
terward to see whether balance between treated and control groups has been achieved, tweaking
the matching method, applying it again, checking balance again, etc. We derive the precise point
of this balance checking here, as well as its connection to the real goal: accurate estimation of the
causal effect. For simplicity, we analyze the case where the analysis method used after preprocess-



ing is the simple difference in means.
We begin by writing the potential outcomes for each unit as

Yi(t) = g:(Xi) = ge(Xin, - .., Xig)- 1)

wheret = 0,1 andg, is an unknown function (cf. Tmai, King and Std4rt, 2D08)[If (1) included an
error term that affect¥(¢) but is unrelated t@", it would be implied by the ignorability assump-
tion. Our results would not be materially changed if it were included, except we would have to
add expected values or probability limits. We omit it here for simplicity and because the concepts
of repeated samples from the same data generation process, and samples that grow without limit,
are forced analogies in many observational data sets. In addition, since for expository purposes we
consider, without loss of generality, the case wher@ ) is observed and;(0) is estimated, we
shall only needj, for the rest of this paper.

We now decompose the unit-level treatment effddt,;, into the estimated treatment effect,
TE; = Y;(1) — Y;(0), and the error in estimation. We do this by substituting into the definition of
the true treatment effedf (1) = TE; + ¥;(0) as follows

TE; = Y;(1) — ¥3(0)
= [TE; + Yi(0)] — Y;(0)
— TE; + [90(X:) — go(X;)]  (using Equatiofi1)
= TE; + &(Xi, X3)

where&y(X;, X;) = go(X;) — go(Xi) = Y;(0) — ¥;(0) is the unit level treatment effect error (not
an expected value). Then we aggregate this over treated units into SATT:

SATT = Z TE; = SATT + & 2)
ZGT
where
Zgo Xi, X;) Z[QO(X ) — 90(X5)] 3
ZET ZGT

is the average estimation error aATT = Yier TE:/nr.

The ultimate goal of matching-based estimators is to reduce the absolute matchinggtror,
so that estimation can proceed with minimal levels of model-dependence, or equivalently with
minimal bias if the difference of means is used. This goal can be parsed into two (nonadditive)
components. The first component of matching error isithiealancebetween the control and
treatment groups, or in other words the difference between the empirical distribution of the pre-
treatment covariates for the control gropX |T" = 0) and treated group(X|T' = 1) in some
chosen metric (such as those discussed in Selctign 2.7). The second componentp®ttance
of each of the variables and their interactions in influendihgiven T. The two components
are formalized in[(8), where the difference betwe€nand X; represents local imbalance for
treated observatiohand the unknown functiog, represents the importance of different parts of
the covariate space.

If preprocessing results in exact matches between the treatment and control groups, imbalance
is eliminated and€, | vanishes, no matter whag is. When that lucky situation does not occur, the
two components must be considered together. For example, a large imbalance in one variable that
has little effect ort” does not matter much, whereas a small imbalance in a variable that has large
effect onY may lead to larger biases. Thus, whereas reducing imbalance is the crucial operational
short-term goal, the ultimate goal is controlling estimation error.



2.7 Measuring Imbalance

We now briefly review existing methods of assessing imbalance between the treated and control
groups and then introduce a new method designed to avoid difficulties with prior apprﬁaches.
The goal is to summarize the difference between the multivariate empirical distribution of the
pre-treatment covariates for the treatgd |7 = 1) and matched contrgl( X |T' = 0) groups.

Unfortunately, the vast majority of matching applications do not check balance at all. Al-
most all of the smaller number which do check balance merely compare the univariate absolute
difference in means in the treated and control groups

9= X9 - XD ., =1,k 4
wheref(,(,{;,w and X%)C,w denote weighted means, with weights appropriate to each matching
method.

This is a reasonable indicator, but not by itself. Indeed, sometimes researchers argue that
matching only the mean is necessary because most analysis models used after or in place of match-
ing (such as regression) only adjust for the mean. However, the purpose of matching is to reduce
model dependence, and so it does not make sense to assume that the analysis model is correct,
as implied by this argument; for model independent inferences, matching as much of the entire
empirical distribution as possible must be the goal.

Thus, some few go further and compare other univariate moments, univariate density plots,
propensity score summary statistics, or the average of the univariate differences between of the
empirical quantile distributiong (Austin and Mamddni, 2/006; Tmai, King and 3$tuart,| 2008; Ru-
[bin,[2007). Except for the occasional discussion about using the differences in covariances, re-
searchers almost uniformly ignore all aspects of multivariate balance not represented in these
simple variable-by-variable summaries. Unfortunately, improving on current practice by apply-
ing existing methods of comparing multivariate histograms — such as Peasgoifsher'sG?,
or models for contingency tables — would work poorly because of the numerous zero cell values
in most applications.

Our alternative idea to measure the multivariate differences betweéii’ = 1) andp(X|T =
0) via an L;-type distance. We first choose the number of bins for each continuous variable via
standard automated univariate histogram methods and with categorical variables left as is (see Sec-
tion[6.6.1)4 Then, we cross-tabulate the discretized variable¥ asc - -- x X, for the treated
and control groups separately, and record in each cekfliemensional relative frequency for the
treatedfy, ..., and controly,, ..., units, where the number of bins or levels of categorical variables
¢; may vary for eachX;. Then our measure of imbalance is the absolute difference over all the
cell values:

Li(fr9) = D [foty — 90101 ()
£1--4y,
where the summation is over all cells of the multivariate histogram. An important property is
that the typically numerous empty cells do not affégt f, g), and so in addition the summation
in (5) has at mosh terms. The relative frequencies also control for potentially different sample

%In order to avoid inducing sample selection bias, modern matching procedures ignore information from the im-
portance component of matching error and focus instead only on the imbalance component. Unfortunately, the natural
metric for the degree of imbalance as it affects estimation error is a function of importande (see (3)). (Statisticians have
learned to avoid hypothesis tests in evaluating imbalgnce (Tmai, King and] $tuar, 2008) but otherwise are left with a
wide variety of imbalance measures.)

4If prior information indicates that some variables are more important than others in predicting the outcome, one
might choose to use more bins for that variable. Either way, the bin sizes must be defined ex ante and so is not necessarily
related to any matching method, including our proposal.




sizes between the treated and control groups. Equation 5 is simfilar to Cochran and RuBjin (1973)
except that we directly compute the empirical density and require no normality assumption in the
definition.

Denotef™ and g™ as the empirical frequencies for treated and control units after the match
corresponding t¢ andg before, and use the same discretization for both the treated and control
units. Then a good matching method will result in matched sets sucBthat", ¢™) < £1(f, g).

We also sometimes uségj) for each covariate separately in order understand how the overall
imbalancel; projects onto each dimension.

Since the units of; are not on the scale of the original variables, we also recommend exam-
ining variable-level measures such as the first few moments and several quantiles of each variable,
but this is primarily to get a feel for the data. We also propose a more sensitive variable-level mea-
sure for use in comparing matching solutions, as follows. (It is not defined in the original data and
so cannot be used to study the reduction in imbalance.) Because any matching method produces a
set of S strata, we define a measurelotal imbalanceas

S
) 1 (s (i .
fé])ZEZ‘X%_X%7 i=1,...,k (6)
s=1

wheres = 1,...,S are the strata generated by the matching method)?afﬁigj andXﬁfz are the
empirical means of variabl&; for the treated and control units for observations in the strata

3 Coarsened Exact Matching

Because the method we offer here is so simple, we describe it here, before characterizing the
general class of MIB methods into which it falls. The method is also part of the diverse set
of approaches based on subclassification (aka “stratification” or “intersection” methods). We
call our particular method CEM for “Coarsened Exact Matching” (or “Cochran Exact Matching”
since, although variants of it had already been used for decades, the first formal analysis of any
subclassification-based method appearg¢d in Coffhrar} 1968). As we show, CEM can be thought of
as the “Columbus egg” of matching in the sense that it has always been available, requires no com-
plicated concepts, algorithms, or mathematics, and ameliorates a wide range of causal inference
problems with only simple changes in existing methods.

The basic idea is to coarsen each variable by recoding so that substantively indistinguishable
values are grouped and assigned the same numerical value (groups may be the same size or dif-
ferent sizes, depending on the substance of the problem). Then the “exact matching” algorithm is
applied to the coarsened data to determine the matches. Finally, the coarsened data are discarded
and the original (uncoarsened) values of the matched data are retained. This procedure there-
fore assigns to matching the task of eliminating all differences between the treated and control
groups beyond some chosen level. Differences eliminated include all multivariate nonlinearities,
interactions, moments, quantiles, and other distributional differences beyond the chosen level of
coarsening. The remaining differences are thus all within small, coarsened strata and so are highly
amenable to being spanned by a statistical model without risk of much model depeﬁdence.

CEM produces variable sized strata. If this is not convenient and enough data are available,
users can produce a one-to-one match by randomly selecting the desired number of treated and
control units from those within each stratum, although the properties of CEM also hold if other
methods of selection are used (see Se¢tion 6.3).

SCoarsening is a well-studied statistical procedure. Statisticians have also studied how to recover the underlying
patterns in the data if coarsening prior to observation is too aggressive, and under what conditions coarsening can be

ignored [[Heitjan and Rubjifi, 19p1).




3.1 Coarsening Choices

The key to understanding the coarsening step is recognizing that coarsening is almost intrinsic

to the very act of measurement. Even before the analyst obtains the data, the quantities being
measured are typically coarsened to some degree. Just as a photograph taken with more powerful
lenses produce more detail, so it is with better measurement devices of all kinds. Data analysts

take what they can get, but recognize that whatever they get has likely been coarsened to some
degree first.

But coarsening frequently does not stop once the analyst has the data. Data analysts recognize
that many measures include some degree of noise and, in their ongoing efforts to find a signal
amidst the noise, often voluntarily coarsen the data themselves. For example, political scientists
often recode the 7-point partisan identification scale as Demaocrat, independent, and Republican;
Likert issue questions into agree, neutral, and disagree; and multi-party vote returns into winners
and losers. Many social scientists use a broad three or four category measure for religion, even
when information is available for numerous specific denominations. Occupation is almost always
coarsened into three or four categories. Economists and financial analysts commonly use highly
coarsened versions of the U.S. Security and Exchange Commission industry codes for firms even
though the same data source offers far more finely grained coding. Epidemiologists routinely
dichotomize all their covariates on the theory that grouping bias is much less of a problem than
getting the functional form right. Coarsening is also common for Polity Il democratization scores,
the International Classification of Disease codes, and numerous other variables.

Under the CEM algorithm, the user chooses a level of coarsening for each variable they are
willing to live with based on the substance of their problem — but only for the purpose of match-
ing. Following matching, CEM returns the matched data with its original values intact. Since the
original values can still be used in a model at the analysis stage to estimate the causal effect, the
coarsening involved in our method involves considerably less onerous assumptions than that made
all the time by researchers in routine data analysis where the coarsening is permanent. Indeed,
whereas coarsening in routine data analysis discards some information about the original codes,
the coarsening step in CEM discards no information, since the original values of all matched vari-
ables are passed on to the analysis stage. Of course, although coarsening in CEM is safer than at
the analysis stage, the two procedures are similar in spirit since the coarsened information in both
is thought to be relatively unimportant — small enough with CEM to trust to statistical modeling
and in data analysis to ignore altogether.

Coarsening is thus a highly familiar data analysis procedure. Because it is so closely related to
the substance of the problem being analyzed and works variable-by-variable, data analysts under-
stand how to decide how much each variable can be coarsened without losing crucial information.
The CEM procedure requires a coarsening operator and the values the operator produces, which
we now introduce more formally.

3.2 The Coarsening Operator

The purpose of the coarsening operator is to recode each variable, one at a time, such that all
values assumed by the analyst to be substantively indistinguishable (for the purpose of matching)
are given the same value. The result is a coarsened (or “grouped” or “aggregated”) verXion of
We first define the operator and then discuss the values the operator assigns.

Denote by=; the set on which variablé(; takes values, which may be the real line, the set
of integers, or another abstract set (such as labels for nominal variables, ordered labels for ordinal
variables, etc.), and |& = =, x =5 x - - - x 2, be the product space on which the data’$dives,
i.e. X € =. Denote the number of distinct observed values of variablase’, where we collect
the set of all these counts &s= {07, ..., 0;}. WhetherX is categorical or continuousy; will
never have more than distinct values and s8; < n. We also define a sé; = {1,....,67}



(j =1,...,k), as well as thé-dimensional set of indexé3 = 01 x O3 X --- x O.

Then defingd; as the number of distinct values the uskoosesariable X ; to have as coars-
ening, whered; < 9;? < n for all j and for all variables a8 = {6,,...,0;}. Then define the
coarsening operator &y (X) = G(X;60) : Z x © — ZE, where the amount of coarsening is
determined by). Of course, if the number of distinct values for all variables is the same as the
original data set the@'y- (X ) = X. Although written in matrix form, this operator works variable
by variable, with the result being a copy of the original data set in which each value is recoded
accordingly.

3.3 Values of the Coarsened Variables

We now define the specific values which the recodgdwill have once the data are coarsened.
In all cases, these values may be chosen in a completely customized way for each variable. What
we offer here are reasonable operational defaults for continuous, nominal, and ordered variables,
respectively, and some examples of when they each would and would not apply in real applications.
Analysts typically know enough about their variables so that the coarsened groups can be defined
based on the substance of the variables rather than these defaults, our software allows this, and we
recommend it.

For continuous variables, denote the rang&efasR; = M; — m; whereM; = max Xj;

i=1,...,n

andm; = min Xj;. Then, the usechooses such thatd < ¢; < R;. The limiting case

i=1,...,n
¢; = 0 is excludedg; = R; corresponds to all the observations grouped in a single interval, and,
€ = Rj/ej is the initial coarsening level. The relationship between the number of distinct values
X is coarsened into by choosiflg, and the length of each intervalis

0; < min (0;-‘, PZJ—D (7

where the functiorz| is the ceiling function, which rounds up to the first integer equal to or
greater thane. So, for a fixedd;, the corresponding value ef is such that; < R;/6;, if
1 <0; < 87 ande; = € for 6; = 07. But of course, in applications, we choaseor 0; by (7).

For example, denotg¢ = (61,65, ...,6;) and letX; be a numeric variable. Defirn@y(X) =
X, whereX is a data seX = (X!, Xo,..., X}) with X! obtained fromX; by grouping it into
61 < 67 intervals, each of length;. If annual income is measured to the penny, then it is difficult
to see objections to setting thginterval length to be $1.00. In most applications, however, the
interval could be a good deal larger without any real loss of relevant information. For one, it
could reasonably be set to the average uncertainty a respondent would likely have about his or her
income or the daily variability in actual income. For the wealthy, this can be a large figure. For
data with people of many different incomes, the user may wish te;leary with the value of
the variable, presumably with larger values for larger incomes. And of course, in most cases, we
recommend that the user to set the coarsening groups to be unequal; for example, smaller intervals
may be useful for lower incomes and with $0 a logically distinct group. In these situations, our
proofs below change only slightly (replaciagvith its maximum).

The second category of variables are nominal, which we treat as fixed and do not coarsen
unless the user makes specific choices for how the coarsening would take place. For one example,
imagine a survey question about religion that asks for about the specific denomination, including
say 6 protestant denominations, 3 Jewish, 1 catholic, and 2 Muslim. For this example, a reasonable
choice for some applied problems would be to coarsen to these broader categories. Of course, for
some problems, where the differences among the denominations with the broad categories were
of substantive importance, this would not be advisable. Similar examples would include the U.S.
Security and Exchange Commission code for firms, which is published in a hierarchy designed for
use by coarsening, occupation codes, etc.
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Our final variable type is ordered factors. Since most ordered variables are approximately in-
terval or intended to be approximately interval valued, our default procedure is to treat them as
such. We thus use our procedure for coarsening continuous variables #desebme smaller
value thard;, such ag¢; /2]. Like any default, this is not universally applicable, and better choices
may be available in some applications. For example, most 7-point Likert scales have a prominent
neutral category and so can often best be coarsened;into3 groups as: {completely disagree,
strongly disagree, disagree}, {neutral}, {agree, strongly agree, completely agree}. It pays to re-
member that although data analysts often make decisions just like this, CEM coarsens only for
the purposes of matching, after which we pass through the original values of the uncoarsened
variables.

4 Classes of Matching Methods

The matching literature includes many methods, but only a single class of methods has been char-
acterized, the so-called Equal Percent Bias Reducing (EPBR) methods. In introducing EPBR,
wrote “Even though nonlinear functions &f deserve study.. ., it seems reason-
able to begin study of multivariate matching methods in the simpler linear case and then extend
that work to the more complex nonlinear case. In that sense then, EPBR matching methods are
the simplest multivariate starting point.” Thus, in addition to EPBR, we describe a new class,
called Monotonic Imbalance Bounding (MIB) methods, which covers this multivariate nonlinear
case and other features. (For expository purposes, we also introduce a class that falls logically
inbetween which we call Imbalance Bounding (IB).)

Each class of matching methods is designed to avoid, in different ways, the problem of making
balance worse on some variables while trying to improve it for others — EPBR by changing
the imbalance on all variables at the same time by the same amount, and MIB by changing one
variable’s imbalance while not affecting maximum imbalance on the others. In addition, whereas
EPBR (and IB) methods fix the matched sample size ex ante and balance is computed ex post, MIB
methods fix balance ex ante and produce a matched sample size ex post. Satisfying EPBR requires
a matching method with certain properties as well as data of a special type, whereas satisfying
MIB requires a matching method with certain (different) properties but no restrictions on data
types. CEM is the simplest method within the MIB class, but many others could be constructed.

4.1 Equal Percent Bias Reducing Methods

SupposeX is the realized value of a random matX which is drawn from a density with ex-
pected valueg, = E(X|T = t), (fort = 0,1). Denote byny andn¢, respectively, the number
of treated and control units in the original data. ket denote the number of control units chosen
ex ante to be remaining after matching from theavailable control units, such thatc /nc < 1
(and as per Sectidn 2.8y = nr.) Then we define:

Definition 1 (Equal Percent Bias Reducing (EPBR)[ Rubih[(I978)). An EPBR matching so-
lution satisfies

E(XmT_ch):’V(Ml_NU)7 8)

where X, = - Y icray Xi and X g = =3 icony X are random variables repre-
senting the sample means in the matched dataldet; (7' U C) is the subset of indexes of the
matched treated and control unitg,< 1 is a scalar interpreted as the proportionate reduction in

mean-imbalance, an&’mT » Xmes o, andyy are k-dimensional vectors.

A condition of EPBR is that the number of matched control units be fixed ex gnte {Rubin,
p.110) and the particular value ofoe calculated only after the fact, which we emphasize
by writing v = v(m¢). (The term “bias” in EPBR violates standard statistical usage and refers
instead to the equality across variables in the reduction in covariate imbalance.)
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If the realized value o is sampled randomly from its density, th¢n (8) can be expressed as

E(XmT_ch):’YE(XnT_ch) (9)

whereX ., = - ,cr Xjand X, = =3, X;. So the right side of{9) is the average
mean-imbalance in the population that gives rise to the original data, and the left side is the average
mean-imbalance in the population subsample of matched units. The EPBR property means that
improving balance in the difference in means on one variable also improveslt others and
theirlinear combinations.

One limitation of EPBR is that it only controls the means of the covariates and says nothing
about other moments, interactions, or nonlinear relationships. Another issue is that no method of
matching meets EPBR in general. To address these i§sues, Rosenbaum and Ru@)r(hagter
special conditions where controlling the means enables one to control all expected differences
between the multivariate treated and control population distributions. For this property to hold, we
require the following additional conditions

(a) X is drawn randomly from a specified populatiah

(b) The population distribution faX is an ellipsoidally symmetric density (Rubin and Thomas,
[1992) or a discriminant mixture of proportional ellipsoidally symmetric densfties (Rubjn and

[Starl[2006), and

(c) The matching algorithm applied is invariant to affine transformations of

Under these special conditions, there is no risk of decreasing any type of expected imbalance in
some variables while increasing it in others. Checking balance in this situation involves checking
only the difference in means between the treated and control groups for only one (and indeed,
any one) covariate. (Under some further conditipns, Rubin and Th¢mag (1992) give the maximum
level of imbalance reduction possible for an EPBR method. Although it is not known in general
which EPBR method attains this bound, an estimate of the maximum value may provide useful
guidance about how well the search is going.)

[Rubin and Thomag (19P6) give some simulated examples where certain violations of these
conditions still yield the desired properties. In other situations, unfortunately, applied researchers
cannot be confident that these conditions hold. The common violations that occur in practice are
of course why the best researchers work (and why they have to work) so hard to try to improve
balance on all variables, rather than checking just one. When observational data sets are not drawn
randomly, condition (a) is violated. Only rare observational data sets in many fields are composed
solely of continuous variables, and relatively few applications would entirely fit this particular class
of densities, thus violating (b) (although $ee Rubin and Jtuart {2006) on conditionally discriminant
mixtures of proportional ellipsoidally symmetric distributions). Of course, researchers can ensure
condition (c) by choosing an algorithm appropriately, such as based on nearest neighbor applica-
tions of the propensity score, Mahalanobis distance (without weights), or discriminant matching.
Since these methods satisfy Definit[dn 1 only in data where conditions (a) and (b) happen to hold,
we describe the methods pstentially EPBR

In practice, even if conditions (a)-(c) hold, EBPR compliant methods are more useful for
applications that also satisfy two additional conditions:

(d) All covariates inX are equally important in their effect on the outcomgand
(e) Y is alinear function ofX .
Without these additional conditions, we know we can reduce imbalance equally across all vari-

ables, but only with these conditions do we also know that this equal reduction in mean-imbalance
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translates into an equal reduction in bias in estimating the ultimate quantity of interest. The prob-
lem of course is that very few applications have equally important covariates and only a subset
have linear functions.

4.2 Monotonic Imbalance Bounding Methods

We now introduce our alternative class of matching methods by generalizing and modifying EPBR
in five steps.

First, assumd (9) and drop all the associated data conditions so that our class will apply to all
data types. Second, we note that balancing only the expected value of the population distribution
of the treated and control groups undér (9), rather than the observed values, can lead to inefficient
estimation (which explains the otherwise counterintutive result that matching on the estimated
propensity score is more efficient than using the true s¢ore; Hirano, Imbens and|[Ridder 2003).
Thus, consider a slightly modified version pf (9) where the random variables and expected values
are replaced by their sample counterparts, and in addition (for later convenience) the equality is
replaced by an inequalityX,,,, — Xy | < | Xn; — Xne |, Wwhich we write more simply as

[ Ximp — Xme| <6 (10)

where§ = v|X,,, — X, |- Equation[(ID) states that tleaximum imbalanceetween treated
and control units, as measured by the absolute difference in means, is bounded from above by
some constant. Analogous to EPBR, one would usually prefer when the bound on imbalance is
reduced due to matching,= 6/|X,.,. — X,,.| < 1, but dropping EPBR’s associated conditions
implies (for now) that this is not guaranteed.

Third, we generalizg (10) to allow for any measure of imbalance between the distributions of
treated and control units, rather than merely the mean. To do this, dendtg bgnd X, . the
subset of treated and control units in the original data andpy andX,,, . the subsets of treated
and control units produced by the matching algorithm. Then, for clarity at this intermediate step,
we define formally:

Definition 2 (Imbalance Bounding (IB)). A matching method is Imbalance Bounding with re-
spect to a functiorf and a distanceD, or simply IB f, D), if

D (f (Xmp) f (X)) <6 (11)
whered is some constant.

Thus, EPBR s a version of IBwhere(z, y) = E(x—y), f is the sample mean of the marginal
distribution of X; (for j = 1,...,k), 6 = vD (f (Xn,), f (Xu.)), the inequality replaces the
equality, andy < 1.

Although quite abstract, this definition of IB becomes natural wlieand D are specified.
Assumef(-) = f;(-) is a function solely of the marginal empirical distribution &f. Then
consider the following special cases:

* Let D(z,y) = |z — y| and f;(X) denote the sample mean for the variadlg of the ob-
servations in the subsét. Then, equatior{ (11) becomes,,,,. ; — X,,..;| < 4, whichis a
bound on the imbalance as measured bgf (4). The analogous result holdsfif(-) is the
sample variance, thieth centered moment, theth quantile, etc.

* If f;(-) is a univariate histogram of;, then consider the mean absolute difference of the
frequencies between the distributions of treated and control units. This is equivalent to defin-

ing D as/:%j) in (§) one covariate at time, and $011) represents a bound on the imbalance
in the full one-dimensional distribution.
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* If D(z,y) is the average absolute difference over the stratafafitl) = &;, with a slight
abuse of notation, we obtain a bound on the measure of local imba]é(ﬁcfmm @).

* Let D(z,y) = |z| and f(-) = f;x(-) is the covariance ok ; and X}, andd = ¢;;, we have
ICOV(X, X3)| < G

» The full global imbalanceC, for the k-dimensional distribution can also be obtained by
taking D equal to[(b) andf (z) = =.

A matching method can be IB for all, some of the above, or other different specificatiadns of
and f. However, the bound in (11) is not always meaningful per se, because most match-
ing methods bound some form of imbalance, so some comparison with the initial imbalance
D (f (Xn,), f (Xs)) should be considered.

Fourth, IB methods may be of some interest in and of themselves when they improve balance
(i.e., v < 1), but nothing about the class requires this outcome. To be more precise, given the
maximum imbalancé in (1) under IB, the inequalityy/D (f (X,,), f (Xn.)) =7 < 1, need
not hold true, even though it would usually be desirable if it did. To avoid this problem, we allow
the maximum imbalance to be controlled anteand monotonicallyinstead of being calculated
after the match. When this is the case, one can fine choose of tinerder to guarantee that
~v < 1. We now introduce this generalization, which includes CEM as a particular case.

Finally, we put together the parts and add the ability to change balance on one subset of vari-
ables while not affecting imbalance on the complementary subset. Consider the class of matching
methods which produces subsets of treated and controldifjitsand X7, . on the basis of a given
vectorr = (my,ms,..., ) Of tuning parameters (such asn CEM or some sort of caliper),
corresponding to thé covariates, such that; > 0 for j = 1,..., k. As in Definition[2, letf be
any function of the empirical distribution of covarialg of the data (such as the mean, variance,
quantile, histogram, etc). Let and=’ be twok-dimensional vectors and let the notatioh< =
denote that the two vectorsandn’ are equal on all components but one, which we denoter
which 7r§- < mj. Conversely, define’ - = to mean that the two vectorsandr’ are equal on all
components but one or more componeht®r which w; > TMj.

LetJ = {j1,Jj2,...,7m, } D€ @asubsetofl,2,...,k} covariates and = {hy,ha,...,hm,}
the complementary subset, witly, + mo = £, i.€.

JUH={1,...,k} and JNH=0. (12)

Denote byy (7.1) = Yjrjorgom (Tins Tios Tjm, )s F3(X0) = Fivgorgon, (Xirs Xjoy -+, X, ) @nd
similarly for yg (7)) and fz(Xg). Then we define:

Definition 3 (Monotonic Imbalance Bounding (MIB)). A matching method is called Monotonic
Imbalance Bounding with respect to a vector functjos (f;, fi)’ and a distanceD, or simply
MIB(f, D), if for any J and H as in (12) there exists a monotonically increasing vector function
v(m) = (vs(7g), v (re)) —i.e. ifr’ < wtheny(n') < ~(7w) — such that

D(f5(XF 1y ) 1 X me)) < v (ms)
D(fH(Xlg,mT)afH(X}-rI,mc)) < ’YH(’]TH>

with mp = mp(7) andme = me(7).

(13)

(In CEM, m = ¢; in exact matchings = 0.) Thus, the tuning parameter of an MIB
method boundex anteand monotonicallythe maximum imbalance in the difference of one or
more features of the empirical distribution of treated and control units matched without altering
the maximum imbalance in the complementary set of covariates and the number of treated and
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S — treated units
' \ - = control units

Figure 1:An example of a covariate for which minimizing mean-imbalance may be harmful. The example
also shows that increasing mean-imbalance for this variable under MIB can be used to match more relevant
features of the distributions (such as the shaded areas), without hurting mean-imbalance on other variables.
This would be impossible under EPBR.

matched units is obtainezk postas a result of the match. An MIB method is an IB method, with
the additional capabilities of controlling the inequality|(11) ex ante, monotonically, and indepen-
dently for a subset of covariates without hurting on the rest. The converse is not true: an EPBR
method is not an MIB method becausg- andm are fixed ex-ante. A matching method can be
MIB for all, some, or alternative specifications Bfand f given above. (A special case pf (13) in-
volves separability in bounding selectively on each single variable, i.el fer{j}, j =1,...,k
andH ={1,2,...,5—1,j+1,...,k}.)

4.3 Comparing EPBR and MIB

EPBR methods help with mean-imbalance in a linear context, whereas MIB methods help with
all forms of linear and nonlinear multivariate imbalance. Methods can only be potentially EPBR
given its associated data assumptions, whereas methods can be MIB, regardless of the data to
which it is applied. When EPBR and its associated conditions hold, the number of matched units
(mr andm) are fixed ex ante and mean-imbalance is calculated only ex post, whereas under MIB
all chosen forms of maximum imbalance are fixed ex ante and monotonically by a simple tuning
parameter and the number of matched units are calculated ex post. (A class of methods could be
constructed which enabled one to set or bound both imbalance and the number of matched units
ex ante, but then many user choices would produce no results.) In EPBR, reducing imbalance on
one variable reduces expected population imbalance on all other variables by the same amount;
under MIB, one can reduce maximum in-sample imbalance on one variable without affecting the
maximum multivariate in-sample imbalance on the remaining variables. (For a hybrid approach,
see “equibias intersection matching methofls”; Rjibin 2pp6L12.)

Choosing what to balance on can be crucial. In some situations, matching only the mean is
irrelevant, in which case EPBR’s property of forcing one to change balance for all variables at
the same time can be hazardous. As an example, consider Fjgure 1 which portrays a covariate
that is unimodal among treated units (see the solid line) but bimodal among control units (see the
dashed line), but for which the mean of both groups is zero. For this covariate, mean-imbalance is
essentially irrelevant, since the distributions do not overlap in the region near the mean. Instead,
this variable should be matched in the areas of common empirical support, indicated by the shaded
areas in the Figure. Applying an MIB method with these data enables one to increase the bound on
mean-imbalance on this variable in order to match other more relevant features of the distributions,
without hurting mean-imbalance or other types of imbalance on other variables. This would be
impossible under EPBR.

EPBR is defined for expected values of the covariates whereas MIB is defined for the observed
values in each sample. One way to think about this difference is that potentially EPBR methods
represent an attempt to approximate with observational data the otassplete randomization
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experimental design. In this design, observations are randomly selected, and each unit is ran-
domly assigned a value of the treatment variable. In contrast, MIB methods like CEM attempt to
approximate theandomized blockxperimental design, where values of the treatment variable are
assigned within strata defined by the covariates. Randomized block designs have perfect balance
in each data set on all observed covariates, whereas complete randomization designs are balanced
only on average across different experiments. Both are statistically unbiased. Randomized block
designs, as a result, are thus considerably more efficient, powerful, and robust than complete ran-
domization designs (s¢e Box, Hunger and Huphter 1978, p.10B and Tmai, King and[ Stuart 2008);
in an application by Tmai, King and N&[T (20p8), complete randomization gives standard errors as
much as six times larger than the corresponding randomized block @sign.

Finally, we offer some examples. CEM is MIB, as we show in the next section. Many other
methods are not MIB. Many have desirable properties, but not those associated with MIB meth-
ods. For example, while matching exactly on the Mahalanobis distance or propensity score are
potentially EPBR under specified distributional assumptions, they are not MIB. This can be seen
because as EBPR methods they require the number of matched obserivations.) to be fixed
ex ante, while MIB requires that the number of matched observations be an outcome of the method
rather than a tuning parameter. Nearest neighbor matching methods, including those based on Ma-
halanobis and propensity score metrics, are also not MIB, and these methods applied within a
scalar caliper, even whem.r, m¢) is an outcome of the method, are not MIB because the di-
mension of the tuning parameterin the definition has to bé in order to have separability as
in (I3). Caliper matching as defined[in Cochran and Rybin (1973) is not MIB because of the or-
thogonalization and overlapping regions; without orthogonalization, it is MIB if applied variable
by variable (although applications of it typically violate the congruence principle; see Sections
[5.7{5.2). Other MIB methods are discussed in Segtioh 6.3.

4.4 CEM as an MIB Method

We prove here that CEM has the MIB property with respect to many important definitions of
D and f from Sectior{ 4. To do this, we merely need to prove that CEM bounds important
univariate and multivariate aspects of the difference between the the treated and control groups.
For simplicity, but (unlike in EPBR) without loss of generality, suppasé composed solely of
continuous variables. Then, after choosingnd applying CEM, our data fall in a set of strata,
each of which has the same coarsened values of all variables. Within each strata, the difference in
means of the original uncoarsened variaklg(for all j) between the treated and control groups is

at moste;. Our results apply for one-to-ongto-k, andj,-to-k, matching for strata. We discuss

the one-to-one case here and the more complicated situations in Appgndix B.

Settinge in one-to-one CEM immediately implies a bound on the global difference in means
for X; between the treated and control groups. (That is, the strata-level difference in means, each
of which is no longer thaw;, averaged over strata is also bounded from above; pySettinge
also bounds many other features of the global difference in distributions between the treated and
control groups. We give evidence for this claim in two steps, first for the bound on local imbalance

5The increased efficiency of MIB methods can be seen in CEM by its ability to match all aspects of the distribution
of the treated and control units (greater thdn That is, even if we somehow knew that in an observational study
E(X . —X ) = 0, we could increase efficiency and reduce estimation error by continuing to improve the matching
solution until the realized values were such t#at,, — X, = 0 and so that all other aspects of the empirical
distributions of treateds and controls match as well as possible. For another example, sQjgposmposed of 10,000
observations on 20 variables drawn jointly from independent normal densities. Since 20-dimensional space is almost
incomprehensibly huge, odds are that no treated unit is anywhere near any control unit. Thus, some aspects of the
empirical balance will almost surely be very poor, meaning that estimation error and statistical bias can be very large,
despite the fact that the data generating process satisfies EPBR’s conditions by being ellipsoidally symmetric. The
only issue in trying to approximate a randomized block design with observational data is that observations may not be
available for some strata, in which case the estimand may change or even be essentially inestimable.
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and then for the effect of this local imbalance on global imbalance.

Local Imbalance Bounds We now discuss what happens to different measures of imbalance
locally within each strata. For the difference in variance between the treated and control groups,
we use the following result. Denote the variancezads 5? = 1577  (z; — z,)%, wherez,

is the arithmetic mean of the’'s. Then, we use the upper bound of the von Székefalvi Nagy-
Popoviciu inequality| (Popovicjli, 19B5):R?/2n) < S? < (R?/4), whereR is the range ot.

For our problem, this result implies that the maximum variance between the treated and control
units within each strata after application of CEMeEs/él. Then it follows immediately that the
difference in two variances, each bounded between Oe’%vhﬁ is itself bounded from above by
6?/4.

The same approach applies to covariances: within each strata we knoW'that;; is always
bounded by ;, because the mean is internal, and the covariances are all bounded in absolute value
by the product of the coarsening level€ov(X;, X;)| < [S?(X;)S%(Xy)]Y/? < <%, where
S%(X;) and S?(X},) are the variances of variablés; and X, respectively. It is also easy show
that thek-th central absolute momenk| X — X |¥, is bounded by* and, as a result, so is the
difference in all centered absolute moments between the treated and control groups. For the same
reason, measures of joint variation like co-skewness, co-kurtosis and comoments are also bounded.
And of course, the local imbalande in (€) is monotonically controlled by as well.

Global Imbalance Bounds We begin by using the results just derived to show how settjng
puts a bound on the global differences. In CEM|s the number of strata, as defined[ih (7).

Proposition 1. CEM is MIB with respect to the difference in the centered momentsbety) =
0 = k 0. _ k

lz —y|, F(XT) = 9%2;:1 XL — Xonpj| s and f(X©) = 9%2;:1 XE — Xnej| - Then,

D(f(XT), f(XO)) < ¢ ((e;f + o)k - e;fk) forj=1,....k

(See the AppendiEA for a proof.) In PropositiE}w 1 the functidia) = ef((e; + 2)F — 0;."“) is
monotonic with respect to the tuning parameterSincee; is chosen ex ante and fixed, affidis
the maximal number of strata for variablg in a given data set, the inequality above establishes
a bound on the difference in centered moment after the match, which decreases with
A corollary of Propositiof[]l is that for a given sample and a fixed valug; pé decreasing
¢; also decreases the bound on the difference of variadc&%gj - S%’j] < 4(1 + 6;);?, for
j=1,....k whereSy = ;- %, (XSTJ. - ;zmTJ)Q andSZ,; = g % (ng - chJ)Q'
A similar logic shows CEM is MIB with respect to the univariate quantiles:
Proposition 2. Let D(z,y) = |z — y| and f(XT) = Quy;, the ¢ empirical quantile of
the distribution of the treated units for covariafé;, and similarly f(X%) = Qm.;- Then,
D(f(XT), f(X) = |Qmrj — Qmegl S e forj=1,... k.

(See the AppendixJA for a proof.)

A final, but crucial, property of CEM is that the complétedimensional histograms for the
treated and control groups, with bins that of at least leagtin each covariat&; (j = 1, ..., k),
are exactly equal. Similarly, so long as the automated method of computing histogram bin sizes
in Sectior] 2.7 uses bin sizes larger tka@EM will produceL: (f, g) = 0 (assuming the bin size
is a multiple ofe; otherwisel; will be approximately 0). This result shows that settinigcally
for each variable bounds all multivariate differences, for all levels of interaction, up to the chosen
level.
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5 Other Properties of Coarsened Exact Matching

The most important property of CEM is that it enables one to choose the acceptable level of
imbalance ex ante, on the scale of the variables one at a time, to apply the algorithm once, and
to be certain of the level of (global) balance you will get out at the end. Balance checking and
uncertainty about what balance you will get is eliminated. You get what you want rather than
getting what you get. Although of course fixing imbalance ex ante means that we learn the number
of observations in the matched set only as a consequence of this choice, this is as designed because
bias, which is affected by balance, is much more important in matching than efficiency, which is
affected by the number of observations. In this section, we discuss some additional advantages of
CEM, including a comparision to existing approaches.

5.1 Meeting the Congruence Principle

A crucial problem with many approximate matching methods is that they operate on a metric
different from the original data, and thus violate twgruence principleThis principle requires
congruence between the data space and analysis space. Methods violating this principle lead to
less robust inferences with suboptimal and highly counterintuitive propdrties (Mielke and Berry,
[200Y).

The violation of the congruence principle in propensity score and Mahalanobis distance match-
ing methods is easy to see because both project the covariates from their haturednsional
space to a (different) one-dimensional quantity and match on that quantity: because different
matching solutions can map into the same place on the one-dimensional projection, reducing im-
balance on one variable will sometimes increase imbalance for others in unpredictable ways.

In contrast, CEM meets the congruence principle by operating in the space Wivweas cre-
ated and its variables were measured, and regardless of whether the data are continuous, discrete,
or mixed. This is the space most understood by data producers and analysts and so the technique
should also be easier to understand as well. Examples of other matching methods that meet the
congruence principle includie Tacus and Ppfro (2007, 2008).

5.2 Comparisons with Other Methods

Whereas CEM uses simple, fixed, non-overlapping intervals of local indifference, defined ex ante
based on the metric of each variable one at a time, nearest neighbor caliper mitching]Cochran
[and Rubih [(T973) uses orthogonalization and a more complicated geometry mferlapping
hyper-parallelepipeds centered around each treated data point. The result is not MIB and does not
meet the congruence principle. If we modify the caliper approach by applying it to each variable
separately and without orthogonalization, it is MIB. For truly continuous variables, it also meets
the congruence principle. However, a large fraction of variables used in the social sciences are dis-
crete or mixed in complicated ways, in which case calipers (used separately or together with other
methods) violate the congruence principle. For example, CEM can make a variable like “years of
education” respect important milestones, like high school, college, and post-graduate degrees, by
appropriate coarsening into these categories. In contrast, caliper matching uses a different group-
ing of years of education for each treated unit (etgh years) that would inappropriately combine
some units that span across these logical category boundaries, such as by matching one person
who failed out of college with another in graduate school. For another example, the difference in
income between Bill Gates and Warren Buffett is enormous in any one year; with CEM, we could
group them together, whereas a caliper for income would probably leave them unmatched. Similar
issues exist for lower levels of income (with different tax rate thresholds), age (at or near birth,
puberty, legality, retirement, etc.), temperature (phase transitions), and numerous other variables.
CEM is also related to a large number of other approaches related to subclassification (or
“stratification”), such as full matching, frequency matching, subclassification on the propensity
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score, and others. However, these approaches are not MIB in general, which can be seen because
the strata, and hence the degree of post-matching balance, are defined by the matched units rather
than being set out before the fact as in CEM. By having the ability te;sdifferently for each
variable, CEM is also similar in spirit, although not methods, to various creative combinations of
approaches, such ps Rosenbaum, Ross and|$ilber (2007). The core of the algorithm in CEM was
first studied formally iff Cochrai (I9p8), although we use it in different ways — such as by setting
¢; to substantively meaningful values related to the metric of each variable rather than a minimal
and arbitrary number, using all available variables rather than only the major confounders, proving
many different properties, assuming finite rather than infinite samples, and introducing a range of
practical extensions.

Although CEM works by setting balance as desired and getting the number of matched units as
a result, and most other methods work in reverse, obtaining similar results with different methods
will often be possible when the specialized conditions required by previous methods hold (such as
the EPBR-related conditions detailed in Secfiorj 4.1). Under these conditions, however, CEM is
still considerably easier to use and understand and faster in computational and human time. When
these conditions do not at least approximately hold, CEM will usually be superior since balance
will be guaranteed on all higher order moments and interactions on all variables, something not
addressed by methods that are potentially EPBR unless their specialized restrictions on the data
hold.

To illustrate these connections, suppose we run optimal or nearest neighbor matching on the
Mahalanobis or propensity score distance with a fixed number of matched controhunit$he
result would be some level of average imbalance for each variable. If we use this imbalance
to definee; and apply CEM, we would usually obtain a similar number /ot as set ex ante.
Similarly, consider a method and data that meet EPBR and the associated additional conditions
in Sectior{ 4.1L, and run it given some fixed number of control unitgs Assume the maximum
imbalance can be computed explicify (Rydin, T87Equation 2.2), and defing as one minus
this maximum imbalance. In most situations, we would expect that running CEM would produce
a similar number of control units as fixed ex ante by the EPBR method.

5.3 Automatic Restriction to Common Empirical Support

As described in Sectidn 2.4, all existing approximate matching procedures require a separate es-
sential analytical step prior to matching, where the observed data are restricted to the region of
common empirical support of the treated and control units. This eliminates the region where ex-
trapolations beyond the limits of the data would be needed. In contrast, users of CEM require no
separate step, as this process is intrinsic to the process of coarsening and matching. All observa-
tions within a coarsened stratum for which we have both a treated and control unit by definition
do not involve extrapolating beyond the data and so the observation will be included. Otherwise,
it will be removed. The process is easy, automatic, and no extra steps are required.

Since authors of matching applications appear to take the time to remove extrapolation regions
as infrequently as their scant efforts to check balance, the ability of CEM to implement both steps
simultaneously should greatly enhance compliance with proper data analysis procedures and the
accuracy of the causal inferences that result.

5.4 Approximate Invariance to Measurement Error

Suppos€’ is ignorable conditional on the pretreatment covaridésbut X* is unobserved and

so we match instead oki, whereX; = X +1; given a vector of measurement errgysfor each
covariatej. For all commonly used matching methods operating in this situation, the matching
solution is directly affected by the degree of measurement error, even when other conditions they
may impose hold, and even if on averafjén;) = 0. In particular, balance with respect 6

does not imply balance with respect }5*; the propensity score based &his not a balancing
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CEM(Kr) CEM(K¢) PSCKEe) MAH(Keo) GEN(K(e)
% Common Units 95.3 97.7 70.2 80.9 80.0
Seconds 0.07 0.07 0.08 0.15 126.64

Table 1: Percentage of units present in matched sets both before and after perturbation, averaged
over 5,000 simulations, and computational time. (For all methods but G&M= 100%.)

score; and adjusting based aninstead ofX * will lead to biased estimates of the treatment effect
(Battistin and Cheshdr, 20004).

Under CEM, if measurement error is less thane; > max(|n;|), and ithappendo respect
the resulting strata boundaries, then CEM will produce the same preprocessed data set whether
matching onX or on X* and can be described as invariant to measurement error. Of course, the
second condition is unlikely to hold exactly in applications. However, we expect that, if the first
condition holds, the second condition will hold for many observations under many conditions. In
this alternative situation, CEM should be approximately invariant to measurement error, even if
not invariant.

We thus study the sensitivity of CEM and other matching methods to measurement error (in
the sense df Batfistin and Chegpher 3004). To do this, we use a real data set described in Section
and randomly perturb the earnings variable by adding with gaussiamégrose 1000, 0 =
1000%) and replacing perturbed negative earnings with zero. We run 5000 simulations and at
each replication we match treated and control units before and after perturbation. Denote by
and m¢ the number of matched units before perturbation, arid and m’C the number after
perturbation. Then defin& and K~ as the number of treated and control units present in the
both subsets of matched units before and after the perturbation. To measure the sensitivity to
perturbation, we calculate the percenta@gs/ min(my, m/.) - 100% and K¢/ min(mc, my) -

100%. For all methods but CEMy = m/. while for all matching algorithmsnc # my in

general. Tablg]1 reports the results. The analysis shows that CEM is considerably closer toinvariant
(i.e., less sensitive) to measurement error. Mahalanobis matching (MAH) and genetic matching
(GEN) preserve 80% of the total matched subset and propensity score matching (PSC) around
70%. In contrast, CEM preserves 95% of the treated units and 98% of the control units. Thus, to
some extent, coarsening also turns out to be a way to overcome measurement error, at least for the
(preprocessing) matching stage.

5.5 Bounding the Average Treatment Effect

To bound the average treatment effect, we first introduce a necessary slight constraint on the
possible range of functiong)(z). We then derive the theoretical bound. The following as-
sumption restricts the sensitivity of the unknown functigiizy, ..., x;) to changes in its ar-
guments: along each direction (i.e. along eag) go behaves like a Lipschitz function. Fol-
lowing the notation of section 3.2, denote By ; = =1 x Ep x --- ;1 X Ej1 X -+ X Ep,

T_j = (:El, T2y ey Tj—1y Tjtly- - - ,l‘]g) andgo(:z:j|x,j) = 90(551,562, ce ,xk).

Assumption 1 (Lipschitz behaviour). For each variablej (j = 1,...,k) there exists a con-
stantL;, 0 < L; < oo, such that, for any values’ 7 ] of zj, max, ez, lgo(z|z—5) —
go(@|x—j)| < L;d;(2%, ) whered; (-, -) is an appropriate distance for variable;.

This assumption is very mild and says only that the function is bounded from taking infinite val-
ues on finite sets. In other words, given two valugsandx;-’ of the variabler;, the maximum
excursion ofgg, regardless of all possible values of the remaining variablés=~ 5), is bounded

by the distance between*} andx;’ times some finite constant. This means that given finite varia-
tion in one variable, the functiog, does not explode. If this assumption does not hgld;ould
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have strange properties, such that even arbitrarily small and otherwise irrelevant imbalance in the
covariates could produce an arbitrarily large estimation error in the ultimate quantity of interest.
This assumption certainly fits all functional forms used regularly in the social sciences.

Without loss of generality, we measure distance for numerical covariate$ag/) = |« —y|.
For categorical variables we adopt the following definitions for convenience, and without loss of
generality since they do not affect the method. Kgtbe a categorical variable ardd be the set
of distinct values ofX ;. Then, if I C U, wherel/ is an abstract set of unordered categories, we
define the distance @&z, y) = 1y,,,, wherel, = 1 for elements in sel and zero otherwise.
If, alternatively,H C O, whereO is the abstract set of ordered categories, the distankie ig) =
[rank(z) — rank(y)|, whererank(z) is the rank/order of categoryin H.

Then, the definitions in Sectidn 2.6 imply directly that the estimation efipr= SATT —
SATT, is bounded from above and below (8|, i.e., —|&| < SATT — SATT < |&]| and a

consequence of Assumpti@w 1is that(X;) — go(X;)| < maxj—; __ Lje;. Therefore, for the
CEM algorithm, which keeps matched treated and control units for each covariate a maximum of
€; apart, we conclude that

|&o] < max Lje;. (14)
Thus, setting; locally for each variable directly bounds the estimation error of the causal quantity
of interest (SATT), not merely the imbalance between treated and control groups. (We discuss how

to estimate this in Sectidn 6.6.2.)
5.6 Bounding Model Dependence

A key advantage of matching done well is that it should reduce model dependence. However,
no prior matching algorithm aside from exact matching is known to reduce model dependence in
every application. Thus, we show here that the maximum degree of model dependence is directly
controlled by setting in CEM.

When exact matching is feasible, we estimgt@) = go(X;) with one or more observed val-
ues ofY; for which X, = X;. When its infeasible, we resort to using a parametric or nonparametric
statistical modeln, to span the remaining imbalance. We do this by estimatjif@) = go(X;) via
model extrapolation or interpolation, conditional on the entire matched dataXg0as= m,(X).
The question of model dependence is how mugtiX) varies as a function of the definition of
my.

For expository simplicity and without loss of generality, we consider the case whésea
one dimensional numerical covariate. We restrict the attention to the set of competing Lipschitz
models, as an analogy to Assumptiph (1), such that

Definition 4 (Competing models).Letm;, j = 1,2,..., be models estimated on the matched
data X and consider the following class

M;, = {mj s |mj(z) —mj(y)| < Kjlz —y|, suchthat |m;(X) —mu(X)| < h,i# k‘}

with exogenous choices of a small prescribed nonnegative valuednd0 < K; < oo.

In the definition ofM,,, the Lipschitz constant&’; are proper constants of the models and,
given the specification of:;, need not be estimated. The clast, represents competing models
which fit the observed data about as well, or in other words do not yield very different predictions
for the same observed valuds if this were not the case, we could rule out a model based on the
data alone.
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In~this framgwork, for any two models:;,ms € My, we definemodel dependencas
Im1(X;) — ma(X;)| (King and Zeng, 2047). This leads to our key result:

[m1 (X) — ma2(X)] =[m1(X) £mi(X) £ ma(X) —ma(X)]
<|ma(X) = ma(X)] + [ma(X) — ma(X)] + [m1(X) — ma(X)]
<(Ky + K2)|X — X|+h < (K1 + Ka)e+h

Thus, the degree of model dependence is directly bounded by the cheice ©EM.
5.7 Computational Efficiency

The most important computational efficiency of the CEM algorithm, compared to existing ap-
proaches, is that the researcher can achieve the desired balance in a single step. More steps may be
needed to produce a solution with a reasonable number of observations but, with MIB properties,
the number of steps is normally very few in comparison; assessing the number of observations is
trival compared to ex post balance checks. In addition, each run of the CEM algorithm is simple
to implement, is fast because it scales linearly in the number of variables, and is not much more
complex than a simple tabulation procedure.

Consider the most computationally difficult case of continuous covariates. Assume & given
vector, which coarsens each varialle into §; < n intervals labeled with integerd, ..., 0;).

This operation is of computational ordelnd so fork variables is of ordekn. More specifically,
coarsening produces a matrix of integéfg X ) in kn steps. Each row afy(X) is then collapsed
into a character stringS‘(Gg(X))E], which requires: additional operations. Finally, we compute
a frequency tabulation of the vect8{Gy (X)), requiringn additional steps. The total number of
computations in CEM is thu@ + 2)n.

In contrast, Mahalanobis matching requires the inversionkot & matrix, with computational
order k3, and propensity score matching requires this inversion for each iteration of fitting the
logistic or other regression. This is just for the matrix inversion step, without regard to the other
matrix computations to obtain the final distance, which are of ordeFor the most common
situation of largek and moderate. (e.g.,k& = 35 andn = 1000), merely the construction of the
distance matrix is of computational order comparable to the whole CEM algorithm. In addition,
once the distance matrix is available, the nearest neighbor algorithm must be applied to determine
matches, which requires additional computational steps. Optimal matching algorithms require
even heavier burdens.

Similarly, naive implementations of commonly used matching methods require the storage of
the entirek x k£ matrix, and the finah x n matrix of distances between observations, or its triangular
version of lengtm(n — 1)/2. In contrast, CEM only requires a copy of the data as ank matrix
of integers and a subsequent vector of strings of lengtEven in computer systems with little
memory relative to sample size, these objects may be stored on disk and accessed sequentially in
CEM whereas with Mahalanobis or propensity score matching continuous non-sequential access to
the distance matrix must be maintained, most likely in RAM. These computational efficiency and
memory requirements for distance based methods are approximately the same for caliper-based
distance method§ (Cochran and Riipin, 1973).

Thus, in terms of computational speed or memory usage, a generic implementation of CEM
easily outperforms existing methods. An example, with CEM programmed in R and the key parts
of other methods programmed in C is given in TaBle 1. In larger applications — such as microarray
analyses withk in the thousands andin the dozens, or unstructured text analyses Wwitliso in

"For example, we transform the roid, 3, 6, 15, 1) into “1*3*6*15*1”. This procedure may be further optimized
by replacing the strings with fixed size binary allocations in 64 bit implementations, but we do not pursue this additional
efficiency here.
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the thousands, but ranging from the thousands to the millions — CEM should work well even
though most prior approaches seem infeasible or at least not amenable to automation.

6 Extensions of Coarsened Exact Matching

6.1 Shifted Coarsenings

One seeming inconsistency with the basic CEM algorithm described in Sgttion 3 is that it can be
sensitive to changes iN smaller thare near stratum boundaries even though it is insensitive to
changes inX within strata. So what happens when a large fraction of data points are by chance
piled up right near the cutpoints between the strata? In this situation, all the properties of CEM
described in Sectidn 5 still hold, but there may be an opportunity to increase the matched sample
size a bit more, given the same chosen balance level, even without relaxing any assumptions.

Thus our software runs the basic CEM algorithm several times, each with a fixed value of
and thus a fixed stratum size, but with values of the cutpoints in the multidimensional histogram
shifted together by different amounts. We then output the single basic CEM coarsening solution
that maximizes the remaining sample size(+ m7). The number of shifted coarsenings and the
size of each may be chosen by the user, but our default is to try only three since we find that the
advantages of this procedure are small and additional improvements beyond this are not worth the
computational time. Whichever choice the user makes, all the properties of the basic CEM method
also apply to this slightly generalized algorithm.

6.2 Matching and Missing Data

When it comes to estimating causal effects in data with missing values, divergent messages are
putting applied researchers in a difficult position. One message from methodologists writing on
causal inference in observational data is that matching should be used to preprocess data prior
to modeling. Another message is that missing data should not be listwise deleted, but should
instead be treated via multiple imputation or some other type of proper statistical apfroach (Rubin,
[T987;King et a].] 2001). Although most causal inference problems have some missing data (and
indeed causal inference itself can be described as a problem of missing potential outcomes), its not
obvious how to apply matching in general while properly dealing with missing data. Indeed, we
know of no matching software that allows missing data for anything other than listwise deletion
prior to matching, and no missing data software that conducts or allows for matching. We offer
two options here enabled by our CEM approach.

The simplest approach is to treat missing values as merely one of the “observed” values within
individual variables, and to then apply CEM with coarsening used only for the non-missing values.
The default operation of our software uses this approach. In some situations, however, we might
wish to customize this approach to the substance of the problem by coarsening the missing value
with a specific observed value. For example, for survey questions on topics respondents may not
be fully familiar with, the answers “no opinion” and “neutral” may convey similar or in some cases
identical information, and so grouping for the purpose of matching may be a reasonable approach.
Since the original values of these variables would still be passed to the analysis model, special
procedures could still be utilized to distinguish between the effects of the two distinct answers.

Although this first approach to missing data and matching will work for many applications,
it will be less useful when the occurrence of missing values are to some extent predictable from
the observed values of other variables in complicated ways we do not necessarily foresee and
include in our customized coarsening operator. Indeed, this is precisely what the “missing at
random” assumption common in multiple imputation models is designed for. Thus, we also offer
an alternative approach that also works well with CEM.

The idea here is to multiply impute the raw data and then feed the imputed data into a mod-
ified CEM algorithm. The modification works by first placing each missing value in whichever
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coarsened stratum a plurality of the individual imputations falls. (Alternatively, at some expense in
terms of complication, the imputations could stay in separate strata and weights could be added.)
Then the rest of the algorithm works as usual. The key here is that all the original uncoarsened
variable values fed into CEM — in this case including thaltiple uncoarsened imputed values

for each missing value — are output from CEM as separately imputed matched data sets. Then, as
usual with multiple imputation, each imputed matched data set is analyzed separately and the re-
sults combined. Thus, unlike with other matching procedures combined with imputation, multiple
imputation followed by this modified CEM algorithm will produce proper uncertainty estimates.

6.3 Further Local Tuning

CEM is the simplest method with MIB properties (and the properties in Secfion 5) and so may
have the widest applicability, but other improved methods could easily be developed for specific
applications by applying existing approaches within each CEM stratum. For example, instead of
retaining all units matched within each stratum and moving to the analysis stage, we could fine
tune local (i.e., sule) imbalance further by selecting only some units within each stratum via
distance methods. Indeed, non-MIB methods can usually be made MIB if they operate within
CEM strata, so long as the coarsened strata take precedence in determining matches. Thus, full
and optimal matching are not MIB, but if applied within CEM strata would be MIB and would
inherit the properties given in Sectiph 5. Genetic matching as definled in Diamond and]Sekhon
(2003) is not MIB, but by choosing the variable-by-variable caliper option in GenMaich (Sekhon,
[2008) it would be MIB, and when operating within CEM strata (as GenMatch now implements)

it would be MIB and would also meet the congruence principle. Alternatively, one could run the
basic CEM algorithm and then use either a synthetic matching appfoach (Abadie and Garfleazabal,
[2003) or nonparametric adjustmeint (Abadie and Tmlens,|2007) within each stratum.

For an alternative, partition the variablesininto two subsets, only the first of which includes
variables that have an important effect on the outcome. We surely want to match on the first subset
and would also like to match on the second so long as we do not lose many observations in the
process. Thus, one possibility in this case is to set element$onfthe first subset as usual, but
to set elements corresponding to the second subset artificially high and to do further local tuning
by matching on the estimated propensity score or prognosis $core (Hansgn, 2008). This may help
when, for example, the user is indifferent within this second subset between matching well on
X, and poorly onX5 vs. well on X5 and poorly onX;. Because the relative importance of the
variables is unknown, the propensity score, if correctly specified, would then make this choice on
the basis of the relationship betwe&handT which is also a key component of the estimation
error. When the correct specification of the propensity score is an issue, a better alternative in
some situations may be to avoid matching on the second subset of variables, or to adjust using
large values o€, and to do the rest of the adjustment during the analysis stage where analysts have
more experience assessing model fit.

6.4 Multicategory Treatments

Under CEM, we set and then match the coarsened data, all without regard to the values of the
treatment variable. This means that CEM works without modification for multicategory treat-
ments: after the algorithm is applied, keep every stratum that contains all desired values of the
treatment variable and discard the rest. This is a simple approach that can be easily used with or
in place of more complicated approaches, such as based on generalizations of the propensity score

(Tmaiand van DyK, 2004; Tu et &al., 20d1; Tmbghs, 2000).
6.5 Blocking in Randomized Experiments

Since “blocking” (i.e., pre-randomization matching) in randomized experiments bests complete
randomization with respect to bias, efficiency, power, and robustness, it should be used whenever
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feasible [[Tmai, King and N3lf, 2008; Tmai, King and Stlifrt, 2008). Fortunately, CEM also works
for blocking without modification: After matching the coarsened pre-treatment covaiNatés

CEM, create the treatment variable by randomly assigning one (or more) of the units within each
stratum to receive treatment; the others are assigned to be control units. CEM also works with
multicategory treatments in blocking by randomly assigning observations within each stratum each
of the values of the treatment variable. Strata without sufficient observations to receive at least one
possible value of each treatment and control condition are discarded.

6.6 Automating User Choices

As described in Sectidni 3, we recommend that users of CEM chooased on their knowledge

of the covariate measurement process and other substantive criteria such as the likely importance
of different variables. Although we have shown that making these decisions is relatively easy and
intuitive in most situations, users may sometimes want an automated procedure to orient them or
to make fast calculations. We offer several such approaches here.

6.6.1 Histogram Bin Size Calculations

We recommend that users choedgased on the substantive criteria discussed in Sddtion 3. When
further automation is necessary because of the scale of the problem, or to provide some orienta-
tion as a starting point, we note here that choosimgvery similar to the choice of the bin size

in drawing histograms. Some classic measures of bin size are based on the range of the data,
an underlying normal distribution, or the inter-quartile range. These are, respectively, known as
SturgesAst = (z(,) — 1))/ (loga n + 1), Scott, Asc = 3.5,/52n~1/2 (Scott| 199p), and Fregd-
[man and Diaconjg (1981 = 2(Q3 — Q1)n~'/3. More recently| Shimazaki and Shinomoto
(2007) developed an approach based on Poisson sampling in time series analysis (in the attempt to
recover the spikes in the distributions), which we find works well. Our software implements these
approaches but also provides a way to specify non-constant bins for each variable, in which case
the corresponding for our proofs is the maximal bin size.

6.6.2 An Estimated Bound

Assumptiorj [L is a natural part of standard observational data analysis, but it gives no hint how big
or small theL;’s are. In practice, they can take any finite value, but their ranking implies a rough
order on the importance of each variable in affectipg That means that some insight about the
size ofe; in CEM (or7; in any MIB method) and its effect on the treatment effect may come from
information about;. Thus, we note that;, for variablej (j = 1,. .., k), may be estimated from

the data as:
D/u( ) - }/12(0)‘

L:= max , 15
J 11F£12€C d (X“],Xw]) ( )

whereC = {i: 1 <i < nNT; = 0}. Thesel, are estimates from below of the trdg’s, but

they may still give insights about the relative importance of each variabdg tor the given data.
Under additional assumptions @g, the estimators of thé; may have better performance (e.g.

go is linear or well approximated by a Taylor expansion, etc.). Equdtign (14) is independent of the
number of matched treated unitsr whenL; are known, but in general thig; are not independent

and can be estimated v[a {15). In such a case, the bound naturally depengs ©hus, although
knowing that CEM bounds SATT is an attractive property in and of itself, we can go further and
estimate the value of this bound wifl given asf, = max; L;e; and use the termé e, as a

hints during matching about which covariate may give rise to the largest estimation errors or bias
in estimating SATT. Althougtj (15) uses the outcome variable, it only does so for control units, and
so inducing selection bias is not a risk.
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6.6.3 Progressive Coarsening

Under CEM, setting balance by choosingay yield too few observationsi{- + m) in some
applications. Of course, this situation reveals a feature of the data, not a problem with the method,
where the only real solution is to collect more data. In some circumstances, however, this situation
may cause users to rethink their choicessfand to rerun CEM. Although we prefer users to make
these choices explicitly, we offer here an automated procedure that may help users understand the
weaknesses in their data, identify the new types of data that would be most valuable to collect, or
help them rethink their choices abaut

Thus, if we choose teelax a CEM solution (that is increase selectively) by using’ such
that¢’ < ¢ (using notation from Sectidn 4.2) then, because CEM is MiB(¢') > m(9) and
me(0') > me(0). When different relaxations or coarsenings, gagnd#”, lead to the same
total numbers of matched units;(6') + ma(0') = mp(0”) + me(0”), then an automated
procedure needs a way to choose among these solutions that are for our purposes equivalent. We
discriminate among these by minimizing tig distance. Furthermore, although settihg= 1
is equivalent to dropping; from the match, we keey; with 6; = 1 to maintain comparability
because th€, distance depends on the number of covariates (as with any measure of dissimilarity
in multidimensional histograms). In addition to keeping the number of covariates the same in this
way, we also keep the bins of the multidimensional histogram used to calglyléite same.

With these requirements, we adopt a heuristic algorithm which we first describe conceptually,
without regard to computer time, and then what we use in practice. Given the original user choice
of 0, the algorithm relaxes eaeh in increments of two, that ié} = 0; — 2, until 0; < 10 and
then by one or up to a user chosen minimally tolerable number of inteﬂg’aifs, (We also shift
each intermediate solution as in Secfior] 6.1.) We then repeat the procedure for pairs of variables,
(6;,0), triplets (6;, 65, 6), etc[f] Combined with shifted coarsenings, an exhaustive procedure
with greater than triplets is feasible only via parallel processing, which happens to be is easy
to implement with CEM. In practice, however, there no need to explore all these combinations
of different coarsenings because even the basic application of CEM clearly reveals which data
are well matched overall and also with respect to how the treated and control units differ in the
multidimensional distribution. When we use this algorithm, we usually relax only one or two
variables at a time. We then also use the MIB property of CEM to provide convenient graphical
summaries of the results (see Secfion} 7.1).

6.7 Avoiding the Dangers of Extreme Counterfactuals

In making causal inferences, the best current research practice is to eliminate extreme model de-
pendence by discarding observations outside the region of common empirical support (as discussed
in Sectior{ 5.B). Avoiding extreme model dependence is also an issue that applies to any type of
counterfactual inference — including causal inferences, forecasts, and what if questions. Often,
scholars do this by eliminating data in the region requiring extrapolation, outside the convex hull
of the data[(King and Zeng, 20006). However, as is widely recognized, the hull may contain voids
with little data nearby where estimation would be model dependent. Similarly, regions may exist
just outside the hull, but near a lot of data just inside, for which a small extrapolation may be safe.
CEM can be used to avoid these problems with noncausal counterfactuals as follows. First
augment the covariate data set with a pseudo-observation that represents the values thie
counterfactual inference of interest and then run CEM on the augmented data set. Observations

8Computational time increases exponentially with the number of joint relaxations and the number of variables. More
formally, if we consider joint relaxation af over k variables, and denote W, the sequence of coarsenings for the
ju-th variable ¢;, = {0;,,60;, —2,...,10,9,8,...,67™}), u = 1,...,v, there are(*) possible combinations
of v variables and for each combinatiofy, | x --- x |6;,| combinations of relaxations should be attempted, with

jl 75]2 #jve(la---zv)'
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that fall in the same stratum as the pseudo-observation can be used to make a relatively model-free
inference about this counterfactual point, and so the number of such observations is a measure of
the reliability of an inference about this counterfactual. This is thus a small generalization due to
coarsening of a point emphasized by Mahpki (1995), who would use only exact mateheg)or

For the purpose of evaluating counterfactuals, it may be also worth repeating this procedure
after widening the definition of to include the largest values you would be willing to extrapolate
for your particular choice of dependent variable. For example, log-mortality for most causes of
death is known to vary relatively smoothly with age (Girosi and King, 2008), and so extrapolating
age by 10 or 20 years would normally not be very model dependent, except for the very young or
very old. Thus, we might setgein this way, even though it might normally be set much smaller
for using the basic CEM algorithm where the goal would be to eliminate as much dependence on
these types of assumptions as possible. This additional procedure is of course more hazardous
since it involves assumptions about a specific outcome variable. It also may run into the curse of
dimensionality problems if is set too large. For example, even if extrapolating age by 10 years is
reasonable in an application, and extrapolating education by 4 years is also reasonable, evaluating a
counterfactual that involved simultaneously extrapolating 10 years cdradyé years of education
beyond the data might well be unreasonable and produce model dependent inferences. Examples
like these are much less likely to occur or matterig defined as we do for CEM.

7 Coarsened Exact Matching in Practice

Although the main advantage of CEM compared to other approaches may be the way it closely
connects the substance of each variable with the ultimate match, we compare the methods on other
grounds here. We start in Section|7.1 by showing how CEM reduces imbalance and illustrating
its MIB property via our progressive coarsening algorithm. We then show how CEM compares on
imbalance, bias, root mean square error, and computational time in data that fits (in Se¢tion 7.2)
and does not fit (in Sectidn 7.3) EPBR’s associated data conditions.

7.1 Empirical Evidence on Achieving Balance

Data Our data are from the National Supported Work (NSW) Demonstration, a U.S. job training
program, first analyzed in this context by Lalohfe (1986). Although a unique experimental target
result is not easily defined due to the apparent failure of random treatment assignment, we use
these data to assess the degree to which CEM can balance the data relative to other methods. The
program provided training to the participants for 12-18 months and helped them in finding a job.
The goal of the program was to increase participants’ earnings, and so 1978 eawii@g}ié the

key outcome variable. Pre-treatment variables were measured for both participants and controls,
including age &ge), years of educatiorefucation ), marital statusrfarried ), lack of a high

school diplomariodegree ), race plack , hispanic ), indicator variables for unemployment

in 1974 (74) and 1975u75), and real earnings in 197474 ) and 1975175 ). Some of these

are dichotomousfarried , nodegree , black , hispanic ,u74,u75), some are categorical

(age andeducation ), and the earnings variables are continuous and highly skewed, with point
masses at zero. The conditions for EPBR to hold are violated.

Basic Analysis Table[2 reports several measures of the degree of imbalance in the original un-
matched data, including the difference in meanghe variable-by-variable distributional differ-
enceﬁ{, and differences for the 25th, 50th, and 75th percentiles. The overall imbalance between
the treated and control groups in the original data is the distance between multidimensional his-
tograms,C; = 1.149F_7] Table entries that are exactly zero are left blank. An exact match returns
74 controls against 55 treated units.

9To compute this figurere74 , re75 , age andeducation are discretized according to intervals of size 5000,
5000, 5 and 1, respectively.
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L1 I; 25% 50% 75%
age 0.18 0.18 1.00 1.00
education 0.15 0.19 1.00 1.00
black 0.00 0.00
married 0.02 0.01
nodegree 0.17 0.08 1.00
re74 0.07 101.49 69.73 584.92
re75 0.11 39.42 294.18 660.69
hispanic 0.04 0.02
u74 0.04 0.02
u75 0.09 0.05

Table 2: Measures of absolute imbalance in the distributions of treated and control units in the
original data. The global imbalance 4§ = 1.149, with np = 297, nc = 425. An entry of

“0.00” indicates that at least the third decimal digit is nonzero; a blank entry denotes the number
is exactly zero.

Ly I 25% 50% 75% I
age —100.00 0.02 -2.63 0.03
education —86.70 —1.40 —-7.69 —-7.69 0.00

black —100.00 —-0.13
married —100.00 -1.07
nodegree —100.00 —8.35 —100.00
re74 —100.00 —0.24 —-0.18 —-1.30 0.01
re75 —-100.00 -0.07 -0.16 —-1.39 0.01
hispanic —100.00 —1.87
u74 -100.00 —2.01
u75 -100.00 —4.51

Table 3: Imbalance reduction due to CEM compared to the original data (in[Table 2), as a percent
of the range of each variable. Positive valuesdgr I, and the three quantiles means imbalance
increased (but by an amount less than the bound). The local imbalanads, also reported.
Number of matched unitsnr = 163, me = 222. Global imbalance£; = 0.34.

We then match with CEM by definingfor the variablese74 , re75 , age andeducation
via Sturges formula which returns, respectively, the valyes, = 3957.1, €075 = 3743.2,
€age = 3.8 ande.q, = 1.3. The result gives 163 treated units matched with 222 control units,
with an overall imbalance of; = 0.62. A summary of the percentage imbalance reduction due
to CEM, as compared to the absolute imbalance in the original data (reported if [Table 2), is given
in Table[ 3™

Although CEM only guarantees imbalance in the matched sample to be less than or equal to
the bound set by the chosenactual imbalance can be a good deal smaller for any one variable
because of the effects on this variable on bounding other variables or because the observations
within the chosen strata happen to contain better matches. We can see this if we resc¢ait® the
the length of the support of each variable. For example, for varadeewe have:,y. = 3.8 and

1Denoteimb, the imbalance in the original data andb the imbalance left after the match. Then, for colufin
Table[3 reportsmb/imbo - 100%, columnsly, 25%, 50% and75% report|imb — imbo|/|R| - 100%, and columnl,
givesIy/|R| - 100%, where|R| is the range of the corresponding variable.
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Ly I; 25% 50% 5% I

age —100.00 1.41 —2.63 6.59
education —12.43 -0.99 3.50
black  400.00 0.54 0.67
married 151.67 1.62 3.37
nodegree —-51.60 —4.31 6.73
re74 —100.00 0.08 0.40 3.36
re75 —100.00 0.24 —0.63 0.66 3.23
hispanic —100.00 —1.87

u74 -16.24 -0.33 2.36

u7r5 —-70.13 -3.16 2.02

Table 4: Imbalance reduction due to Mahalanobis matching from the original data (irff Table 2) as
a percent of the range of each variable. Positive valuegfoi;, and the three quantiles means
imbalance increased. The local imbalangg,is also reported. Global imbalancg; = 1.06,

mr = 297, mg = 297.

|Rage| = 38, henceeyge /| Rage| - 100% = 10 which is considerably larger than the number 0.03
appearing in columt, of Table[3.

Finally, we also match the original data with Mahalanobis nearest neighbor matching, which
gives a global imbalance df; = 1.06. Other imbalance measures are given in Table 4.

With CEM, the£; measure is greatly improved overall and for each variable and always better
than the corresponding value for Mahalanobis matching. The difference in global imbalance when
comparing multidimensional histograms, as measurefbis almost unchanged by Mahalanobis
matching but greatly improved as a result of CEM.

Progressive coarsening We now illustrate the progressive coarsening extension of CEM intro-
duced in Sectiof 6.6.3, which is useful when the number matched units are fewer than desired,
and you are willing to consider alternative values dorAlthough we recommend choosirgn

the basis of substantive knowledge of the variables, for our methodological purposes we begin
this illustration by selecting via Sturges automatic rule. We then relax each variable sequentially
decreasing the number of intervals of the discretization used to coarsen the data.

It took 2.9 seconds to perform 30 CEM relaxations. Figure 2 summarizes the results, which
both makes it easy to choose new values ahd demonstrates the MIB properties of CEM. The
figure gives on the horizontal axis the name of the covariate relaxed (with the smaller number of
intervals used for the discretization in parentheses). The corresponding percentage of treated units
matched is reported on the left vertical axis with the absolute number on the right vertical axis.
Each dot on the plot is labeled with the value of hyemeasure for that particular CEM solution.

In this example, we chose minimal coasenings to constrain the algorithih & 6, L = 5,

gmn = 3, 010 ion = 3). The label «start> " on thez-axis represents the starting point, and
each successive change is listed to its right. The results are sorted in order from closest to this
starting point, on the left, to the biggest increases in sample size on the right (as is tgpical,
increases with the matched sample size in these data). The MIB property of CEM can be seen by
noting that multiple coarsenings for any one (color-coded) variable appears farther to the right as
the number of coarsened strata decline.

From the largest vertical jumps (on the right side of Figyre 2), it is clear that vaagjelds
the most difficult variable for matching in these data, followedehbycation . Dots connected
by horizontal lines on the figure reveal different solutions with the same number of matched units,
some of which have different levels of imbalanag,. In applications, we may also wish to
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Figure 2: Relaxation of each covariate, using CEM’s monotonicity property.

consider joint relaxation of variables, but we do not pursue this here.
7.2 EPBR Data

We consider here EPBR-compliant data. First, we draw two data sets from multivariate normal
distributions: X ~ N5(ur, ) andXeo ~ Ns(uc, X), with with common variance®, 2,1,2,1)

and covariances?2,1,0.4, —1,-0.2,1,—-0.4,0.2,0.4, 1), and means vectogsr = (0,0,0,0,0)

anduc = (1,1,1,1,1). We randomly sample; = 1, 000 treated units fronK; andngc = r-nyp

control units fromX ¢ with » = 1, 2, 3. In this experiment, we compare Mahalanobis (MAH) and
propensity score (PSC) matching and CEM. For CEM, each covariate is coarsened into 8 intervals
of equal length. We also allow PSC and MAH the advantage of matching with replacement,
in order to help them avoid trivial solutions. That is, MAH and PSC matgh= 1, 000 treated

units against a variable numbeir of control units, whereas CEM selects both treated and control
units (see Sectidn 2.3).

Mahalanobis and propensity score matching should perform optimally in the sense of minimiz-
ing the difference in meang after the match on averafe Rosenbaum and R{bin B9&EM
is designed to constrain the local imbalance, that is, the maximum distance between a treated unit
and the corresponding matched control units, which we can measure&wilierall and/, for
each variable. (See Sectjon]2.7 for definitions; Epkve divide each covariate into 11 equispaced
intervals to evaluate thle-dimensional histogram.)

Overall, we find that CEM is as good as the other methods in terms of the difference in means
(1) for which these other methods were designed, but CEM is clearly superior in matching all
other local aspects of the treated and control distributions, as measufgaigL .

These results can be seen in Tables 5[and 6, which report results for 1,000 and 3,000 control
units, respectively, wittl; reported in the top panel ardd and£; reported in the bottom panel of
each table. The tables also show that MAH is systematically worse than PSC and CEM. As would
be expected when there is more to the data than just the mean, CEM is better than PSC on the first
two covariates (which have much larger variances) whereas the contrary is true for the remaining
covariates. All these differences are relatively small. The tables also show that CEM is as fast
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or faster than the other methods computationally, and this is with CEM programmed in R and the
others in native C.

In terms of local imbalance, measured By (in the bottom panel of each table), CEM is
considerably better than PSC on all covariates. We can also see that PSC is consistently worse
than MAH. So in terms of;, CEM clearly dominates MAH which in turn dominates PSC. The
same ordering is produced If};. Although £ is not linear, and should primarily be used for
comparisons, it is evident that the imbalance reduction, as measurgd isyery small for MAH
and PSC and quite large for CEM. This means that CEM is indeed greatly reducing the distance
between the twé-dimensional distributions of treated and control units.

X3 X5 X3 Xy X5 mr mg Seconds
initial imb. 1.00 1.00 1.00 1.00 1.00 1000 1000 0.00
CEM 0.04 0.02 0.06 0.06 0.04 341 340 0.08
MAH 0.20 0.20 0.20 0.20 0.20 1000 408 0.28
PSC 0.11 0.06 0.03 0.06 0.03 1000 616 0.16

X1 X X3 Xy X5 Ly
CEM 042 0.26 0.17 0.22 0.19 0.78
MAH 056 036 0.29 036 0.29 1.13
PSC 238 125 0.74 125 0.74 1.18

Table 5: Imbalance in mears (top panel) and local imbalande (bottom panel) remaining after
matching for each variable liste&, ..., X5. Also reported are the number of treateg- and
control m¢ units remaining after the match (top) and the multivariétemeasure of imbalance
(bottom). Results are averaged over 5,000 replications, aith= 1,000, nc = 1,000. The
initial global imbalance i€L; = 1.24. (Computational times are in seconds on a 2.00 GHz Intel

Core 2 Duo machine.)

X, X5 X3 Xy X5 mr mg Seconds
initial imb. 1.00 1.00 1.00 1.00 1.00 1000 3000 0.00
CEM 0.04 0.02 0.05 0.06 0.04 513 921 0.15
MAH 0.14 0.14 0.14 0.14 0.14 1000 625 0.60
PSC 0.07 0.04 0.02 0.04 0.02 1000 2157 0.40

Xi1 X0 X3 Xy X5 L
CEM 0.38 0.24 0.16 0.21 0.17 0.75
MAH 0.51 0.32 0.25 0.32 0.25 0.89
PSC 240 1.26 0.75 1.26 0.75 0.99

Table 6: See caption to Tallg 5, which holds here exagpt= 3000 and the initial global imbal-
ancel; = 1.17.

Other regularities emerges from this analysis as well: all methods performs about as well as
the reservoir of control units (drawn from the same population) grows. Mahalanobis matching and
CEM agrees on the fact that not all the control units are good counterfactuals, and the numbers
of control units selected do not differ drastically. These results are also consistent with how the
methods were designed: PSC is designed to make means of the distributions closer but is not
intended to make any other aspect of the distributions match well. MAH matching takes into
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accounts the local characteristics of the data and so it is a better measure of local closeness and
thus matches more than just the mean. CEM is designed to look for the best counterfactuals locally
and match all aspects of the distributions. Only MAH behaves like a real EPBR method in reducing
the initial imbalance by (almost) the same amount on each covariate in tetms of

Thus, given data drawn to meet EPBR conditions, the optimal approach would be to choose
a method based on the nature of thefunction (i.e. linear/non linear, smooth/non-smooth, etc.)
and the relative importance of different covariates, if they are known, based on whether one needs
matching of more than the mean. The conservative approach, which is appropriate when little is
known about the real nature g§, seems to apply CEM, as it performs almost as the best EPBR
method under EPBR conditions in terms of what EPBR methods are designed for, and performs
much better for what CEM is designed for, at the cost of loosing some treated units. We show in
the next section that this cost is not binding in this decigfpn.

7.3 Non-EPBR Data

We now evaluate CEM in data that violate the EPBR assumptions. To do this, we use the data
generation process chosen [by Diamond and Sekhon ](2005) to evaluate their genetic matching
algorithm. This involves using covariates choserj by Dehejia and Wahba] (1999), a subset of the
Lalonde data, setting the (homogeneous) treatment effect to $1,000, and genEraimghis

highly nonlinear form:

Y =1000-T+ 0.1 -exp (0.7 - log(re74 + 0.01 + 0.7 - log(re75 + 0.01)) + €

wheree ~ N(0,10). The value of the treatment variable is then assigned to each observation on
the basis of a true propensity scefagiven by

e = logit_l{l +0.5-/1+0.01-age? — 0.3 - education 2 —0.01 - log(re74 + 0.01)*
4 0.01 - log(re75 + 0.01)2}

where i is the linear predictor of the following misspecified logistic model used to estimate a
propensity score (as [n Dehejia and Wghba 1999):.

f=1+1.428-10"*-age? —2.918-1072 - educ ? — 0.2275 - black — 0.8276 - hispanic
+0.2071 - married — 0.8232 - nodegree — 1.236 - 107 - re74 2
+5.865 - 10719 - re75 2 — 0.04328 - u74 — 0.3804 - u75

In each of 5000 replications from this process, we assign observaifdhe treatment variable
by sampling from the Bernoulli distribution with parametgri.e. T; ~ Bern(e;), so the number of
pre-match treated and control units in the sample varies over replications. We then compare SATT
estimators based on the difference in means (RAW in Table 7), the nearest neighbor propensity
score matching (PSC), the nearest neighbor Mahalanobis matching (MAH), Genetic Matching
(GEN), and CEM using our automatically selected discretization.

As in[Diamond and Sekhof (2005), we report results in terms of the bias (“BIAS”), standard
deviation (“SD”), and root mean square error (“RMSE”) of the SATT estimate over the 5,000

“We include genetic matching in our simulations in the next section, but skip it here because of unrealistic com-
putational times. Each genetic matching run takes about 2.5 minutes with 1,000 controls and about 4—-6 minutes for
3000, which would mean about 75 hours to complete 1,000 replications only for genetic matching, compared to a total
of less than 2 hours for the total run time for all remaining methods taken together. We did run a small number of
genetic matching runs and find that it selects the same number of control units as Mahalanobis matching, with CEM
outperforming in terms of;. CEM is also better in terms df, most of the time in each replication, although for some
variables X3 and X5), the methods provide the same level of local imbalance.

32



BIAS SD RMSE Treated Controls Seconds

RAW —423.72 1710.17 1622.63 151 293 0.00
MAH 784.80 1044.99 1077.20 151 151 0.03
PSC 260.45 1090.11 1058.28 151 151 0.02
GEN 78.33 621.02 505.55 151 143 27.31
CEM 0.78 400.31 111.38 86 151 0.03

Table 7: Comparison of bias, standard deviation, root mean square error, and computational speed
(seconds) for the original data (RAW), Mahalanobis distance (MAH), propensity score matching
(PSC), genetic matching (GEN), and CEM, with values over 5,000 Monte Carlo Replications.
Also given are the number of treated and control units selected by each method.

Monte Carlo replications. We also report the average number of matched units, which is lower
for CEM than for other methods, given the automated coarsening we chose (in practice of course,
coarsening should be chosen based on the substance of the variables). Despite this, CEM dom-
inates the other methods on each of the three evaluative criteria. [Table 7 also gives results on
computational speed.

Overall, propensity score matching (with the given misspecified propensity score) doubles
the RMSE, and Mahalanobis matching cuts it by about a third, compared to no matching at all.
Compared to Mahalanobis matching, genetic matching approximately halves the RMSE, whereas
CEM cuts it by about 90%. And CEM (programmed in R) is about 900 times faster than genetic
matching (programmed mostly in C). Of course, each of these other methods have many potential
uses, and the timing differences in particular do not matter much for smaller data sets, but at a
minimum CEM would seem to be very widely applicable. (We ran other Monte Carlo experiments
with more difficult, complicated, or heterogeneous data generation processes — and also allowing
them to vary by keeping SATT constant and then letting it vary by also matching treated units —
and reached similar conclusions.)

8 Concluding Remarks on What Can Go Wrong

Our main goal in this paper has been to introduce the new class of MIB matching methods for
making causal inferences from observational data. We demonstrate the usefulness of this class of
methods by developing CEM as the simplest method with MIB properties. We conclude here with

a discussion of what can go wrong and how to avoid it.

Settinge appropriately is the primary issue to consider when running CEM. If an element of
e is set too large, then information that might have been useful to produce better matches may
be missed. This is an issue, but analysts have a second chance to avoid the consequences of this
problem in the analysis after matching. Of course, the less precise the match, the more burden is
put on getting the modeling assumptions correct in the analysis stage.

In contrast, if elements of are set too small, then too many observations may be discarded
without a chance for compensation during the analysis stage. If they are set much too small, a
solution may either be unavailable or lead to a low efficiency solution. One must also be careful
allowing selection to occur on the treated units and to recognize and clarify for readers the new
estimand. As we use CEM in practice, we tend to choose higher standards for what constitutes
a match and thus are sometimes left in real observational data sets with fewer observations than
we might have otherwise, with the result being less covariate imbalance, less model dependence,
and less resulting statistical bias. In many cases, smaller CEM matched data sets eliminate much
heterogeneity, resulting also in causal estimates with smaller variances. With or without these
lower variances, the additional bias reduction means that CEM-based estimates will normally have
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lower mean square error as well. Of course; i set as high as you are comfortable with, and
your matched data set is still too small, then no magical method will be able to fix this basic data
inadequacy, and you will be left trying to model your way out of the problem or to collect more
informative data.

When used properly with informative data, CEM can reduce model dependence and bias,
and improve efficiency, across a wide range of potential applications. Even when it is possible
to design a superior matching method specially for a particular data set, the simplicity of CEM
will ordinarily still be far better than the commonly used parametric-only approaches. In these
situations, users may opt for CEM, but they should be aware of the potential gain from delving
more deeply into the increasingly sophisticated methodological literature in this area.

Finally, all the issues with matching in general may also go wrong with CEM. For example,
CEM will not save you if an important covariate is not matched on, unless it is closely related to a
variable that is matched on.

A Proofs of Propositions

Proof of Propositiori [L.We consider the treated-control difference in théh centered-moment.
Applying the binomial expansiotia + b)* = S=5_ (})a"b* =", 10| X, — X 5| gives:

_ _ & B -
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and averaging over the strata returns the same bound. O

Proof of Proposition R.Consider the/ empirical quantiles of the distribution of the treated and
control units,Qy, j aNd Q.. ;. That is,Qumy. ; is theq™ ordered observation of the subsample

of m7 matched treated units, and similarly ¥, ;. In one-to-one matching, the first treated
observation is matched against the first control observation in the first strata, and in general, the
corresponding quantiles belong to the same strata. Ther¢f@g,; — Q. ;| < €;- O

B CEM as an MIB Method with Variable Strata Sizes

The basic CEM algorithm producésg-to-j; matching in each stratg s = 1,...,6, and so to
satisfy the conditions which apply locally after aggregating all the matched units across strata, we
must use weights at the analysis stage (with CEM orfantp-j; matching algorithm). We give
three examples here how our results above hold in this general case.

First, consider strata and assumen;. treated units have been matched againgt control
units. Then, for units in this stratum, set weights for the control and treated groups respectively as
w = (me/mr)(mé/mé) andws, = 1. Then take the difference in the weighted means in one
variable (X7, and X, ), for simplicity dropping the indey from the notation:X 7 — X0 =
S0 (M X wi/mr) — S0y (mEXms wE/mc), whereX,,.; is the mean ofX in stratas
for the treated units and,,,;, is the mean ofX in stratas for the control units, weighted by¢,.
Thus,| X% - Xu | <> i | Xims, — Xims, | < €, because in each stratathe difference in

s=1 mp
treated and control unit meansTis always less than
Second, for the weighted empirical distribution functions for tredtid(z) = >, ., wh/mr

and control group#}y, . (z) = >, ., wi/mc, wherew?, = 1 for all treated unit, andwy, = wg,
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if 2; belongs to stratura and 0 otherwise. Then consider the first stratum,[gay], wherea is the
left-most cut point of the discretization ahd= a + ¢. ThenF (a) = F; (a) = 0. Moreover,

E¥ _(b) = m},/mr because there are at most, treated units smaller or equaknd, similarly,

we haveF? (b) = (m¢/me)(me/mr)(mi/m¢) = mi./mp. So, for each stratum, the differ-

ence between weighted empirical distribution functions at the end points of each stratum is always
zero. Therefore, if we define theeighted empirical quantilef sizeq as the first observation

such thatF'(x) > q (whereF is eitherFy) , or F}! ), the weighted quantiles of the same order for
treated and control units always belong to the same stratum and hence the difference between the
quantilex for the treated and control units, givens at moste. Finally, using the same weights,

we also havel; = 0, if the bins of the multidimensional histogram coincide with the coarsening.
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