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IN THIS SUPPLEMENT, we extend our analysis of the linear instrumental variable model to
allow for multiple endogenous variables.

S1. THE FF AND FAS FOR MULTIPLE ENDOGENOUS VARIABLES

Theorem 1 characterizes the identified set for the vector of coefficients on the endoge-
nous variables, as a function of the exclusion restriction relaxation. Our subsequent char-
acterizations of the falsification frontier and the falsification adaptive set, however, re-
stricted attention to the case with just one endogenous variable; see Proposition 2 and
Theorem 2. In this section, we extend these two results to the general case with K > 1
endogenous variables. These results can also be used if, for example, a single endogenous
variable has interactions with covariates or if the outcome equation is nonlinear in this
variable.

In this general case we assume all instruments are relevant for simplicity. To state our
new assumption, we consider submatrices of I. Let L C {1, ..., L}. Let I, be the |£| x K
submatrix of II formed by removing all rows ¢ ¢ L. Let 7, denote the ¢th row of the
matrix II. We strengthen and generalize assumption Al as follows.

ASSUMPTION Al’—Relevance: The following hold:
1. Forall L {1,..., L}y with |L| =K, 1l has full rank.
2. Forall LCA{1,...,L}suchthat |L| =K +1, {m,: £ € L} are affinely independent. That

is,forall L=1{¢t,, ..., Lk},
11 ... 1
7Tg1 ’7ng e ’7TgK_H

A1.1" implies that any set £ of K instruments uniquely define the coefficients B2 =
IT;' ., where . equals the subvector of ¢ after removing all components ¢ ¢ L. B5'
is the population 2SLS coefficient on X using Z. as excluded instruments and Z_. as
controls. Here we partition Z = (Z,, Z_,) based on the indices in L.

A1.2" means that there does not exist a hyperplane that passes through all of the 7,
vectors. It is equivalent to linear independence of (7, — 7y, ..., m — 7).

has full rank.
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2 M. A. MASTEN AND A. POIRIER
For |£|=K +1, let
c =conv({BR, : L e L}).

This is the convex hull of K + 1 just-identified 2SLS estimands in R¥. We show that the
falsification frontier and the falsification adaptive set can be constructed from P..

PROPOSITION S1: Suppose Al’, A2, and A3 hold. Suppose the joint distribution of
(Y, X, Z) is known. Then the falsification frontier is the set

FF={6€R§06[=‘¢2—7T;b

,beP,, LS{L,...,L},|L] =K +1}.

THEOREM S1: Suppose Al', A2, and A3 hold. Suppose the joint distribution of (Y, X, Z)

is known. Let
P= U Pe.

£S(1,...,Ly:|L|=K+1

Then P is the falsification adaptive set.

Like the K =1 case (Theorem 2), P can be computed by running a variety of 2SLS
regressions. Unlike that case, however, P is generally not convex, even though each P, is
convex. Nonetheless, we are often only interested in linear functionals of the coefficient
vector . For example, we often care about just one component of 8. The following corol-
lary shows that the falsification adaptive set for a linear functional of 8 again has a simple
form. For this result, let

FAS" =conv({BZ": L {1,...,L}, |L|=K}) (S1)
denote the convex hull of the set of all just-identified 2SLS estimands.

COROLLARY S1: Suppose Al', A2, and A3 hold. Suppose the joint distribution of
(Y, X, Z) is known. Then FAS™ contains the falsification adaptive set for B. Moreover, for
any a € RX the falsification adaptive set for o/ B is

min o B3, max  a/B"|.
£, LY L|=K £, LY|LI=K

This result shows that the FAS characterized in Theorem S1 is contained in the simpler
set FAS™. It also shows that we can simply cycle through all possible just-identified models,
compute the corresponding 2SLS estimand, take the convex hull, and project it onto one
component to get the FAS for that component.

To illustrate these results, consider the two endogenous variables (K = 2) and three
instruments (L = 3) case. Hence we have L = K + 1. Consider the left plot in Figure S1.
This plot shows possible values (b1, b,) of the coefficients on X. The exclusion restriction
from instrument £ imposes a single linear constraint ¢y, = m,b. These constraints are sim-
ply lines in R Since there are three instruments, there are three constraints. When these
three lines do not intersect at a common point, the baseline model is falsified. This case
is shown in the figure. Suppose we drop the exclusion restriction for instrument £. Then
two linear constraints remain, $ is point identified, and it equals the intersection point

133+ Repeating this for £ € {1, 2, 3} and taking the convex hull yields the falsification
adaptive set, which is shown as the shaded triangular region.
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FIGURE S1.—Example with K =2 endogenous variables. Left: L = 3 instruments. Right: L = 4 instruments.
In both plots, the falsification adaptive set for (81, B2) is the shaded region. In the right plot, the falsification
adaptive set for B; is shown as the projection onto the first component.

The right plot in Figure S1 illustrates the L > K + 1 case. Here we have K =2 and
L = 4. There are 6 different just-identified 2SLS estimands. The falsification adaptive set
is no longer convex. Nonetheless, the projection of the convex hull of all just-identified
2SLS estimands onto the first component gives the falsification adaptive set for 8,. More-
over, this projection can be computed by simply taking the largest and smallest values of
B1 among the just-identified 2SLS estimands, as shown in Corollary S1.

S2. PROOFS FOR SECTION S1

We next present a sequence of lemmas that lead to the proofs of the results in Sec-
tion S1. Here we omit proofs of some of the more straightforward lemmas, but full proofs
are available in Appendix K of Masten and Poirier (2020).

We begin by showing a basic geometric fact about the set FAS® when L = K + 1. Here
and elsewhere we use the notation B%}° = Bi** | |\ -

LEMMA S1: Suppose Al', A2, and A3 hold. Suppose L = K + 1. Then exactly one of the
following holds:

1. BB =55 forall £,0 €{1,...,L}.

2. mBES £ Y, forallte{l,...,L}.

The next lemma shows that, when L = K + 1 and FAS" is not a singleton, we can write
any element of RX as a weighted sum of our just-identified 2SLS estimands.

LEMMA S2: Suppose Al’, A2, and A3 hold. Suppose L = K + 1. Assume that FAS" is not

a singleton. Then for any b € RX there exist weights w,(b), ..., w. (b) such that 25:1 wy(b) =
1 and

L
b= w/(b)B%".
=1
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Define 6,(b) = |, — m,b| forall £ =1, ..., L. Let 6(b) = (61(b), ..., 6.(b)). We next
show that, in the L = K + 1 case, the identified set for B is a singleton for 6 = 6(b), and
b € FAS".

LEMMA S3: Suppose Al', A2, and A3 hold. Suppose L = K + 1. Let b € FAS". Then
B(8(b)) = {b}.

PROOF OF LEMMA S3: By Lemma S1, there are two cases to consider: FAS" is either a
singleton or a nondegenerate simplex in R¥.

Case 1. Suppose FAS" = {b} is a singleton. By the definition of FAS", this implies
that b = B2 for any £ C {1, ..., L} with |£| = K. It also implies 8(b) = 0,. Therefore
B(0.) =i, B:(0) = Meicimx (Neee Be(0)) = {b} by (M, Be(0) = {b}.

Case 2. Suppose FAS” is not a singleton. Then 8% # ¢, for all £ € {1,...,L}. We
prove equality of sets by showing that both directions of set inclusion hold.

Step 1 (2). First we show that B(86(b)) 2 {b}. By definition of 6,(-), ¢, — mb €
[—6.(b), 8,(b)] for all £. Thus, by the characterization of 3(-) in Theorem 1, b € B(8(b)).

Step 2 (C). Next we show that B(8(b)) C {b}. First suppose 6(b) = 0. In this case the
baseline model is not falsified and FAS" is a singleton. This is a contradiction. So we must
have 6,(b) > 0 for some £.

We will show that any element b* # b is not in B(8(b)). The set FAS™ is a polytope.
Consider its alternative half-space representation. The half-spaces correspond to one side
of the hyperplanes B,(0). Formally, write

L
FAS" = ("|{beR" : ¢y, — mb < 0}. (S2)

=1

We assume without loss of generality that all L inequalities go in the same direction.
This is because ¢, — wjzl; > 0 can be rewritten as —i, — ( —77215) < 0, which is equivalent
to replacing instrument Z, with —Z,. Neither the estimands %™ nor the set FAS™ are
affected by these sign normalizations.

Noting that B(8) is an intersection of half-spaces and evaluating it at 5(b) gives

L
B(3()) =({b eR": —8,(b) < ¢y, — mb < 8,(b)}

=1

L
:( {I;GRK:W—WEZ—We—Wéb“)

(=

—_

N (ﬂ{BERK:tpg—ﬂ'ﬂsf | — b })

=1

=P (b) NP,(b).

To complete this proof, it suffices to show b* ¢ P;(b). By Lemma S2, any element in R
can be written as a linear combination of the L different just-identified 2SLS estimands.
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In particular, we can write b* in this way:
L
b* = w(b")B%,
=1

where w,(b*) are weights that sum to one, Zf:] we(b*) =1.
Since b € FAS", ¢, — ;b < 0 for all £. This follows directly from our half-space repre-
sentation of FAS". Thus —|¢, — m,b| = ¢, — m,b for all £. Hence

L L
Pib)y=({beR: ¢y, — mb> |, — mb|} =(|{b e R : m(b—b) <0}.

=1 =1

So b* € Py(b) if and only if 7, (b* — b) < 0 for all £. Focus on just one ¢ for a moment.
Then

L

m(b* = b) = (wy(b") — wy(b))m B
s=1
= (wi(b) = wy(b)) e + (we(b*) — wy (b)), B~
s#L
= (e — mB%) Y (wy(b") — wy(b)).

s#L

The first line follows from Lemma S2. The second follows from i, = o, 8% when s # ¢
by the definition of these 2SLS estimands. The third follows from the difference in weights
summing to zero.

Next notice that ¢, — 7, 5 < 0. This follows from B*/* € FAS”, the half-space repre-
sentation of FAS", and since FAS" is a nondegenerate simplex. Suppose by way of contra-
diction that b* € P,(b). Then ,(b* — b) < 0 for all £. We have just seen that this implies
> sz (Wi (b*) —wy(b)) > 0 for all £. But now we have

L
0=> (w(b") —wi(b)) =D _(wy(b*) —wy(b)) + (we(b*) — w(D)).
=1 s#L

s

Thus w,(b*) — w,(b) = Zs#(ws(b) — wy(b*)) <0 for all £. Since w,(b*) — w,(b) sums
to zero, w,(b*) = w,(b) for all £. This implies b* = b, a contradiction. Thus b* ¢ P;(b).
Q.E.D.

LEMMA S4: Suppose Al’, A2, and A3 hold. Suppose L > K + 1. Let b € P. Then
B(8(b)) = {b}.

PROOF OF LEMMA S4: We prove set equality by showing that both directions of set
inclusion hold.
Step 1 (2). The proof of this step from Lemma S3 applies without modification.
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Step 2 (C). Since b € P there is some £ C {1, ..., L} with |£| = K + 1 such that b € P.
Let

Bo(8)=(")Bu(d).

tel

By Lemma S3, B,(8(b)) = {b}. By definition, B,(8) 2 B(8). Thus B(5(b)) C {b}. Q.E.D.

The following variation on Farkas’ Lemma (e.g., Corollary 22.3.1 on p. 200 of Rockafel-
lar (1970); Border (2019) provides an extensive discussion) is helpful.

LEMMA S5— Variation on Farkas’ Lemma: Lef x,, ..., x, € RX. Then Og ¢ conv({x, ...,
x,}) if and only if there exists a p € RX such that p'x; > 0foralli=1,...,n.

The next two technical lemmas are used in the proof of Lemma S8, which is then used
in the proof of Lemma S9.

LEMMA S6: Suppose Al holds. Suppose L = K + 1. Suppose FAS™ is not a singleton.
Then , — m,b = w,(b) (¢, — m,B") forall =1, ..., L.

LEMMA S7: Suppose Al' holds. Suppose L = K + 1. Suppose FAS" is not a singleton.
Without loss of generality (see equation (S2) and the surrounding discussion), write

L
FAS"=(\{beR":y, — mb <0}.

=1

Then there are no b € RX such that , — w,b >0 forall ¢ =1,...,L.

LEMMA S8: Suppose Al’, A2, and A3 hold. Suppose L. = K + 1. Consider the hyperplanes
{(beRX:mb=y,}fort=1,..., L. There exists a normalization of these hyperplanes such
that yr, >0 forall £=1,..., L and such that

Ok econv({m :£=1,...,L}) = Ogeconv({p¥*:£=1,...,L}).

LEMMA S9: Suppose Al', A2, and A3 hold. Suppose L > K + 1. Let b ¢ P. Then there
exists a &8 < 8(b) such that B(5") # 0.

PROOF OF LEMMA S9: Without loss of generality, suppose b = 0. This follows since
we can simply translate our coordinate system so that the origin is at b. Put differently,
we map all x € R¥ to x — b. Throughout this proof, we also use a normalization from
Lemma S8 where ¢, > 0 for all £. Next, there are two cases to consider.

Case 1. Suppose 8,(b) = |, — m,b| = ¢, > 0 for all £. Since b ¢ P, b ¢ P, =
conv({ %\L{S{} : £ € L}) for any £ with |£] = K + 1. Since b = O, Lemma S8 implies that
Ox ¢ conv({m, : £ € L}). This holds for any set £ such that |£| = K + 1. This implies
that Ox ¢ conv({m, : £ =1, ..., L}). To see this, assume Ox € conv({m,: £ =1,...,L}). By
Caratheodory’s theorem, (e.g., Chapter 17 of Rockafellar (1970)) Ok is then in the convex
hull of a (K + 1)-element subset of {7, : £ =1, ..., L}. Thatis, Ox € conv({m, : £ € L}) for
some £ with |£| = K + 1. This is a contradiction. B

Since O ¢ conv({m,: £=1,...,L}), Lemma S5 implies that there exists a vector b such
that m;b > 0 forall £ =1,..., L. Define b(e) = b + ¢b. Since ¢, > 0 and ;b > 0 for all
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¢, there exists an & > 0 such that ¢s, — ;b > 0 for all £. This implies that
0 < | — mb(&)| = | — m(8b)| = 8.(b) — &m,b < 8,(b)
by 8,(b) = ¢, and by 0 < &mr,b < i, for all £.
Let 8, = |¢, — m,b(&)|. We have shown that 6" < 6(b). Finally, by our characterization
of B(-) and the definition of &, we have b(g) € B(8'). Hence B(8') # @.
Case 2. Suppose 6,(b) =0 for some ¢’s. There can be at most K — 1 such indices, since

otherwise we would have b € P. Let £, denote the set of these indices. Since b = 0x and
8,(b) =0, ¢, =0 for £ € L. In this case, consider the subspace

{I;ERK:O=7TQI;,£EL’0}.

This is a linear subspace of dimension at least 1 (by |£y| > 0) and at most K — 1 (as noted

earlier). Within this subspace, we can look at the remaining indices {1, ..., L} \ £,. We
have 6,(b) > 0 for all of these indices. By restricting attention to this subspace we can
thus immediately apply the analysis of case 1. Q.E.D.

For the next two lemmas, let

FF = {8 e R, : 6, = |¢h, — m,b

=1,...,L,beP}

and let FF denote the true falsification frontier from Definition 1.
LEMMA S10: Suppose Al', A2, and A3 hold. Suppose L > K + 1. Then FF&"* C FF.

PROOF OF LEMMA S10: Recall the definition 6,(b) = |, — m,b|. Let 6 € FF&"**. Then,
by definition, there is a b € P such that ,(b) = &, for all £. Thus B(8) = {b} by Lemma S4.
Let 6 < 6(b). Then there is some index ¢ such that 0 < &, < 8,(b). So ¢, — m,b ¢
[—&), 8,] and hence b ¢ B,(8'). This implies that b ¢ B(&'). But since B(8") € B(6) = {b},
we must have B(8’) = @. Hence, by the definition of the falsification frontier, FF&"** C
FF. Q.E.D.

LEMMA S11: Suppose Al', A2, and A3 hold. Suppose L > K + 1. Then FF&"* 2 FF.

PROOF OF LEMMA S11: We will show the contrapositive: & ¢ FF*'** implies 6 ¢ FF.
Let 6 ¢ FF*"**, There are two cases to consider.

Case 1. Suppose § is such that 3(8) contains an element b ¢ P. By Lemma S9, there
exists &' < 8(b) with B(8") # @. Moreover, 6(b) < é by the characterization of B(6) in
Theorem 1. Thus 6 ¢ FF by the definition of the falsification frontier.

Case 2. Suppose & is such that B(8) € P. If B(6) = @, then 6 ¢ FF by definition. There-
fore we let B(5) # @. Let b’ be any element of B(5). Let 8’ = 6(d'). By b’ € P, &' € FF&*™
and by & ¢ FF&'**, §' #£ 8. Also, by b’ € B(8) we have &, = |y, — m,b'| < §, for all £. To-
gether these imply &' < 8. Moreover, we have 3(8') = B(8(b')) = {b'} # @ by Lemma S4.
Thus 6 ¢ FF, by definition of the falsification frontier.

All values of 8 must fall in one of these two cases. Therefore FF#*** D FF. Q.E.D.

PROOF OF PROPOSITION S1: This follows directly from Lemmas S10 and S11. Q.E.D.
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PROOF OF THEOREM S1: We have

LB =JB6EWw) =) =

8eFF beP beP

by Proposition S1 and Lemma S4. Q.E.D.

To prove Corollary S1, we use the following definition: Let P be a K x K matrix. Define
the linear operator p : RX — RX by p(a) = Pa. For A C RX, define the set proj(A) =
{p(a) eRE:a e A}.

We use the following lemma in the proof of the corollary.

LEMMA S12: proj(conv(A)) = conv(proj(A)).

PROOF OF COROLLARY S1: The first part of this result states that P C FAS™. To see
this, let b € P. Then b € P for some set of indices £ with |£]| = K + 1. But if b is a convex

combination of {B%},, : € € £}, then it is also a convex combination of the larger set of

elements {82 :S C{1,...,L},|S| =K}. Hence b € FAS".
To prove the second part, consider the K x K matrix

P = (a OK R OK)/ ,
where o € RX. For any set A C RX, let [A]; ={a; € R:a = (ay,...,ax) € A}. Since
P maps the 2, ..., K components of any vector a € R¥ to zero, it suffices to show that
[proj(P)1; = [proj(FAS®)], where
: * _ . / 2SLS 2SLS
[proj(FAS)], = [ﬁg(l,Til}r:lﬁ—Ka R e P B ] (83)

We have
proj(FAS") = proj(conv(P)) = conv({PBZ": LS {1,..., L}, |L| =K})
by Lemma S12. Using the specific form of P now gives equation (S3).
Similarly,

proj(P) = U proj(conv({BZly, : £ € L}))

£<{l,...,Ly:|£]=K+1

= U conv(proj({ By, : € € L})).

£<{l,...,Ly:|£]=K+1

The first line follows by proj(A U B) = proj(A) U proj(B) for any sets A, B C RX. The
second line follows from Lemma S12. Hence
[plroj(P)]1 = U [I}Eﬁna ,BZLS\LSZ}, max « BZCS\L{SZ ]
LE{L,...,L}:|L|=K+1
Thus we see that the first component of proj(P) is a union of closed intervals. If £ and £’
differ by at most one element, then the intervals

: 2SLS 2SLS : / 2SLS / 2SLS
[r?;cna By maxa' By u] and [I};g?a B Maxa 'Bz:’\m]
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have nonempty intersection. Their union is therefore a closed interval. Because we

take the union over all £ € {1, ..., L} such that [£] = K + 1, we can find a sequence
(L4, ..., Ly) such that

[mino/B2SLS max o/ B35 ] and [min o BB max o g5 ]
n

Leln 511\{5)’ lel l:n\[e} [€£n+l ‘CVH—I\{Z]’ ZEC,,+1 £n+l\{[}

overlapforn=1,..., N — 1 and such that Uf:/:l L,={1,...,L}. Thus

min o’ 28LS ma / Q2SLS ] — min / P2SLS ma / Q2SLS .
U [lec B leﬂxa B Eg{l,.‘.,i}:lﬁlzka B ol ..., L}ﬁﬁ\:Ka Be
L£LC{1,...,.L}:|L|=K+1
Putting everything together yields [proj(P)]; = [proj(FAS")], as desired. Q.E.D.
REFERENCES

BORDER, K. C. (2019): “Alternative Linear Inequalities,” V. 2019.10.23::09.57. [6]

MASTEN, M. A., AND A. POIRIER (2020): “Salvaging Falsified Instrumental Variable Models,” arXiv preprint,
arXiv:1812.11598v3. [3]

ROCKAFELLAR, R. T. (1970): Convex Analysis. Princeton University Press. [6]

Co-editor Guido Imbens handled this manuscript.

Manuscript received 27 December, 2019; final version accepted 24 November, 2020; available online 22 January,
2021.


http://www.e-publications.org/srv/ecta/linkserver/setprefs?rfe_id=urn:sici%2F0012-9682%282021%2989%3A3%2B%3C1%3ASTSFIV%3E2.0.CO%3B2-Y
http://arxiv.org/abs/arXiv:1812.11598v3

	The FF and FAS for Multiple Endogenous Variables
	Proofs for Section S1
	References

