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Abstract

This note studies robustness properties of (non)linear control function estimands such
as (mixed) Logistic or Poisson pseudo maximum likelihood estimands. I show that un-
der misspecification, commonly-applied estimands are not informative about the sign
of the true partial effects. For example, (mixed) logistic regression estimands poten-
tially imply positive partial effects even if all true partial effects are negative. I provide
sufficient conditions to admit valid conclusions about the sign of partial effects. For
a large class of estimands, including common pseudo maximum likelihood estimands
based on natural exponential family distributions, nonparametrically conditioning on

the control function is sufficient for sign preservation.
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1 Introduction

Empirical analyses frequently place structural assumptions on unknown relationships
between observed and unobserved variables to ease estimation. Many such convenience as-
sumptions are seldom motivated by domain knowledge or economic theory. This note studies
the robustness of conclusions about relationships between observed variables when these con-
venience assumptions are incorrect. This is motivated by the fact that commonly considered
convenience assumptions can result in incorrect conclusions about even the direction of as-

sociation between outcomes and variables of interest.

As a simple example, consider consumers choosing between a single good (j = 1) and an
outside option (5 = 0), and suppose the researcher is interested in how a choice feature D;
impacts these choices. Letting W; = (Dj, VjT)T denote the observed features of choice j, it
is convenient to model the consumer’s choice as

Y = argmax W;@ + U, (1)
jefo,1}

where W; 1L U; “ TIEV. When 0 is a fixed parameter and the outside option is nor-
malized to Wy, = 0, (1) implies familiar Logit conditional choice probabilities (CCPs)
mg(W) = exp(W,'0)/(1+exp(W,')) that allow for straightforward estimation. If the mod-
eling assumptions are correct so that the true CCPs are indeed given by my, then standard
maximum likelihood theory implies that the Logit maximum likelihood estimator (MLE) is
consistent for f. As a consequence, the researcher’s conclusions about the partial effects of D

on Y based on the Logit MLE are consistent as well. But what if the modeling assumptions

are incorrect?

Even if the linear index structure of (1) is correct, it is possible to find a distribution for
the latent utility shocks U (mean-zero and independent of W) such that the Logit pseudo
MLE implies partial effects of D on Y that are of the opposite sign as the true partial

effects. Example 1 provides a simple numerical example of such a distribution. Hence, even



with infinite data and no omitted variables, the researcher may incorrectly judge whether D

increases or decreases choice probabilities.

Example 1. Consider (Y, D, V", U) with distribution P where

Pr(D =0,V =0,V5 = 0) = 0.01, Pr(D =1,V =0,V5 = 0) = 0.36,
Pr(D =0,V, =1,V5 = 0) = 0.01, Pr(D =1,V =1,V5 =0) = 0.18,
Pr(D =0,V, =0,V5 = 1) = 0.01, Pr(D =1,V =0,V =1) = 0.18,
Pr(D=0,Va=1,V5=1)=0.24, Pr(D=1,Va=1,V5=1) = 0.01,

and U L (D, V') with marginal distribution
Pr(U=-95)=0.2, Pr(U=1)=0.05 Pr(U=2)=0.7Pr(U=9)=0.05.
Finally, the binary outcome is determined via
Y =1{-5D +5Vo+5V5 -2+ U > 0}.

Clearly, partial effects with respect to D are negative in this example. However, the Logit
pseudo MLE implies a slope-coefficient for D that converges to approzimately +2 so that

model-implied partial effects with respect to D are positive.

After defining the framework formally in Section 2, I show in Section 3 that Example
1 is not a special case. For a large class of estimands, including (mixed) Logit, Normal, or
Poisson pseudo maximum likelihood estimands (PMLE), it is generally not possible to infer
the sign of the true partial effects from the sign of the model-implied partial effects. The
result highlights potentially grave negative consequences of convenience assumptions and

motivates a need for estimands that are more robust to misspecification.

Section 4 defines two robustness criteria: Weak and strong sign preservation. Heuristi-
cally, a non-sign preserving estimand can imply partial effects that are of the opposite sign

as all true partial effects. A sign preserving estimand guarantees against such drastically
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incorrect conclusions. While sign preservation is not sufficient to judge the quality of quan-
titative conclusions about partial effects or counterfactuals, it is difficult to motivate the use
of estimands that may lead to even wrong qualitative conclusions. Indeed, robustness prop-
erties of linear estimands analogous to sign preservation — including the “weak causality”
property of Blandhol et al. (2022) — are often viewed as minimal robustness properties (see

also Bugni et al., 2023; Savje, 2024; Leung, 2024).

Section 5 then presents simple sufficient conditions for sign preservation. The presented
conditions are satisfied by a large class of commonly used estimands, including versions
of Gaussian, Poisson, and Logit PMLEs. Indeed, PMLEs based on the class of natural
exponential family distributions are shown to have appealing robustness properties under
misspecification. This has potentially surprising implications for discrete choice estimation:
The Logit PMLEs discussed in this note are sign preserving and thus guaranteed not to
result in drastically wrong qualitative conclusions about the direction of partial effects. This
guarantee holds even if the true partial effects are generated by a mixed Logit model regard-
less of the true mizing distribution. In contrast, there are no known results that guarantee
similarly robust conclusions on the sign of partial effects based on a mixed Logit PMLE if,
for example, the distribution of random coefficients that the researcher considers differs from

the true mixing distribution.!

Finally, Section 6 relates sign preservation to causal inference using control functions.
In particular, I consider the causal model Y = ¢g(D,U) where g is a (potentially unknown)
structural function and U are all other (at least partially unobserved) determinants of Y
other than D. Following Imbens and Newey (2009), a control function is then simply any

(observed or identified) random vector V' such that D 1 U|V. Examples of control functions

IThis result does not contradict the influential universal approximation properties of mixed Logit models
of McFadden and Train (2000) and further developed in Lu and Saito (2022) and Chang et al. (2022), since
these previously-established results rely crucially on availability of a nonparametric mixing distribution. In

contrast, I focus on parametric mixing distributions as conventionally applied in practice.



V used in practice include observed controls or residuals from a first stage regression of D
on instruments.? In this control function setup, sign preservation of an estimand is shown to

be equivalent to correct conclusions about the sign of conditional causal effects of D on Y.

Throughout the main text, I focus on a simple setting with a scalar-valued outcome Y, a
scalar-valued variable of interest D, and a vector of covariates V. Their joint distribution is
P in a class of possible distributions P. For all P € P, I assume that Y, D, and V have finite
second moments, that the support of Y given by J C [y,7] with either y or 7 potentially
infinite, the support of D given by D = {dy,...,d;} with J € N3 and the support of V
denoted by V are fixed, and that the support of (D, V') is D x V. These assumptions greatly
simplify the exposition while still allowing for discussion of the main insights. In Appendix
A, T extend the result of the main text to vector-valued Y and D to also accommodate

analysis of, for example, multinomial Logit PMLESs.

Literature. This note draws from and contributes to several strands of literature. A large
literature in econometrics studies statistical properties of estimators for so-called pseudo-
true parameters that maximize a population-level objective function (e.g., White, 1982).
Standard maximum likelihood theory shows, for example, that under mild conditions, the
MLE converges to the parameter that minimizes the Kullback-Leibler distance between the
true likelihood and the likelihood the researcher considers. As highlighted by Andrews et al.

(2024), however, these “pseudo-true” parameters are not in general policy relevant if the

2In demand estimation, control function approaches are often viewed as alternatives to the structural IV
estimands proposed by Berry et al. (1995). While placing strong assumptions on the source of endogeneity
(Blundell and Matzkin, 2014), control function approaches have several advantages. For example, control
function estimands are more readily applicable in settings with relatively few consumers per market than
the estimator of Berry et al. (1995) — see, in particular, Petrin and Train (2010) and Kim and Petrin (2019)
for control function approaches in demand estimation. See also Wooldridge (2015) for a general overview of
control function approaches.

3See also Remark 3 for heuristic extension to settings with continuous D.



policy depends on the wvalue of the true parameter. In contrast, the analysis of this note
suggests that a large class of pseudo-true parameters is policy relevant if the policy depends

on the sign of the true parameter.

In the context of discrete-choice estimation, recent literature has highlighted the worry
that conclusions based on pseudo-true parameters are driven by particular distributional
assumptions such as T1EV or normally distributed random coefficients as is common in
mixed Logit estimation (Compiani, 2022; Tebaldi et al., 2023). In response, Compiani (2022)
and Tebaldi et al. (2023) propose nonparametric demand estimators to avoid possible model-
misspecification. While guaranteeing quantitatively accurate conclusions with infinite data,
the fully nonparametric approaches pose substantially more difficult estimation problems
than commonly considered in applied research. This note takes an alternative approach,
characterizing the extent to which conclusions based on commonly used estimands are robust
to incorrect distributional assumptions.® In this regard, the results of this note complement
recent work of Andrews et al. (2023), who study the robustness properties of structural IV
estimands such as those suggested by Berry et al. (1995). The proposed sign preservation
property of this note is a substantially stronger robustness property than the sharp-zero
consistency property of Andrews et al. (2023). In particular, in contrast to sign preservation,
sharp-zero consistency cannot guarantee that strictly positive model-implied partial effects
were not generated by a distribution with strictly negative true partial effects. The additional

strength of the proposed sign preservation property comes at the cost of analyzing a more

4Important exceptions are discussed in Gourieroux et al. (1984), who show that for linear exponential
family PMLEs, correct specification of the conditional expectation function (rather than the full distribution)
suffices for correct inference on partial effects. This note extends these results by analyzing robustness also
under misspecification of the conditional expectation function.

This also relates to the work of Ruud (1983) and Li and Duan (1989) who provide sufficient conditions
for maximum likelihood estimands to be correct up to an unknown scalar. In contrast to their work that
imposes linear index assumptions on the outcome model, I focus primarily on settings without distributional

assumptions on the data generating process.



restricted class of estimands: While I show that mixed Logit estimands can suffer from sign
reversal under misspecification, this note does not provide (non-trivial) sufficient conditions
for sign preservation of mixed Logit estimands with non-degenerate mixing distributions.
Instead, sufficient conditions focus on estimands corresponding to models with coefficients

that are allowed to vary in observed covariates.®

The approach of characterizing robustness of economic conclusions based on pseudo-true
parameters draws heavily from the literature on positively-weighted causal effects in linear
regression (Yitzhaki, 1996; Angrist, 1998; Angrist and Krueger, 1999; Angrist and Pischke,
2009; Stoczynski, 2022), linear two stage least squares (e.g., Angrist et al., 2000; Blandhol
et al., 2022; Borusyak and Hull, 2024), and difference-in-differences (e.g., de Chaisemartin
and Xavier d’Haultfoeuille, 2020; Goodman-Bacon, 2021; Sun and Abraham, 2021; Callaway
and Sant’Anna, 2021; Baker et al., 2022; Borusyak et al., 2024). In contrast to the estimands
studied previously, however, the estimands I consider do not generally ensure that model-
implied partial effects are within the convex hull of the true partial effects.” Instead, I define
a weaker version of robustness that is based only on the property that a convex combination

of model-implied partial effects is equal to a convex combination of the true partial effects.

The analysis of pseudo-true estimands in misspecified nonlinear models is also connected
to recent work by Silva and Winkelmann (2024) who highlight sufficient conditions for Pois-
son PMLEs to capture average marginal effects. The authors show that for jointly normally
distributed covariates, the model-implied average partial effects corresponding to the Poisson

linear index PMLE equal the true average partial effects. While the results in this note also

6See, for example, Dubé and Misra (2023) who apply a Logit model with coefficients given by nonpara-
metric functions of consumer characteristics in their welfare analysis of personalized pricing.

"In particular, in nonlinear models where the model-implied partial effect varies with covariates (e.g.,
Logit), it is not generally possible to guarantee that that model-implied partial effects are within the convex
hull of the true partial effects. This follows immediately from considering a setting where the true partial

effects are constant in the covariates.



suggest that this equality of model-implied and true partial effects holds more generally for
a large class of estimands under assumptions of (conditional) normality, I focus primarily on
settings without restrictions on the joint distribution of covariates. This seems particularly
important as assumptions on the joint distribution of covariates — such as linearity of the
conditional expectation of D given covariates V' — are seldom easier to motivate in prac-
tice than assumptions on the joint distribution of the outcome and covariates that initially

motivated the robustness analysis.

Finally, the results in this note provide a new motivation for recently proposed partially
and locally linear index estimators. In particular, I show that partially and locally linear
index natural exponential family estimators such as those proposed by Liu et al. (2021),
and special cases of Athey et al. (2019) and Farrell et al. (2021) target sign preserving
estimands without parametric distributional assumptions on the joint distribution of the
data. This is in contrast to fully linear index natural exponential family estimands (such as
the Poisson PMLE considered by Silva and Winkelmann (2024)) that are only known to be

sign preserving when the conditional expectation of D given covariates V' is linear in V.

2 Setup

I consider the following setting: Given samples from a distribution P € P, a researcher
constructs an estimator for a parameter 6*(P) € ©. Equipped with their estimate of *(P),
the researcher then makes conclusions about the association between observed variables of
interest in P. A large literature in econometrics focuses on differentiating estimators by
their statistical properties (e.g., efficiency) while keeping the parameter of interest 6* fixed.
In contrast, this note abstracts away from any statistical questions and focuses entirely on
characterizing the population-value of the estimator — i.e., the estimand 8* : P — © — and

whether it is informative about the relationships of interest.



To fix ideas, I assume that the researcher forms conclusions about associations using a
model my, indexed by 6 € O, for the conditional expectation of Y given a variable of interest

D and other covariates V. Notably, the researcher’s model may be misspecified.

Definition 1. The researcher’s model of Y given D and V is a class of functions mgy €

Lop : D xV — Y, indexed by a finite dimensional parameter § € ©.8

Examples 2-5 give examples of commonly considered models. Example 2 references the
mixed Logit model with Normal random coefficients as used frequently in demand estimation.
Examples 3-5 discuss special cases of exponential family distributions, most notably the
Normal, Poisson, and Logit models, with parametric, semiparametric, and nonparametric
linear index functions. I refer to these models as linear, partially linear, and locally linear

index natural exponential family models, respectively.

Example 2 (Linear Index Mixed Logit). Let w = (d,v")", and define

wo(w.p) = 0Tt SE0))
L ep{uT(nt S2))

me(w) = /se(w,l/})dF(w)

where 0 = (u,X), F(¢) denotes a standard multivariate Normal distribution function, and

mg(w) is the model-implied mean given W = w. The mized Logit (pseudo) likelihood is
Ly, w; 6) = mg(w)” (1 —mg(w)) ™.

Example 3 (Linear Index Natural Exponential Family). Consider the conditional (pseudo)
likelthood of y given d and v defined by

L(y,d,v;0) o< exp ((da + o' By — A(da + UT6)> ,

where 0 = (a, ) and A is a known function. Then, by properties of natural exponential

family distributions, the model-implied mean given d and v is mg(d,v) = A'(da+v'B3). Key

8Notation: Lo p denotes the class of functions with finite second moments VP € P.



examples for commonly considered models are the Normal, Poisson, and Logit models where

Normal with known o: A(da+v' ) = ;(da +v' B)2,
Alda+v' ) = da+v' B,
Poisson: A(da+v' B) = exp{da +v' B},
A'(da +v"B) = exp{da+v' S},

Logit:  A(da+v" B) = log(1 + exp(da +v' 3)),

exp(da +v' )

! T _
Alda+vp) = 1+ exp(da+0vTp)

Example 4 (Partially Linear Index Natural Exponential Family). Consider the conditional

(pseudo) likelihood of y given d and v defined by
L(y,d, v;0) oc exp ((da + b(v))y — A(da + b(v)))

where § = (a,b) and b : V — R is unknown. The model-implied mean given d and v is

my(d,v) = A'(da + b(v)).

Example 5 (Locally Linear Index Natural Exponential Family). Consider the conditional

(pseudo) likelihood of y given d and v defined by
L(y,d,v;0) oc exp ((da(v) + b(v))y — A(da(v) + b(v))) ,

where 0 = (a,b) anda:V — R and b:V — R are unknown. The model-implied mean given

d and v is mg(d,v) = A'(a(v) + b(v)).

3 Sign Reversal
This section shows that a large class of estimands is generally uninformative about the
sign of partial effects. For this purpose, I define subsets of P in which every conditional

partial effect of D on Y given V' is strictly positive or negative.



Definition 2. D is said to have strict P-positive association with Y given V' if
Ep[Y|D=d V]S Ep[Y|D=4d,V], Vd >deD.

Strict P-negative association is defined analogously. For distributions P € P | let Py, C P
denote the subset of distributions under which D has strict P-positive association with Y
given X . Analogously, let P__ C P denote the subset of distributions under which D has

strict P-negative association with Y given V.

Uninformativeness of an estimand about the sign of partial effects can then be described
by sign reversal (Definition 3). Sign reversal implies that for every value of the estimand,
there exist at least one distribution P, with strictly positive partial effects and at least one
distribution P__ with strictly negative partial effect, both of which imply the same estimand
value. Of course, given any particular setting, only either can be true, yet the researcher
cannot differentiate between these distributions P, , and P__ when equipped with only the

sign-reversing estimand.

Definition 3. An estimand 0 : P — O is said to be sign reversing for the expected change

in'Y due to D given V if
V@GQ*(P), P _ GP__7P++ €P++ . 0:9*(P__> :0*<P++)

Sign reversal is a very undesirable property. Still, in the absence of functional form
assumptions, a large class of commonly used estimands is sign reversing. These estimands
are characterized by Assumptions 1-3. Assumption 1 characterizes the class of distributions
P under consideration. For ease of exposition, I focus on the simplest setting with a single

covariate throughout this section.

Assumption 1. P is the set of joint distributions of the random vector (Y, D,V) where
YCwyl CR, D={dy,...,dsj} CRwith0<dy <...<dy, andV = {vy,...,vx} C R.

Further, VP € P, the support of (D,V) is D x V.
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Assumption 2 defines the estimand through moment conditions. Examples 6 and 7 show
that (pseudo) maximum likelihood estimands for the mixed Logit model and commonly

considered linear index natural exponential family models satisfy Assumption 2.

Assumption 2. Let () € N. The estimand 0* : P — O is defined as the solution to

Ep[(Y — mg«(p)(D, V) fge () (D, V)] = 0,
EAD(Y ~ m-5) (D, V)i gy (D. V)] = 0 2)
EP[V(Y — mg*(p)(D, V))lg*(P)<D, V)] == O,

Vq € [Q], where (f§)qcia, (h§)qeio), and (1§)qeiq) are functions in Ly p indexed by . Further,
me(D, V) C int()), V0 € 0*(P).

Example 6 (Mixed Logit Pseudo Maximum Likelihood). Suppose W = (D,V,1)" satis-
fies Assumption 1. Consider the pseudo maximum likelihood estimand that mazimizes the

likelihood of Example 2, or equivalently,

0*(P) = ar%éréax Ep[Y logmg(w) + (1 — Y) log(1 — my(w))].

Suppose for simplicity that ©'/? = diag(cop, oy, 01) corresponding to the random coefficient-
shocks ¥ = (Yp,¥v,11). Hence, 0 = (u,0p,0v,01). The corresponding first order condi-

tions with respect to u are

S so(W,00)(1 — so(W,4)))dF (¢)
mo(W, ) (1 — me(W, 1))

Ep W(Y—mg(W)) = 0.

9PMLEs as discussed here can be understood as limiting objects of frequentist pseudo maximum likeli-
hood estimators as in White (1982), or as limiting Bayes estimators under a Ly-loss whenever the Bernstein-

von Mises theorem applies.
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The first order conditions with respect to (op,oy,01) are

. S bpss(W, ) (1 — so(W, 9))dF () | _

Er [DW ) gV, 6) (1 = ma(W, ) ’
[ vsg(W, ) (1 — so(W,9))dF ()]

Er [WY‘mG(W” oW, ) (1= meW,0)) |
o sV 01 = sV, )R ()]

Er l(y o (W, 0 (= oW, ) .

It follows that the mized Logit pseudo mazimum likelihood estimand satisfies (2) with QQ = 2.

Example 7 (Linear Index Natural Exponential Family Pseudo Maximum Likelihood). Sup-
pose W = (D, V,1)T satisfies Assumption 1. Consider the pseudo maximum likelihood esti-

mand that mazimizes the likelihood of Example 3, or equivalently,

0*(P) = argmax Ep[(W )Y — A(W'0)].

The first order conditions with respect to 0 are
Ep[W(Y — A/(WTH))] = 0.

By properties of natural exponential families, we have A'(W'0) = mgo(W). Hence, the linear

index natural exponential family PMLE satisfies (2) with QQ = 1.

Finally, Assumption 3 places a rank condition on the functions (fy, hg, [j)qejq) referenced
in Assumption 2.1° The assumption ensures that these functions do not place all weight on
fewer than two unique support points of D and fewer than three unique support points of V.

Note also that Assumption 3 is directly satisfied for constant (fy, hd, §)qejq when K > 3.1

ONotation: For a positive integer S € N*, let [S] = NZg denote the set of integers from 1 to 5.
HFor example, suppose that Q = 1 and fy, ke, ly are all equal to 1 as in Example 7. Then Assumption 3

is equivalent to non-singularity of

di dy djf-

V1 V2 U3

12



Assumption 3. VP € P, 3(¢,¢",¢") € [Q]?, (d',d") € [J]?, and (v',v",v") € [K]? s.t.

fg*(P) (d’, U/) fg*(P) (d//7 U”) fg*(P) (d", U”/)
d,hg:(p) (d/, ’U’) d”hg:(p) (d”, U”) d”hg:(p) (d”, ,UN/)
U,lg:;p) (d/, U/) U”lg:/(p) (d”, UN) U”/lg:/(p) (d”, U”/)

is non-singular.

Proposition 1 shows that assumptions 1-3 characterize a class of estimands that are sign
reversing. The result highlights potential problems with even basic qualitative conclusions
of commonly used estimands under misspecification, and thus motivates the search for more

robust estimands that [ turn to next.

Proposition 1. Let assumptions 1-3 hold. Then 0* is sign reversing.

Proof. See Appendix B.1. n

Remark 1. Note that the Normal linear index PMLE defined is Example 7 is equivalent
to a linear regression estimand. For this special case, Proposition 1 is similar to results in
Blandhol et al. (2022) that highlight potential sign reversal of linear regression and linear
two-stage least squares estimands without additional parametric distributional assumptions
(cf. Proposition 7 in Blandhol et al., 2022). Proposition 1 complements these existing results
for linear models with analyses of estimands for nonlinear models, including (mized) Logit

and Poisson estimands.

4 Sign Preservation

This section defines sign preservation, a robustness property of estimands that guarantees
qualitatively correct conclusions about the direction of the partial effects. I define two
versions of sign preservation (weak and strong) to allow for better differentiation of partially

and locally linear index model estimands in subsequent sections.

This follows immediately from Assumption 1 when K > 3.
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Weak sign preservation is defined in Definition 5. A weakly sign preserving estimand
0* associated with a researcher’s model my is guaranteed to result in model-implied partial
effects that are of the same sign as the true partial effects if all true partial effects have the

same direction (as defined in Definition 4).

Definition 4. D is said to have P-positive association with Y given V if
Ep[Y|D =d,V] > Ep[Y|D =d, V], Vd >deD.

P-negative association is defined analogously. For distributions P € P, let Py C P de-
note the subset of distributions under which D has P-positive association with Y given V.
Analogously, let P_ C P denote the subset of distributions under which D has P-negative

association with Y given V.

Definition 5. An estimand 6* : P — © corresponding to a model mg,0 € O, is said to be

sign preserving for the expected change in'Y due to D given V if,

mo-py(d V) = mgepy(d,V), VP eP,, d>deD,

mg*(p)(d/, V) a~§8~ mg*(p)(d, V), VP e P_, d >deD.

To allow for correct conclusions about the sign of partial effects in settings where the
true partial effects are not all of the same sign, I also define strong sign preservation in
Definition 7. In contrast to weak sign preservation, strong sign preservation ensures that the
model-implied partial effects are of the same sign as the true partial effects for every value

of V. Both weak and strong sign preservation require monotone effects of D on Y given V.

Definition 6. D is said to have P-monotone association with Y given V if, Vv € V,

(EplY|D=d,V =0] > Ep[Y|D =d,V =], Vd >decD}

or {EplY|D=d V=0]<Ep[Y|D=d,V=1], Vd>deD}.

14



For distributions P € P, let P+ C P denote the subset of distributions under which D has
P-monotone association with'Y given V. Further, for P € Py, let V, and V_ denote values

of V' with positive and negative partial effects, respectively.

Definition 7. An estimand 6* : P — © corresponding to a model mg,0 € O, is said to be

strongly sign preserving for the expected change in'Y due to D given V if, VP € Py,

me«py(d', v) > mg-(py(d’,v), Vd' >deD,veV,,

me«py(d',v) < mg-(py(d',v), Vd' >deD,veV_.

5 Sufficient Conditions for Sign Preservation

This section provides sufficient conditions for estimands to satisfy weak and strong sign
preservation. In addition to providing high-level sufficient conditions, I also provide sufficient
conditions for linear, partially linear, and locally linear index natural exponential family
pseudo maximum likelihood estimands (hereafter: linear, partially linear, locally linear index

NEF-PMLEs, respectively) corresponding to the models discussed in Examples 3-5.

5.1 Sufficient Conditions for Weak Sign Preservation

A key intermediate result leveraged to characterize sign preserving estimands expresses a
convex combination of model-implied partial effects as a convex combination of true partial
effects.!? This result is formally stated in Lemma 1 and is based on a single simple moment

condition stated in Assumption 4.

Assumption 4. The estimand 6* : P — © is unique and satisfies

Ep(D — Ep[DIV])(Y — mg-(p)(D,V)) =0, VP € P. (3)

12The coefficients wp(j,v) of Lemma 1 are weakly positive and integrate to a constant, but do not

necessarily integrate to one. It is possible to normalize the coefficients by dividing with Zj:Q Eplwp(j,V)].
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Lemma 1. Suppose that Assumption 4 holds, then VP € P,

M~

Ep [(Ep[Y|D =d;,V] = EplY|D =d;_1,V])wp(j,V)]

<.
[|
N

I
M~

Ep [(mg(d;, V) —me(d;j—1,V)) wp(4, V)],

<.
||
N

where wp(j,V) = (Ep[D|D > d;, V] — Ep[D|D < d;,V])Pr(D > d;|V) Pr(D < d;|V).
Proof. See Appendix B.2. O

Remark 2. Lemma 1 is closely connected to the literature on the weakly causal interpre-
tation of linear regression, two-stage least squares, and difference-in-difference estimands
(e.g., Yitzhaki, 1996; Blandhol et al., 2022; de Chaisemartin and Xavier d’Haultfoeuille,
2020, and other citations in the introduction). Unlike this literature on linear estimands,
however, Lemma 1 does not express a single parameter as a convexr combination of partial
effects. While such a result is immediately implied for the versions of Normal PMLEs con-
sidered here when plugging in the expression in Example 3 for my, it is not possible to obtain

similar expressions in the more general class of NEF-PMLEs.

Remark 3. While I focus on discrete D throughout the main text, it is straightforward
to extend the analysis to continuously distributed D under reqularity conditions as in Silva
and Winkelmann (2024) who analyze Poisson PMLEs. In particular, (4) would instead

correspond to

Ep VD ;Epmp =d,V| _wr(i, V)dj] =Ep UD (;ilme(d, V)| wrl V)dj] o (5)

where wp(j, V') is as in Lemma 1. Normalizing both sides of the equation by Ep| [, wp(j,V)dj],
we obtain the result that a convexr combination of model-implied partial derivatives equals a
convex combination of the true partial effects. Note further that for normally distributed
DIV, the coefficients wp(-, V) are proportional to the conditional density of D|V (Stoker,

1986; Wooldridge, 2010, Section 15.6). (5) thus implies that for normally distributed D|V,
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the model-implied average partial derivative is equal to the true average partial derivative for
all unique estimands satisfying (3). As shown below, this includes linear index NEF-PMLEs

under linearity of Ep[D|V], as well as all partially and locally linear index NEF-PMLEs.

To help characterize robustness properties of estimands, it is also useful to highlight an

important feature of the models highlighted in Examples 3-5:

Definition 8. A class of scalar-valued functions mg on D x V indexed by 60 € © is said to

be monotone in D given V if, ¥V € ©, P € P,
{mg(d', V) > my(d, V), Vd > d € D} or {m(;(d', V) < me(d, V), Vd' > d € D} :

As shown by Proposition 2, simple sufficient conditions for an estimand to be weakly sign

preserving are then given by assumptions 4 and 5.
Assumption 5. The researcher’s model my is monotone in D given V.

Proposition 2. If assumptions /-5 hold, then 0* is weakly sign preserving for the expected

change in'Y due to D given V.
Proof. See Appendix B.3. m

Proposition 2 shows that any estimand corresponding to a monotone model and that can
be shown to satisfy the moment condition (3) is weakly sign preserving. Corollaries 1 and 2
directly link these assumptions to commonly used estimands. First, Example 7 shows that
all identified linear index NEF-PMLESs satisfy Assumption 6. As stated in Corollary 1, this
assumption allows for a sufficiency result in the special case that the conditional expectation

of D given V is linear in V.

Assumption 6. The estimand 6* : P — © is unique and satisfies
EPD(Y — mg*(p)(D, V)) = 0, EPV(Y — mg*(p)(D, V)) = 0, VP e P
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Corollary 1. Suppose that assumptions 5-6 hold. If in addition Ep[D|V] is linear in V,

VP € P, then 0* is weakly sign preserving for the expected change in'Y due to D given V.

Proof. See Appendix B.4.1. O]

Remark 4. Given its equivalence to the linear regression estimand, the well-known robust-
ness results of Yitzhaki (1996) and Angrist and Krueger (1999) directly imply sign preser-
vation under linearity of Ep[D|V] for the Normal linear index PMLE. Corollary 1 extends
these results to all other linear index NEF-PMLEs.

A key caveat of Corollary 1 is that sign preservation of the estimand was only shown under
linearity of Ep[D|V]. In the absence of explicit functional form assumptions (that may be
equally difficult to motivate in practice as functional form assumptions for Ep[Y|D,V]),
linearity is guaranteed only in the special cases when D is randomly assigned or when
V is fully saturated. To also accommodate settings with complex V' (e.g., a continuous
covariate), Assumption 7 provides an alternative sufficient condition that guarantees weak
sign preservation of estimands associated with monotone models also in the absence of any

parametric restrictions on the joint distribution of D and V.

Assumption 7. The estimand 6* : P — © is unique and satisfies
EpD(Y —mg-p)(D,V)) =0, Ep[Y —mg(p)(D,V)|[V] =0, VP eP.

Examples 8 and 9 show that any identified partially or locally linear index NEF-PMLE
satisfies Assumption 7. Corollary 2 then formally states that weak sign preservation is

guaranteed for these estimands.

Example 8 (Partially Linear Index NEF-PMLE). Consider the pseudo mazimum likelihood

estimand that mazimizes the likelihood of Example 4, or equivalently,

0*(P) = argerréax Ep[(Da+b(V))Y — A(Da + b(V))].
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The first order condition with respect to o is

Ep[D(Y — A'(Da+b(V)))] = 0.
The first order conditions with respect to b are

EplY — A (Da +b(V))|V] 2 0.

By properties of natural exponential families, we have A'(Da + b(V)) = my(D, V). Hence,

all identified partially linear index NEF-PMLFEs satisfy Assumption 7.

Example 9 (Locally Linear Index NEF-PMLE). Consider the pseudo maximum likelihood

estimand that mazimizes the likelihood of Example 5, or equivalently,

0*(P) = argmax Ep[(Da(V) +b(V))Y — A(Da(V) + b(V))).

The first order condition with respect to a are
Ep[D(Y — A'(Da(V) +b(V)))[V] = 0, (6)

so that taking expectations over V. we have Ep[D(Y — A'(Da(V) 4+ b(V)))] = 0. The first

order conditions with respect to b are
EplY — A'(Da(V) + b(V))|V] £ 0.
By properties of natural exponential families, we have A'(Da(V)+b(V')) = me(D, V). Hence,

all identified locally linear index NEF-PMLEs satisfy Assumption 7.
Corollary 2. Suppose that assumptions 5 and 7 hold. Then 0* is weakly sign preserving for
the expected change in'Y due to D given V.

Proof. See Appendix B.4.2. n

Remark 5. Given the equivalence between linear regression estimations with saturated V

and partially linear regression estimands (e.g., Robinson, 1988; Chernozhukov et al., 2018),
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Corollary 2 follows straightforwardly from results in Angrist and Krueger (1999) for the Nor-
mal partially linear index PMLE. The presented results here further generalize sign preser-
vation to all partially and locally linear index NEF-PMLEs, including estimands targeted by
the partially linear Logit estimators provided by Liu et al. (2021) or the locally linear Logit

estimators applied in Farrell et al. (2021) and Dubé and Misra (2023).

5.2 Sufficient Conditions for Strong Sign Preservation

Example 9 and Corollary 2 showed that all identified locally linear index NEF-PMLEs
are weakly sign preserving. Example 9 however also showed that these estimands satisfy
the stronger moment conditions (6). Corollary 3 shows that these moment conditions are
sufficient conditions for strong sign preservation. Hence, among the estimands considered
in this note, locally linear index NEF-PMLEs allow for the strongest conclusions about the

direction of partial effects under misspecification.

Assumption 8. The estimand 6* : P — © is unique and satisfies
Ep[D(Y —mg-p)(D,V))[V] =0, Ep[Y —my-p)(D,V)|V] =0, VP eP.

Corollary 3. Suppose that assumptions 5 and 8 hold. Then 0* is strongly sign preserving

for the expected change in'Y due to D given V.

Proof. See Appendix B.5. O]

6 Implications for Control Function Approaches

Strong and weak sign preservation as discussed thus far describe an estimands ability
to correctly characterize features of the reduced form (i.e., descriptive) relationship between
Y and D. In most policy settings analyzed in economics, however, researchers employing

estimands such as those listed in Examples 3-5 are also interested in analyzing features
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of causal effects of D on Y. This section shows that the previous analyses generalizes

straightforwardly to the study of causal effects in a control function setting.

To fix ideas, consider a standard all-causes model that relates the outcome of interest Y
to a scalar-valued variable of interest D and all other (partially unobserved) determinants of
U (see, e.g., Heckman and Vytlacil, 2007). Following Imbens and Newey (2009), a control
function is any (observed or identified) V' such that D is as-good-as randomly assigned given
V. The setting is stated in Assumption 9, where g is a (unknown) structural response

function.

Assumption 9. Y = ¢(D,U) where D 1L U|V.

Lemma 2 states that under Assumption 9, the descriptive properties captured by sign
preserving estimands are equivalent to properties of the causal effects of D on Y given V.
It thus follows that for control function estimands, sign preservation captures robustness to

correct inference on the direction of causal effects under misspecification.

Lemma 2. Let Assumption 9 hold. Define CATEL (V) = Eplg(d',U) — g(d,U)|V].
(a) CATELY(V) > 0, Vd' > d € D, iff D has P-positive association with Y given V.
(b) CATELY(V) < 0, Vd' > d € D, iff D has P-negative association with Y given V.

(c) Yo € V, {CATE} (v) > 0, ¥d' > d € D} or {CATEL(v) <0, Vd' > d € D}, iff D

has P-monotone association with Y given V.

Proof. See Appendix B.6. O

7 Conclusion

This note shows that under misspecification, a large class of estimands, including (mixed)
Logit and Poisson PMLEs, are generally not informative about the direction of the true

partial effects. To ensure robustness to misspecification of conclusions about the sign of the
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true partial effects, I consider a minimal robustness property: Sign preservation. Intuitively,
this property simply ensures that the model-implied partial effects are not all of the opposite

sign as the true partial effects.

The note then develops simple sufficient conditions that guarantee sign preservation of
an estimand. The results shows partially and locally linear index natural exponential family
PMLESs are highly robust to misspecification of the outcome model without any parametric
assumptions on the joint distribution of covariates. This suggests, in particular, that the
recently proposed estimators of Liu et al. (2021) and special cases of the local maximum
likelihood estimators of Athey et al. (2019) and Farrell et al. (2021) are highly attractive in

many applied settings.
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A Sign Preservation in Multivariate-Outcome Models

This section extends the analysis of sign preserving estimands to multivariate outcomes
Y = (Y1,...,Ys)" and multivariate variables of interest D = (D, ..., Dg)", for some S € N.
Analogous the analysis of the main text, I assume that the support of Y is Y C [y, 7]°, the
support of D is D = {dy,...,d;}°, and the support of the covariates V is V. Further, the
support of (D, V) is D x V.

The results have implications, in particular, for multinomial Logit estimands where Y
denotes the choice among S alternatives (and one outside option) and D denotes the cor-
responding choice features. See, in particular, Examples 10-11. Throughout, for a random
vector D = (Dy,...,Dg)", let D, and D_, denote the sth element of D and D without its

sth element, respectively. Further, the researcher’s model my : Dx)V — )Y is a S-dimensional

vector with elements mgp € Lop : Dy X D_g x V = ).

Example 10 (Multivariate Linear Index Natural Exponential Family). For 6 = («, ),
define the S-dimensional vector ng(d,v) = (dsa+v'B)5_,. Consider the conditional (pseudo)

likelthood of y given d and v defined by

L(y,d,v;0) < exp (ng(d, v) 'y — A(ne(d, v))) ,

where A is a known scalar-valued function. Then, by properties of natural exponential fami-
lies, the model-implied mean of Ys given D = d and V' = v is mgg(d,v) = A%(ne(d,v)), where
A?® denotes the partial derivative of A with respect to its sth argument. A key example is the

multinomial Logit model where

s T
B T 5 B exp(dsa+v' )
Al (d.0) = log(1+ S exp(dia +07R). - Am(d ) = e

Example 11 (Multivariate Partially Linear Index Natural Exponential Family). For § =

(,b1,...,bg), with by : V — R,Vs € [S], define the S-dimensional vector ng(d,v) = (dsa +
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bs(v))5_,. Consider the conditional (pseudo) likelihood of y given d and v defined by

L(y, d, ;) o< exp (ng(d, v) Ty — Alne(d, v)))

where A is a known scalar-valued function. The model-implied mean of Yy given D = d
and V = v is msg(d,v) = A%(ne(d,v)). An ezample is the partially linear multinomial Logit

model where

S ex « v
A(T]@(d, U)) = log(l + Z_:lexp(dsa + bs(”)))? As(nﬁ(dv U)) = 1+ Z;fisxpallz(‘l‘)zl (’U)) )

Section A.1 defines and discusses weak diagonal sign preservation. Section A.2 then
states sufficient conditions analogous to those in Section 5.1 of the main text. I focus on

extending the results for weak sign preservation for brevity.

A.1 Weak Diagonal Sign Preservation

Definition 9 defines diagonal positive (or negative) association to allow for characteriza-
tion subsets of the distributions P with weakly positive (or negative) partial effects. Diagonal
here refers to the sth element of Y being positively (or negatively) associated with the sth
element of D. In the discrete choice setting, for example, Y, would correspond to the choice
of the sth good and D, could be a marketing variable of the sth good. Positive diagonal
association would then say that the choice probability of good sth is weakly increasing in the
marketing variable of the sth good holding all other marketing variables D_, and covariates

V' fized. In analogy to Definition 5, Definition 10 then formulates diagonal sign preservation.

Definition 9. D is said to have P-positive diagonal association with'Y given given V'
if, for every s € [S], Dy has P-positive association with Yy given D_g and V. P-negative
diagonal association is defined analogously. For distributions P € P, let Pf C P denote the
subset of distributions under which D has P-positive diagonal association with Y given V.
Analogously, let P° C P denote the subset of distributions under which D has P-negative

diagonal association with Y given V.
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Definition 10. An estimand 60* : P — © is said to be diagonal sign preserving for the

expected change in'Y due to D given V' if

ms,@*(P)(d,ansaX) ag. ms,@*(P)(da D*S>X)a VP e Pfa d >de D87 s € [5]7

Mgy (A, D_y, X) 'S mygepy(d, D_y, X), VP EPS d >deD,, sel9)

A.2 Sufficient Conditions for Weak Diagonal Sign Preservation
This section states sufficient conditions for weak diagonal sign preservation. As in the

main text, I begin with a high-level condition (Assumption 10) that implies that the model-

implied diagonal partial effects are a positively weighted average of the true partial effects.

This is formally stated in Lemma 3.

Assumption 10. The estimand 0* : P — O is unique and satisfies
S
Z Ep(Ds — Ep[Dy|D_s, V])(Ys — mgg-p(D,V)) =0, VP eP. (7)
s=1

Lemma 3. Suppose that Assumption 10 holds, then VP € P,

S J

ZZEP EPY|D djaD—saV} EP[Y|D j 1,D_8,V])CUSP(],D_S,V)}

s=17j5=2

s (8)
- ZZEP ms@de—SvV) ms,e(dj_l,D_S,V))MS’P(j,D_&V)]7

s=175=2

where
ws,p(4, D_s,V) = (Ep[Ds|Ds > dj, D_5, V] — Ep[Ds|Ds < dj, D_,,V])
x Pr(Ds > d;|D_s,V)Pr(Ds < d;|D_, V).
Proof. Fix an arbitrary P € P.

Note that for Dy = {ds,...,d;}, we can write

Ep|Y|D,V] = Ep|Y,|D, = dy,D_,,V] +ZA (D_,,V),

=2
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where
Al p(D_, V) = EplYy|Ds = d;, D_, V] — Ep[Y;| Dy = d;_1, D_,, V.

Similarly, V0 € ©,

mso(D, V) =msg(di,D_s, V) + ZA (D_s, V),

j=2

where

A y(D, V) =myp(dj, Doy, V) — myg(dj_1, D_y, V).

Let 0 = 0*(P). By Assumption 10, we then have

S
0= 3 Ep(D, = Ep[Dy|D_y, VI)(Y: = myproy (D, V)
s=1

S
= ZEP(DS - EP[DS‘D787 V]) (EP[YS‘DS = dla D*S? V] - ms,@*(P)(dla Dfsa V))
s=1

DS . .
+ Z Ep(Ds — Ep[Di|D_o, V)Y (AL p(D—, V) = Al . ) (D, V)
j=2
S
:]ZEPEP[(DS_EP[Dle—svv]ND—SaV} (EP[Y;‘|D5 :dlvD—sav] Ms.e+(P (dlaD—svv))
s=1
S J
+ 3 Y Ep(Ds — Ep[Di| D, V) 1{d; < D} (A) p(D_,, V) = AL . ) (D-, V)
s=17=2
= 3 Y EpEp[(Ds = Bp[Da| Dy, V) I{d; < DD, V] (AL p(D_, V) = A oy (D, V)
s=1j=2

where [1] and [2] follow from the law of iterated expectations. As a consequence,

ZZEPA D S,V)wsp(j,D S,V ZZEPASH* D s,V)wsp(j,D S,V)

s=175=2 s=175=2
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where, Vj € [J]\ 1,

ws.p(j, Dy, V) = Ep[(Dy — Ep[Ds|D_,, V])1{d; < D,}|D_,, V]
— (Ep[D,|D, > d;, D_,, V] — Ep|[Dy| D, < d;, D_,, V)

a.s.

X Pr(Dg > d;|D_s, V) Pr(Ds < d;|D_5, V) > 0.
Since the choice of P € P was arbitrary, this concludes the proof. m

As shown by Proposition 3, Assumption 10 is sufficient under additional restrictions on
the researcher’s model as stated in Assumption 11. Note, in particular, that commonly used

multinomial Logit models as in Examples 10 and 11 satisfy Assumption 11.

Definition 11. A class of scalar-valued functions mg on D x V indexed by 6 € © is said to

be diagonally monotone in D given V if, Vd € ©, P € P,s € [9],

{ms,e(d/, Doy V) S myg(d, Dy, V), Vd > d € DS}

or {ms,g(d', Do V) S mey(d, Do, V), ¥d > d € DS} .
Assumption 11. The researcher’s model my is diagonally monotone in D given V.

Proposition 3. If assumptions 10 and 11 hold, then 0* is weakly diagonal sign preserving

for the expected change in'Y due to D given V.

Proof. Note that Lemma 3 applies by Assumption 10. By Assumption 11, my(p) is diagonally
monotone in D given V| so that the right hand side of (8) is either a positively weighted
sum of weakly negative terms or a positively weighted sum of weakly positive terms. Hence,

the sign of the right hand side (weakly) determines the sign of all terms in the sum.

Now, if P € Pf, then Lemma 3 implies

M-

0 S EP [(ms,é(dja D,S, V) - ms,@(djfla Df& V))“s,P(jansa V)] ) Vs € [S]

2

J
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Hence, since w;s p(j, D—s, V) G'ZS- 0, diagonal monotonicity implies
Mg (py(d, D_o, V) = mygepy(d, D_,V), Vd >deD,selS)
Analogous arguments imply that if P € P, then
Mg (py(d, D_y, V) 'S mygepy(d, D_, V), Vd >deD,sel[S)
Since the choice of P € P was arbitrary, this concludes the proof. O

To show that the multinomial Logit linear index PMLE can also satisfy Assumption 10,
I state a simple set of alternative moment conditions in (12). See Example 12. Corollary 5
then confirms diagonal sign preservation of the corresponding estimand under identification
and three additional conditions: 1) The feature D, is mean-independent of the other features
D_; given V', 2) the conditional expectation of Dy given V' is linear, and 3) Ep[Dg|V] is the
same for all choices s € [S]. All of these conditions are strong. In industrial organization
and quantitative marketing applications where multinomial Logit estimands are applied to
study, for example, own-price elasticities, it is not commonly assumed that the vector of
prices is mutually mean-independent. Linearity of E[D,|V] is guaranteed only for saturated
V' or randomly assigned D. The assumption of equality of E[D,|V], perhaps, seems most
difficult to motivate, however, since it does not even permit differences in the unconditional

mean of D, for different goods s € [S].

Assumption 12. The estimand 0* : P — © is unique and satisfies

S S
Y EpDy(Ys = msp(p)(D,V)) =0, Y EpV(Y; —myep)(D,V)) =0, VYPeP. (9)

s=1 s=1
Example 12 (Multivariate Linear Index NEF-PMLE). Consider the pseudo mazimum like-

lihood estimand that maximizes the likelihood of Example 10, or equivalently,

0*(P) = argenéax Ep[ns(D, 'y — A(ne(D, V)],
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where 0 = («, 8). The first order conditions with respect to « is

ZEP (Ys = A%(ne(D, V)))] = 0,

where A® denotes the partial derivative of A with respect to its sth argument, and similarly

for the first order conditions with respect to 3, we have
> Ep[V(Ye = A(ns(D, V)] = 0.

By properties of natural exponential families, we have A*(ne(D,V)) = mso(D, V). Hence,

the multivariate linear index NEF-PMLE satisfies (9).

Corollary 4. Suppose that assumptions 11-12 hold. If in addition VP € P, Iyp € RV :
Ep[D,|D_,, V] =V Typ,Vs € [S], then 0* is weakly diagonal sign preserving for the expected

change in'Y due to D given V.

Proof. Fix an arbitrary P € P.

By Assumption 12, we have ¥y € RVl that
STEpV (Y — mygp)(D, V) = 0.
s=1

Take p satisfying Ep[Dy|D_,, V] = VTvp,Vs € [S], which was assumed to exist in the

statement of the corollary. Then, by Assumption 12, we have

0= EpDy(Ys — Mygp)(D, V) = EpV T vp(Ys — mage(p) (D, V)
s=1

=Y Ep(Ds = V'7p)(Ys — myge(p)(D,V))
s=1

= SZEp(D, ~ Bp[D,ID- VI)(Y: — mager(D. V)

Since the choice of P € P was arbitrary, this implies that Assumption 10 is satisfied.

Applying Proposition 3 completes the proof. O]
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To avoid two of the three strong restrictions on P that suffice for diagonal sign preser-
vation of the multinomial Logit linear PMLE of Example 10, I provide alternative sufficient
conditions in Assumption 13. As shown in Example 13, these weaker conditions are satisfied
by the multinomial Logit partially linear index PMLE. Corollary 5 then shows that diagonal
sign preservation can be guaranteed without parametric restrictions on E[D;|V]. In contrast
to the results of Corollary 2 of the main text, however, mean-independence of Dy and D_
given V is still used in the statement of Corollary 5. Exploring alternative multinomial
Logit estimands that can be guaranteed sign preserving robustness properties without these
restrictions on the joint distribution of (D, V') might thus be an interesting area for future

research.!?

Assumption 13. The estimand 0* : P — O is unique and satisfies

S
> EpDy(Ys — myg-(p)(D,V)) =0, Ep[Ys —mgpp)(D,V)|V] £ 0, VP eP. (10)

s=1
Example 13 (Multivariate Partially Linear Index NEF-PMLE). Consider the pseudo maz-

imum likelihood estimand that mazimizes the likelihood of Fxample 11, or equivalently,

0*(P) = ar%géax Ep[ne(D, V)Y — A(ne(D,V))],

where 0 = (a, by, ..., bg), with bs : V — R,Vs € [S]. The first order conditions with respect

to o is

> Ep[D(Y; — A*(ne(D,V)))] = 0.
s=1
For every s € [S], the first order conditions with respect to by are

Ep[Ys — A*(ne(D, V))|V] = 0.

BIssues arising from mutually dependent D are closely connected to contamination bias arising in linear

regression (see, e.g., Goldsmith-Pinkham et al., 2024).

35



By properties of natural exponential families, we have A*(ng(D,V)) = mse(D,V). Hence,

the multivariate linear index NEF-PMLE satisfies (10).

Corollary 5. Suppose that assumptions 11-13 hold. If in addition Ep[D,|D_,, V] “= Ep[D,|V], Vs €
[S], then 0% is weakly diagonal sign preserving for the expected change in'Y due to D given
V.

Proof. Fix an arbitrary P € P.

By Assumption 13, we have V(h,)2_, where h, : V — R that
Z:l Ephs(V)(Ys — mgp+p)(D,V)) = 0.
Take (hsp)S_, where h, p(V) = Ep[D,|V],Vs € [S]. Then, by Assumption 13, we have
0= ZlEpD (Y, = myge(p) (D, V) ZEphsp )(Yy = myge(p) (D, V)
= ZlEP(DS — hs p(V))(Ys — ms () (D, V))
—ZEP s — Ep[Ds|V])(Ys — myp-p) (D, V))

- ZEP _EP D |D—37V])(Y s 0+( (D V))

where the final equality follows from Ep[D,|D_,, V] 2 Ep[D,|V],Vs € [S] which was as-

sumed to exist in the statement of the corollary.

Since the choice of P € P was arbitrary, this implies that Assumption 10 is satisfied.

Applying Proposition 3 completes the proof. O

B Proofs of the Main Results

B.1 Proof of Proposition 1
Take any 6 € 6*(P). Let Py = {P € P : *(P) = 0}. The goal is to show that

PoNPyy # 0 and Py P__ # 0. The proof constructs a distribution P with strictly negative
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partial effects with respect to D given V such that (a) 0*(P) = 0, (b) Ep[Y|D, V] € int()) =
(y,7), (c) the support of (D, V) is D x V. Given this P, it follows that P € PyNP__ # 0.
A distribution with strictly positive partial effects satisfying (a)-(c) can be found using

analogous arguments. I omit the full derivation here to avoid repetition.

B.1.1 Setup

Let A} = mg(d;, vk), ¥(j, k) € [J]x [K] and note that AJ, € (y,7) by Assumption 2. Similarly,
let f17 = fi(d;,vr), B3% = hi(d;, vg), and 127 = 13(d;,vy.). Let (d',d") be those elements of D
that satisfy Assumption 3, and let (J’, J”) be the corresponding indices, respectively. Fur-
ther, let (v', 0", v"") be those elements of V that satisfy Assumption 3, and let (K', K", K")

be the corresponding indices, respectively.

To define a distribution P € P__, I choose values for the corresponding conditional
expectation functions Ep[Y'|D, V] and the corresponding joint mass function Prp(D = d,V =
v). I define P as a perturbation of a distribution PepP (not necessarily with strictly
negative/positive partial effects) where g = Ep[Y|D = d;,V = v;] = A} and where p] =
Prs(D = d;,V = wy) are arbitrary strictly positive probabilities. By Assumption 2, P

satisfies (a)-(b), and by Assumption 1, P satisfies (c).

B.1.2 Construction of P with strictly negative partial effects

The perturbations for P are defined by shifting the values of the conditional expectation
function. In particular, defining g, = Ep[Y|D = di, V = i), consider

G4 —r +yje= Al —1' +vje  ifk=K'

G+c —r"+ryje=A" —r"+yje  ifk=K"

Gt — "+ yje= Al — "+ yje if k= K"

G+ b+ yje = Al + yje if ke [K]\ {K', K", K"},
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where (r',r” r" ~, €) are numbers that I choose, and 0,7g =Al" - Ai, bi = Al — Ai,‘v’(j, k) €

[J] x [K], are given (since € is fixed). Note for v = —1, we have
giJrl_gi:_Ev v]227k€ [K]

Hence, for arbitrary choice of (r',r”, ") € R? and arbitrary positive € > 0, a joint distri-
bution with conditional expectation values gi would correspond to strictly negative partial

effects when v = —1.14 For the remainder of the proof, I let v = —1.

B.1.3 Construction of P satisfying 0*(P) =0

In order for P to satisfy 6*(P) = 6, P must satisfy the moment conditions given by Assump-
tion 2. Note that P € P constructed previously trivially satisfies the moment conditions —

that is, Vq € [Q],
0= fi'(G — A, 0= dil" (G — ADp, 0= i’ (G — ADpi, (12)
ik ik ik
Solving (11) for §] results in
gL—bp+r' +je ifk=K
gi—ci—l—r”—i—je if k=K"

g —d+r"+je ifk=K"

gl — ¢ + je if ke [K]\ {K', K" K"}.

1 Similarly, the distribution would have strictly positive partial effects when v = 1.
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Substituting into (12) we have
0=> fi"(gl — Al
ik

+ 3 fE W 1"+ G + 3 I (—Chor + 1" + )
J J

+ Z fjv‘/]ﬂ(_C]I‘{”/ + ’]"”, =+ jE])p%(/// + Z Q£7q(_clj<u‘ + je)p‘ljc
j SRR KKy

0=">d;hi" (gl — Al
" (14)
+ Z d]h?(%(_b]]{’ + T/ + jGDPJK/ + Z djh?f{q//(_C]K// + T/, + jE])p]I{//
; -

J

0=>uli* (gl — A)pi
ik

+ VKt Z l%’(g(_bJK/ + 7", —I— ]6])73]K/ + VK" Z l'}g,(_ci{” + T,/ + je])p]k,,
J J

+ VEKm Z l%ﬁ//(_cyf'(/// -+ 7'”/ + ]6] )p]].(m + Z ’Ukli’q(—C']i + je)p‘l?ﬁ
j j,kg{K/,K//,K///}

Vq € [Q]. Clearly, 6*(P) = 6 if, Vq € [Q)],
0= Z f;é?(ij/ + 7", + je])pjl(/ + Z fi(’(/]/(_CJK// + TN + jﬁ])p%(//
J J
+ Z fj7(/1// (_CJ['(/// + T,N + je] )p]k,,’ + Z qiyq(_c]i. + je)pi
i jkg{K' K" K"}

0=3" ;WA (=l + 7'+ je) )Pl + > AW (—Chen + 1"+ je]) Phen (15)
J

J

0=vir D I35~V + 7" + jel)Pher + vien D 15 (—Chen + 1" + je])Phen
j j

o S B (e + 7" + P+ Y wll(—dl + jepl.
j j,kg{K!,K”,K!//}

B.1.4 Construction of P such that P P

As illustrated above, arbitrary choices of (7', 7", 7""), € > 0, and probabilities (pi,) ;& such that
(15) holds imply that P has strictly negative partial effects and that 0*(P) = 6. It remains

to show that such a P exists that also satisfies (b) Ep[Y'|D, V] € int(Y) = (y,7), and (c) the
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support of (D, V) is D x V. I do so by first writing the solution of (15) in r = (+', 7", r") " as

a function of ¢ and the probabilities (p});. Then, I show that this solution in 7 is arbitrarily
small as € and (p},); are taken to be arbitrarily small (but strictly positive) values. (c) then
follows directly from strictly positive (p},);x, and (b) follows from the fact that e and the
solution in r can be taken to be arbitrarily small so that combining with (11) and the fact
that A} € (y,7) by Assumption 2 delivers the desired result.

For some § > 0 (that I choose), set pj, = 0,Y(j, k) € ([J]x[KP)\{(J', K"), (J", K"), (J", K")}.

Also fix pf, = 3, Pl = 3, and so Pl = 5 — 0(JK —3), for 6 > 0 sufficiently small such
that Y., ph = 1.

Rewriting (15) in matrix notation, we have

—Ase = My, (16)
T
= 1,1 1,2 1,3 q,1 q,2 q,3 Q.1 Q.2 Q.3 i
where A6’E - |:A5,e Aé,e AE,E t AE,E Aé,e A5,e T Aé,e A5,e Aﬁ,e with
1 J’ ! " " //7 "
Ag:e = EJ, K/qpi(/ + EJ”f //7qpi(// + EJ”fK///qp]J(///

JET AT
+ 3 f(=chem +jODm + > 1 (—cl + je)pi,
j#JN j,ké{K!7K!l7K!//}
J,fJ//’q e],/fjl/,/q J”fJ//l/’/q "
— (LK K" 4 —8J" L (JK — 3))
3 3 3
+6< STV +de) + D fE(—Chen + je)
JAT "
+ Z f}j(’(/]//(_cji'(u/ + jE) + Z iz’q(—C’i + ]6)) y
j#J// j,kg{K!,K!/’Kﬂl}
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2 _ J / J", 17 , 1
Agﬁ = EdK/J hK/qp},(/ + EdJ//J h //qpi(// ‘I‘ EdJ//J h/K///qu{m

+ 3 @RV + GO + Y dihiE (—Chen + je)

A AT
+ Z d hK’” K’” + jE)ijm Z d]hi’q<—C£ + j€>p']]€,
GEI Jkg{K' K" K"}
dpJ' b dyn J" s dyn "Bt ’
= (e B e B B S b (K — 3))
3 3 3
+(5< Z djhf;’(q/( +]€ Z d hK” K” +]€)
G£T! GEI
+ Y dihiE (—Chem + j€) + > d;h(—c} +j6)>,
GEJ! G k(K K" K"}
A56 = GUK/JIZIJ;;qpi(// + E'UKNJNZK// pg(:/ + EUK'”J ZK/// p%;//
+ VK Z l +]€)pJK/ + VK Z lK” CJK// _'_je)
7 foy
togm S B (—Chew + jOhen + S wld(—d + je)pl,
j#J// J kg{K/,K/I,K///}
/J/ljl;q //J//ZJ/;/ ///J l /// "
= €(UK K UK K UK K 5(],/?}[(///[{(/;/(1((][( - 3))
3 3 3
+ 5<UK/ Z l%€<_bj 12 +]€) + UK// Z l?{?/(_CJKH +]€)
A AT

+ogm > U (—Chom + je) + > vl (=, +j€)>>

JAI" Gk KK

where I used that by, = 0, cfn = cjon = 0. Further, M; is an 3Q x 3 matrix

Ms = |MPt M2 M MEY MP? MPP L ME MEP Mg?ﬁf
with
Fi ok + Dt [l f’J(/q +0 fid
Myt = f é’/’/,qp%;/ + 2 | 2 e f}i// + 0> fi
Fien Dl + g Fiwhm f’i”’ + O(Sjpn [l + Fiil(3 = JK))
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dJ’hK/pK/ + Zj;é]/ d hK/pK/

q,2 __ , ” , i _
M(S = dJ//hK//qu(u + Zj;ﬁ]” d]h'}{q//p‘}(// - KN + 5 Z]#J” d hK” 3
dJ//h

dy A S SO 0 K”’ + 5(2#J,, d;h8, + dynhiid(3 — JK))

J, ’ g j v /l i,
vie (U Pl + X e UEPT) = K/ + 6o 3y U
//
RS S J", " R 1 _ v //l 4 B
M§ - ’UK//(lKqu}](// + Zj;ﬁ]” l'}((;/p%(//> - M + 5UK// Zj;ﬁ]” l%{?/
J”7 " j, 1 v ///l ' J"
,UK//’(ZK///qp{{/N + Zj;ﬁJ” l'}{(%//p‘}(///) M + 5UK”’ (Z j#£J!" lK”/ + l " (3 - JK))
Now note that
-
lim My=M= 3 MM MY M oM™ MY MY
+
where
J', J’, J',
K/q dJ/hK/q UK/lKlq
=q,1 7 79,2 1 7 =793 1 J"
M = 9 fKu’q ) M - 5 dJ’/hK/;q ) M = 5 UK//lK/;q
3 3 3
/I, J//, JH,
K”lq dJ//thq UK///leq

By Assumption 3, it thus follows that M has full column-rank so that lims_,, o M, S M =
MM is non-singular. Hence, by continuity of ||-|| and continuity of the inverse, lims_, o ||(My M;) 7| =

0(1).

Further, note that lim 5)-, (0,0) My Qs = 0. Combining, it then follows that

(e,6)—+(0,0) ‘< 0 5) § =9, ’ ~ (&8)—4(0,0) ”( 0 5) ”” § =0, ||2

where the first inequality follows from Cauchy-Schwarz.

It then follows from (16) that r = (+/,r”, ") can be made arbitrarily close to 0 by

choosing (¢, 6) > 0 sufficiently small as desired. This concludes the proof.
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B.2 Proof of Lemma 1

Fix an arbitrary P € P. Note that for D = {d;,...,d;}, we can write

D .
EplY|D, V] =EplY|D =di, V] + > AL(V),

=2

where A}L(V) = Ep[Y|D = d;,V] — Ep[Y|D = d;_,, V]. Similarly, V0 € ©,
D .
mg(D, V) = mqg(d1, V) + D 2y(V),
j=2

where A)(V) = mg(d;, V) — mg(d;_1, V).

Let 8 = 6*(P). By Assumption 4, we then have

0= Ep(D — Ep[D[V])(Y = mg-(p)(D, V)

= Ep(D — Ep[D|V]) (Ep[Y|D = dy, V] — mg-(p)(ds, V)

+Ep(D - Ep[DIV]) S (A?D(V) - Ag*(m(v))

=2

= EpEp((D — Ep[DIV])IV] (Ep[Y|D = di, V] — mg-(y (1, V)

+ > Ep(D — Ep[D|V)1{d; < D} (AL(V) = Ab. (1) (V))

Jj=2

J . .
2 Y EpEp|(D ~ Ep[DIVI)L{d; < DYV] (Ab(V) = &) ) (V))

j=2
where [1] and [2] follow from the law of iterated expectations. As a consequence,
J ' J '
Z EPA%(V>WP(‘77 V) = Z EPAé*(P) (V)WP(ja V)?
j=2 j=2

where, Vj € [J]\ 1,

wp(),V) = Ep[(D = Ep[D|V])1{d; < D}|V]

a.s.

Since the choice of P € P was arbitrary, this concludes the proof.
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B.3 Proof of Proposition 2

Fix an arbitrary P € P. Note that Lemma 1 applies by Assumption 4. By Assumption
5, my(p) 1s monotone in D given V, so that the right hand side of (4) is either a positively
weighted sum of weakly negative terms or a positively weighted sum of weakly positive terms.

Hence, the sign of the right hand side (weakly) determines the sign of all terms in the sum.

Now, if P € P, then Lemma 1 implies
J
Z m9 dJ7V) (dj_l,V))Wp(j, V)] :
Hence, because wp(j, V) a'Zs' 0, monotonicity implies
Mo+ p)(d V) > mg* (d, V), \V/d/ Z d eD.
Analogous arguments imply that if P € P_, then
Mg~ p)(d V) < Mg« (p (dl V), vd >deD.
Since the choice of P € P was arbitrary, this concludes the proof.

B.4 Proof of Corollaries 1-3
B.4.1 Proof of Corollary 1
Fix an arbitrary P € P. By Assumption 6, we have Vy € RVl that EpV (Y —mg-p)(D,V)) =

0. Take vp satisfying Ep[D|V] = V Tvp which exists by linearity of Ep[D|V]. Then, by As-

sumption 6, we have

0= EPD(Y — mg*(p)(D, V)) EPV ’}/p(Y mg* (D V))
=Ep(D =V p)(Y — mg-(p)(D,V))

= Ep(D — Ep[DIV)(Y — mg-(p)(D,V)).
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Since the choice of P € P was arbitrary, this implies that Assumption 4 is satisfied.

Applying Proposition 2 completes the proof.

B.4.2 Proof of Corollary 2

The proof uses similar arguments as the previous proof and is included here for completeness.
Fix an arbitrary P € P. By Assumption 7, we have Eph(V)(Y — mg-p)(D,V)) = 0 for

all Lo-integrable h : V — R. Take hp(V) = Ep[D|V]. Then, by Assumption 7, we have

0 = EPD(Y — m€*(p)<D7 V)) — Ephp(V)(Y — mg*(p)(D, V))
= Ep(D = hp(V)(Y = mg-p)(D,V))

— Ep(D — Ep[D|V])(Y = mg-py(D, V).

Since the choice of P € P was arbitrary, this implies that Assumption 4 is satisfied.

Applying Proposition 2 completes the proof.

B.5 Proof of Corollary 3

The proof uses similar arguments as the proof of Proposition 2 and Corollary 2 and is

included here for completeness.
By Assumption 8, we have Ep[h(V)(Y — mg«p)(D,V))|V] = 0, for all Ly-integrable
h:V — R and P € P. Take hp(V) = Ep[D|V], then by Assumption 8, we have

0= BplD(Y = e (DV)V] = Bplbe(V)O = momDVIIV]
— Bpl(D — Ep[DIVI)(Y = mgem (D, V)V], WP €P.

I continue with proving a simple intermediate lemma analogous to Lemma 1.
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Lemma 4. Suppose that the estimand 0* : P — © is unique and satisfies (17), VP € P.

Then, VP € P,v eV,

M~

<
Il
)

<
[|
N

I
M

where wp(j, V') is defined as in Lemma 1.

(mo(dj,v) —mg(dj-1,v)) wp(j,v),

(Ep[Y|D =d;,V =v] —Ep[Y|D =d; 1,V = v]) wp(j,v)

Proof. Fix an arbitrary P € P. Also fix an arbitrary v € V. Now let P, denote the

joint distribution of (Y, D)|V = v. Replacing P with P, in the proof of Lemma 1, as well as

replacing references to Assumption 4 with references to (17), then gives the desired result.

O

To finish the proof of Corollary 3, fix an arbitrary P € P.,v € V. Note that Lemma 4

applies. By Assumption 5, mg«(p) is monotone in D given V', so that the right hand side of

(18) is either a positively weighted sum of weakly negative terms or a positively weighted

sum of weakly positive terms. Hence, the sign of the right hand side (weakly) determines

the sign of all terms in the sum.

Now, if v € V., then Lemma 4 implies

J
0< ; (ma(dj,v) —me(d;_1,v)) wp(j,v).

Hence, because wp(j,v) > 0, monotonicity implies
me«py(d', v) > mg+py(d', V),
Analogous arguments imply that if v € V_, then

mg*(p) (d/, 'U) S mg*(p) (d/, 'U),

Since the choice of P € P and v € V was arbitrary, this concludes the proof.
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B.6 Proof of Lemma 2

Note that, Vd',d € D,

CATEL (V) = Ep[g(d,U)|V] — Ep[g(d, U)|V]
= EP[g(Dv U)lD =d, V] - EP[g(D7 U>|D =d, V]

=EplY|D=d,V]-Ep[Y|D =d, V],

where the equalities follow from Assumption 9. Substituting the final expression for CATE%’d(V)

in (a)-(c) gives the desired results.
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