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A. Proof of Lemma 1

We first present two conditions equivalent to the substitutes condition when
there are constraints. It is useful to define, for each A C D, e? € RP to be the
indicator function for A, i.e., the salary schedule with all outputs zero except

that e4(d) = 1 for every d € A. Write e .= e{® and 1 := e” for simplicity.

Lemma 3. For a revenue function R and a feasibility collection F, the following
statements are equivalent.

1. (Substitutes Condition) R|r satisfies the substitutes condition.

2. (Single-Improvement Property) For any salary schedule s and A € F such that
A ¢ X(s; F), there exists A" € F such that V(A;s) < V(A'ss), |A\ 4] <1,
and |[A"\ A| < 1.

3. (Monotone Substitutes Condition) For any two salary schedules s and s
with 8 > s, and any A € X(s;F), there exists A’ € X(s';F) such that
I(A,s,s') C A" and |A'| < |A].

Proof. There is a short proof of the equivalence between the substitutes condition
and the single-improvement property in our context; it is almost identical to the
one in Sun and Yang (2009), so we skip it. The monotone substitutes condition
obviously strengthens the substitutes condition.

We only need to show that the substitutes condition implies the monotone
substitutes condition. Take an arbitrary salary schedule s and A € X(s; F). For a
fixed doctor d, define o(8) = s + de?, where § > 0. Clearly, it suffices to prove the
conclusion for the case of s’ = ¢(0) where § is an arbitrary positive number. When
d¢ Ae X(s;F), Ae X(s;F), so setting A’ = A establishes the lemma. As a
result, we assume d € A.

If all feasible sets contain d, X (s’; F) = X (s; F), and setting A" = A establishes
the lemma. Otherwise let ¢* := V(A;s) — ¢*, where ¢* = max{V(B;s) : d ¢
B € F}. It is possible that ¢* = 0 or 6* > 0. We can make some observations.



Whenever 0 < § < 6%, A is optimal and II(¢(d); F) = II(s; F) —: when 0 < § < §%,
X(o(0); F) = X(s;F); at 6%, IlI(a(6%); F) = ¢* and X(o(6%); F) = X(s;F) U B,
where B:={B € F:d ¢ B and V(B;s) = ¢*}. Whenever 6 > §*, II(c(9); F) = ¢*
and X (o(9); F) = B: those in X(s; F) and containing d are no longer optimal.

If 6 < 0%, A€ X(s'; F), so setting A’ = A establishes this part of the proof. If
§ > 6*, choose € > 0 such that II(a(5*); F) —e > V(C;0(8*)) for every C € F not in
X(o(6%); F). Since A ¢ X (0(0* +¢€); F), by the single-improvement property, there
exists A’ C F such that |A\ A'| <1, |A"\ 4] <1, and

V(A50(6" +€) > V(A0 +€) =V(A;0(6")) —e=(c(5"); F) — ¢,

which implies d ¢ A’. Hence, I(A,s,s’) C A" and |A'| < |A|. We also have
V(A50(6%) = V(A0(00" +¢€) > I(o(0%); F) — e.  Since € is smaller than
the gap between the maximal profit and second best (if it exists) under o (%),
A" € X(0(6%); F). Since d ¢ A’, we also have A" € X (s/; F). O

Given this lemma, we can use the substitutes condition interchangeably with the
others. The single-improvement property is a natural extension of the concept in Gul
and Stacchetti (1999) to our setting with constraints; it states that any feasible but
suboptimal set of doctors can be improved upon by adding or dropping one doctor, or
replacing one doctor with another. The monotone substitutes condition is seemingly
stronger than the substitutes condition, but the above lemma demonstrates that

they are in fact equivalent.!:?

ForACcDandde D,let A+d:=AU{d} and A—d:= A\ {d}. A feasibility
collection F is exchangeable if for any A, B € F and d € A\ B, either A—d € F
and B+d € F, or there exists d’ € B\ A such that A—d+d' € F and B+d—d' € F,
or both.? It is well known that for R|z to satisfy the substitutes condition, F must
be exchangeable (Murota, 2016). As a result, preserving the substitutes condition
for any unrestricted revenue function R also requires F to be exchangeable.

Exchangeability requires that if a set of doctors and one of its proper subsets

Tt resembles the monotone substitutability condition of Hatfield et al. (2019), but our result is
not directly implied by theirs.

20ur equivalence result implies the law of aggregate demand (Hatfield and Milgrom, 2005)
when the substitutes condition is satisfied and demands are single-valued, that is, whenever s’ > s,
X(s; F) = {A}, and X(s'; F) = {A'}, we have |A'| < |A].

3This property is called B*-EXC by Murota (2016).



are both feasible, all sets between those two are feasible.

Lemma 4 (Discrete Continuity). For an exchangeable feasibility collection F,
A BeFand ACC C B imply C € F.

Proof. Let C\ A = {d1,da,...,d;}. We can apply exchangeability to B, A € F and
di € B\ A, and find that AU {d;} € F. We can then apply exchangeability to
B,Au{di} € F, and da € B\ (AU {d1}), and find that AU {dy,d2} € F. The
result that AU {di,ds,...,d;} € F follows from induction. O

For a feasibility collection F, we have X (F) := NacrA as its always-hired set
and x(F) = D\ (UserA) as its never-hired set, so x(F) = D\ (X(F) U x(F))
is its real-decision set. If F satisfies x(F) = D, we call it proper. For example,
a nondegenerate interval constraint, whose floor is not M and ceiling is not 0, is
proper. A proper and exchangeable feasibility collection can “separate” any two

distinct doctors.

Lemma 5 (Separability). For a proper and exchangeable feasibility collection F and
two distinct doctors d and d', there exists A € F such thatd € A and d' ¢ A.

Proof. Suppose, for contradiction, that for every A € F such that d € A, we have
d € A. Because F is proper, there exist B,C € F such that d,d’ € B and d’' ¢ C.
But then d ¢ C. We can apply exchangeability to B,C € F and d € B\ C, and
find that either C' + d is feasible, or there exists d’ € C such that C + d — d” is
feasible, or both. Because d’ ¢ C, the assumption at the beginning of the proof is
contradicted. O

A feasibility collection F is anonymous within AC Dif Be F,de€ ANB,
and d' € A\ B imply B —d+ d' € F. In other words, we can replace a member of
A in a feasible set with another member of A not in it to create a new feasible set.
The next lemma shows that if a proper feasibility collection preserves the substitutes
condition for a revenue function that is binary disjunctive over two doctors, then it

is anonymous between those two doctors.

Lemma 6 (Binary Anonymity). Given a binary disjunctive revenue function R
over d,d" € D and a proper feasibility collection F, if R|r satisfies the substitutes

condition, then F is anonymous within {d,d’}.



Proof. Consider an arbitrary A € F such that d € A and d’ ¢ A. Since F must be
exchangeable, according to the last lemma, there exists B € F such that d’ € B and
d ¢ B. Consider a salary schedule that is 0 except that s; = 1. The profit of B is 1
and the profit of A is 0. To achieve single improvement (Lemma 3) over A, adding
or removing a doctor is not helpful, which leaves the option of replacing one doctor
with another. Only replacing d with d’ strictly increases profit, so A —d +d' € F.

The case of d' € A and d ¢ A is symmetric. O

A proper feasibility collection not defined by an interval constraint fails
to preserve the substitutes condition for the class of binary disjunctive revenue
functions. Before the proof, for a collection of finite sets G, denote the maximal
cardinality of its elements by @w(G), and let Q(G) = {G € G : |G| = w(G)}; denote
the minimal cardinality by w(G), and let Q(G) ={G € G : |G| = w(G)}.

Lemma 7. If a proper feasibility collection preserves the substitutes condition for

all binary disjunctive revenue functions, then it is defined by an interval constraint.

Proof. By Lemma 6, F is anonymous within all pairs of doctors, and thus within
D. By anonymity, all sets of doctors with the minimal cardinality w(F) and the
maximal cardinality w(F) are feasible. We only need to show that for any A C D
such that w(F) < |A| < @(F), A € F. But F must contain a proper subset of A
with the minimal cardinality and a set with the maximal cardinality that includes

A. We can apply Lemma 4 to these two sets and see A € F. O

Proof of Lemma 1. We prove the contrapositive. Let F be a feasibility collection not
defined by a generalized interval constraint. Consider a proper feasibility collection
F ={ANx(F): Ae F} on D = x(F); F' is proper but not defined by an
interval constraint, so by Lemma 7, it fails to preserve the substitutes condition for
all binary disjunctive revenue functions on 20" Hence, there is a binary disjunctive
R : 2P" - R such that R'|z fails the substitutes condition. Extend R’ to 2P by
making R(A) = R'(AN x(F)) for every A C D. It is routine to check that R is

binary disjunctive but R|r fails the substitutes conditions. O



B. Proof of Theorem 1

We establish several properties of demand correspondences that satisfy the
substitutes condition. First, assuming the substitutes condition, the following
lemma demonstrates a rich structure of the collection of demand sets given a fixed
salary schedule. Whenever these demand sets feature multiple cardinalities, say,
with 7 as the maximum and m as the minimum, the collection is a union of
(m — m + 1)-element chains whose elements, with cardinalities covering all integers

from m to m, are totally ordered by strict set inclusion.

Lemma 8. If a demand correspondence X (-;F) satisfies the substitutes condition,
then for any salary schedule s and any A € X (s; F), there exists a sequence (A;j);cr,
where J = {w(X(s;F)),...,w(X(s;F))}, such that Ajq = A and for every j,
|Aj| =7, Aj € X(s;F), and Aj C Ajiq.

Proof. We first prove the existence of A; for j € {|A|+1,...,0(X(s;F))}, when
|A| < w(X(s;F)). Consider ¢ > 0 such that Me < II(s; F) — max{V(C;s) : C €
F\ X(s;F)}. Let 8/ =s —¢€l. Under s/, a suboptimal set C' under s can never
generate a profit of at least II(s; F), so X (s'; F) = Q(X(s; F)). Thus, A ¢ X (s'; F).
By the single-improvement property, there exists B € F such that |A\ B| < 1,
|B\ Al <1, and

V(A;s) + |Ale = V(A;8') < V(B;s') = V(B;s) + |Ble.

But A € X(s;F), so V(A;s) = I(s; F) > V(B;s). Therefore, |B| = |A| + 1 and
A C B. Moreover,

V(B;s) > V(A;s) —e = II(s; F) — ¢,
which implies B € X(s;F). Thus, B can serve as A4 4. Applying the same

argument to Ajg41, we get Ajqqo. Iteratively, other A; with j > [A| can be

obtained.

Now, we show the existence of A; for j € {w(X(s; F)),...,|A|—1}, when |A| >
w(X(s;F)). Let s” = s+ €l. Similar arguments give us X (s”; F) = Q(X(s; F)).
Thus, A ¢ X (s”; F). By the single-improvement property, there exists B’ € F such
that |[A\ B'| <1, |B'\ 4] <1, and

V(4;s) — |Ale = V(4;8") < V(B';s") = V(B';s) — |B|e.



But A € X(s;F), so V(4;s) = II(s; F) > V(B';s). Therefore, |B’| = |A| — 1 and
B’ c A. Moreover,

V(B';s) > V(4;8) —e = M(s; F) — ¢,
which implies B’ € X(s;F). Thus, B’ can serve as A4 _;. Applying the same

argument to Aj4_1, we get Ajq_o. Iteratively, other A; with j < [A| can be
obtained. ]

The next lemma shows how a hospital’s demand sets change when we adjust
salaries uniformly (uniform changes of salaries turn out to play an important role

in subsequent analysis).

Lemma 9. For a fized salary schedule s, let o(6) = s + d1 for every 6 € R. For
any revenue function R and feasibility collection F with W(F) > w(F), there exists
a unique strictly increasing sequence (0x)keic, where KK = {1,2,..., K}, such that
the following is true:

(i) for any k € K, 2(X(0(84): F)) > w(X(0(5); F));

(ii) for any § < 61, X (0(0); F) C QUF); for any § > 6k, X(0(0); F) C Q(F);
(iii) for any k € K\ {K} and 6 € (dk, Ok+1),

QX (a(0k); F)) = X(0(8); F) = QUX (0/(0p41); F)).

Moreover, given any § < 9, if the demand correspondence X (-;F) satisfies the
substitutes condition, then
(i) for any A € X(c(8); F) and m € {w(X(c(8); F)),...,w(X(c(5);F))}, there
exists A € X (0(8); F) such that |A] =m and A C A;
(ii) for any B € X(a(0); F) and m € {w(X(a(8); F)),...,w(X(a(8); F))}, there
ezists B € X(o(8); F) such that |B| = m and B C B.

Proof. Starting from a sufficiently low 4 € R such that X (¢(6); F) C Q(F), imagine
that § grows at a uniform rate of 1 per unit time to become S+t at time ¢, so for any
C e F, V(C;0(6)) decreases at a uniform rate of |C| per unit time. We construct
the sequence (dx)rex as follows.

Set t; = inf{t > 0 : W(X(c(d +t);F)) > w(X(c(d + t);F))}, and §; =
64 t1. Clearly, t; < oo, W(X(0(61); F)) > w(X(c(61); F)), and X (o(6); F) =
Q(X(a(61); F)). Tteratively, given t), and & such that w(X (o (0x); F)) > w(F), set

togr = inf{t >t : W(X(0(d +); F)) > w(X(c(6 4+ t); F))},



and 041 = 0 + tppq. Clearly, thyr < 00, W(X(0(65p1); F)) > w(X(0(0ps1); F)),
and for any 6 € (5, 6k1)s QX (0(64); F)) = X(0(8); F) = AX(0(8y51); F)). The
iteration has to stop at some tx and dx such that w(X(c(dx); F)) = w(F).

The uniqueness of (0x)kex is obvious.

For the second half of the lemma, first consider the case that there is no J; in
[8,6]. The first statement implies X (¢(8); F) = X (0(8); F)) and @(X (0(8); F)) =
w(X(a(0); F)). We can set A= A and B = B.

Second, consider the case where there exists some J, in [d,d]. Let k = min{k €
K|6x € [8,6]} and k = max{k € K| € [5,0]}. From the first statement of the
lemma, we know A € X(o(d); F) and B € X(o(6z);F). By Lemma 8, there
exists A € QX (0(6,); F)) = QX (0(6k41); F)) such that A, C A. Iteratively,
given Apy;, we can find Agi;; such that Apyi € QX (0(0gtiv1);F)) =
QX (0(8tit2); F)) and Appipn C Agri C ... C A, until we obtain Az . We
can apply Lemma 8 at d7 again to obtain A.

Similarly, we can find By € Q(X(o(d5);F)) such that By D B, and
iteratively, By , D By with By |, € Q(X(o(6;_,);F)), Bz, D By, with
By, € UX(0(0;_,); F)), and so on, until we obtain Bj;1. We can apply Lemma
8 at Jj again to obtain B. O

Figure 1 illustrates the first half of Lemma 9. Note that this part of the
lemma does not require the substitutes condition. Lemma 8 implies that when
the substitutes condition is assumed, for each §; in Figure 1, every integer between
the maximal cardinality and the minimal one must have a dot in that figure. Lemma
9 demonstrates that if a hospital’s demand correspondence satisfies the substitutes
condition, uniform adjustments of its salary schedule produce closely-related demand
sets.

Lemma 10 below shows that, under the substitutes condition, imposing a
binding interval constraint is equivalent to making a certain uniform adjustment,
in a particular sense: when a hospital’s innate demand falls short of the floor,
the compelled demand is equal to the innate demand at a uniformly subsidized
salary schedule; when a hospital’s innate demand exceeds the ceiling, the compelled

demand is equivalent to the innate demand at a uniformly taxed salary schedule.
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Figure 1: An example of cardinalities of demand sets for each o(9). The horizontal
axis measures the parameter ¢ while the vertical axis measures the cardinalities of
the demand sets. A thick line or dot means that there exists a demand set of the
corresponding cardinality.

Lemma 10. Suppose an innate demand correspondence X ( - ; F°) satisfies the
substitutes condition, and the government-imposed feasibility collection is Dy ., with

F:=Fn Dijq # (). For every salary schedule s,

(i) if W(X(s;FY)) < f, there exists a unique §* < 0 such that X(s;F) =
X(s+ 61, F)NDy and for any § > §*, w(X (s + 61; F)) < f;
(ii) if w(X(s;F°)) > ¢, there exists a unique 0° > 0 such that X(s;F) =
X(s+8°1; FOYN D, and for any 6 < 6°, w(X (s +01; F%)) > ¢

Proof. Define o(§) = s+9d1 for § € R, and by Lemma 9, obtain the unique increasing
sequence (0x)kei, where K ={1,2,..., K}, as described.

In case (i), let * be the greatest d;, such that @(X (o (6); F°)) > f: we know §*
exists because w(FY) > f. Since (X (s; F¥)) < f, we know §* < 0. We need to show
X(s;F) = X(0(6%); F°) N Dy. By Lemma 8, X (0(6*); F°) N Dy # 0. Choose any
A" € X(s;F), and A" € X(0(6*); F°) N Dy. We have V(A';0(5*)) < V(A";0(5*))



and V(A”;s) < V(A';s). Therefore,

V(As) - A" = V(A5 0(07))
< V(A% 0(67))
= V(A";s) —|A"|5*
< V(Als) - fo,

which implies |A’| < f. Since |A’| > f, these are all equalities, so |[A'| = f,
A€ X(0(6%); FY), and A" € X (s; F).

In case (ii), let 6° be the smallest 8 such that w(X (o(d3); F°)) < ¢: we know 6°
exists because w(F°) < ¢. Since w(X (s; FY)) > ¢, we know 6° > 0. We need to show
X(s;F) = X(0(6°); F°) N D.. By Lemma 8, X (c(5*); F°) N Dy # (. Choose any
A’ € X(s;F), and A" € X (0(6°); FO) N De. We have V(A';0(5%)) < V(A" 0(5°))
and V(A”;s) < V(A';s). Therefore,

V(A'ss) — |A']6° = V(A% 0(5%))
<V(4"0(5%))
=V(A";s) —|A"|6°
<V(4;s) —cd°,
which implies |A’| > ¢. Since |A’| < ¢, these are all equalities, so |A'| = ¢,
A€ X(0(6°); FY), and A" € X (s; F). O

We know from this lemma that, under the substitutes condition and an interval
constraint, when a hospital’s innate demand falls short of the floor, the compelled

demand meets the floor exactly. A similar statement can be made about the ceiling.

The next lemma uncovers an additional relationship between an innate demand
correspondence and the associated compelled demand correspondence under an
interval constraint. Assuming the substitutes condition for a hospital’s innate
demand correspondence, when an innate demand set falls short of the floor, we
can find a compelled demand set that includes it; when it exceeds the ceiling, we

can find a compelled demand set that is included by it.

Lemma 11. Suppose an innate demand correspondence X ( - ; FY) satisfies the
substitutes condition and the government-imposed feasibility collection is Dy 4, with

F=F'n Diyq # (0. For any salary schedules s and any A € X (s; F°),



(i) if |A| < f, there exists B € X(s;F) such that A C B and |B| = f;
(ii) if |A| > ¢, there exists B € X(s;F) such that B C A and |B| = c.

Proof. When w(X(s; F%)) < f, |A] < f. By Lemma 10, there exists 6* < 0 such
that X (s; F) = X(s + 6*1; FY) N Dy. Applying Lemma 9 at § = 6* and 6 = 0 for
B = A € X(0(0); FY), we can obtain B D A, with B € X(s + §*1; F°) N Dy =
X(s; F).

When w(X(s; F%)) > ¢, |A| > ¢. By Lemma 10, there exists 6° > 0 such that
X(s; F) = X(s+ 0°1; F°) N D,.. Applying Lemma 9 at § = 0 and 6 = 6° for A =
A€ X(0(0); FV), we can obtain B C A, with B € X(s + 6°1; F°) N D, = X(s; F).

When @(X (s; FY)) > f and w(X(s; F2)) < ¢, [w(X(s; F2)),w(X (s; F2))] and
[f,c] overlap. Consequently, X (s;F) = X(s; F°) N F. By Lemma 8, there exists
a sequence (4;)jes of sets of doctors, where J = {w(X (s; F?)),...,w(X(s; F°))},
such that A4 = A and for every j, |A;| = j, A; € X(s;F), and A; C Ajy1. If
|A| < f, we can set B = Ay; if |A| > ¢, we can set B = A,. O

Lemma 12 is close to the sufficiency part of Theorem 1. The gist of
the proof is that Lemmas 10 and 11 allow us to translate hospitals’ compelled
optimization problems under government-imposed interval constraints into those
without government-imposed constraints, the structure of which is well-explored in

carlier lemmas.

Lemma 12. A feasibility collection defined by an interval constraint preserves the

substitutes condition.

Proof. Let a demand correspondence X (-; F0) satisfy the substitutes condition, and
a government-imposed feasibility collection be Dy 4, with F := Fon Dy, # 0. We
need to show that X ( -;F) satisfies the substitutes condition. In other words, pick
any two salary schedules s and s’ with 8’ > s, and any A € X (s; F). We claim that
there exists A’ € X (s'; F) such that I(A,s,s’) C A

When A € X(s; F?), it follows from the monotone substitutes condition that
there exists B € X (s'; F°) such that I(A,s,s’) C B and |B| < |A| <c. If |B| > f,
B e X(s'; F), and we can set A’ = B. Otherwise, |B| < f, and by Lemma 11, there
exists A’ € X (s'; F) such that I(A,s,s’) € B C A’. The claim is true.

When A ¢ X(s;F), we have X(s; F') N Dy = 0. By Lemma 8, either
D(X (s, F%) < f or w(X(s; FY)) > c.

10



Case 1. W(X(s; F%)) < f

By Lemma 10, there exists 6* < 0 such that A € X (s; F) = X(s+6*1; FO)NDy.
Let s* = s+ 6*1 and s = s’ + §*1. Since s > s* and A € X(s*; F),
by the monotone substitutes condition, there exists A”* € X(s"*; F°) such that
I(A,s,s') =I(A,s*,¢*) C A" and |A*| < |A| = f.

We have w(X (s'; F0)) < w(X(s™; FY)) < |A*| < f, where the first inequality
follows from Lemma 9 and s* = s’ + 6*1 with 6* < 0, and the second and third
inequalities come from the definition of A”*. If w(X(s'; F*)) = f, Lemma 9 says
A* e X(s; FO)NDy C X(s'; F). We can set A’ = A™ D I(A,s,s’) to finish the
proof. Now, we assume w(X (s'; F0)) < f.

Define 0(0) = s’ 4+ 61 for § € R. By Lemma 10, there exists a unique ¢’ < 0
such that X(s'; F) = X (0(8'); F°) N Dy and for any 6 > &', w(X(a(8)) < f.

When ¢ < §*, Lemma 9 implies that there exists A’ D A™ D I(A4,s,s’) such
that A’ € X (0(0'); FO)NDy = X(s'; F). When ¢’ = §*, Lemma 8, instead of Lemma
9, implies the existence of A’ with the desirable properties above. When 6* < §' < 0,
Lemma 9 implies f < @w(X (o(8); F9)) < w(X(s™;F%) < f. So |A™*| = f. We can
set A’ = A" € X(o(0'); F®)NDy = X (s'; F), where the membership relation follows

from Lemma 9.

Case 2. w(X(s;F%) > c

By Lemma 10, there exists §° > 0 such that A € X(s;F) = X (s+6°1; FO)ND,.
Let s° = s+ 6°1 and s = s’ + §°1. Since s > s® and A € X(s° FY),
by the monotone substitutes condition, there exists A € X(s'*; F%) such that
I(A,s,s') =I(A,s°%s°) C A° and |A®| < |A| =c.

Suppose [f, c] and [w(X (s'; F?)),w(X (s'; F))] overlap, say, at integer m. Since
s'° = s’ 4+ §°1, Lemma 9 implies that there exists 4’ € X (s'; FO) N D,, C X (s; F),
such that A" D A® D I(A,s,s').

When w(X (s'; F)) < f, we can first obtain A° D A" such that A° € X (s; F0)
by Lemma 9. Lemma 11 further implies that there exists A’ D A° D A" D I(A,s,s’)
such that A" € X (s'; F).

When w(X (s'; FY)) > ¢, by Lemma 10, there exists a unique §” > 0 such that
X(s; F) = X(a(8"); F°) N D, and for any 6§ < &, w(X(c(8); F%)) > c. Since
w(X(s'; F%) > c and |A”®| < ¢, we know & € (0,0°]. If 6" < 6°, we can apply

11



Lemma 9 to obtain A’ D A D I(A,s,s’) such that A’ € X(o(8"); FO) N D, =
X(s'; F); if " = 6°, by Lemma 8, the same is true. O

Proof of Theorem 1. The necessity part is apparently a corollary of Lemma 1. For
sufficiency, let F9 be defined by a generalized interval constraint. Suppose that F9Y
does not preserve the substitutes condition. There is a revenue function R : 2° — R
and a self-imposed feasibility collection F° such that R|ro satisfies the substitutes
condition but R|z, where F := F° N F9, does not.

Consider a feasibility constraint 79 .= {ANxX(F): A€ F} on D' := x(F9); it
is defined by an interval constraint. Construct a revenue function R’ on 20" where
R'(A) = R(AUX(F9)) for every A C D'; let

FU={AND' : A€ F° x(F9) C A, and AN x(F9) = 0}.

It is routine to check that R'|zo satisfies the substitutes condition but R'| 0z
does not. In other words, F'9 does not preserve the substitutes condition as an

interval constraint on D’, a contradiction to Lemma 12. ]

C. Proof of Lemma 2

Define a vectorization function 7 : 2 — Z” such that for each A C D and
P e P, 7(A)(P) = |AN P|. In other words, 7 maps A C D to a |P|-dimensional
vector that specifies how many doctors in each P € P belong to A. We list two

simple results regarding 7.

Lemma 13. If a feasibility collection F satisfies F = 7=Y(Z) for a subset Z of 77,

then it is anonymous within each group.

Proof. Consider an arbitrary group P € P. For any A € F, d € PN A, and
d € P\ A, we have 7(A — d + d') = 7(A). Hence, based on the assumption that
F=7YZ),weget A—d+d € F. O
Lemma 14. A feasibility collection F is anonymous within each group if and only
if F =1 Y7 (F)).

Proof. The sufficiency part is a corollary of Lemma 13. For necessity, we know “C”
is trivial. To show “D,” consider A € 77 1(7(F)), that is, there exists B € F such
that 7(A) = 7(B). By anonymity, we can convert B to A by replacement within

groups and maintain feasibility. O

12



In the space Z7, denote the indicator function for P € P by i’. A function
W :Z — R, where Z C Z, is MP-concave if for any z,z’ € Z and P € P such that
z(P) > z/(P), either W (z)+W (z') < W(z—i")+W (2’ +i"),* or there exists P’ € P
such that z'(P') > z(P') and W(z) + W(z') < W(z — i’ +i"") + W(z' +i" —il"),
or both.?

A subset Z of Z7 is vector exchangeable if for any z,z’ € Z and P € P such
that z(P) > z/(P), either z — i’ € Z and z’ + i”’ € Z, or there exists P’ € P such
that z'(P') > z(P'), z— i’ +i"”" € Z, and 2’ +i’ —i"” € Z, or both. Apparently, if
W : Z — R is MP-concave, then Z must be vector exchangeable. We list two simple

results that connect exchangeability and vector exchangeability with .

Lemma 15. If a feasibility collection F satisfies F = 7 YZ) for a wvector

exchangeable subset Z of Z7, then it is exchangeable.

Proof. Consider any A,B € F and d € A\ B. There exists P € P such that d € P.
There are two cases. If |AN P| < |BN P, there exists d € (BN P)\ A. By Lemma
13, A—d+d,B+d—d € F.

In the second case of |[AN P| > |B N P|, we have 7(A)(P) > 7(B)(P), so
we can apply vector exchangeability to 7(A4), 7(B), and P € P, and learn that
either 7(A) —i¥ € Z and 7(B) + i’ € Z, or there exists P’ € P such that
7(B)(P') > 1(A)(P'), 7(A) — i’ +i"” € Z, and 7(B) + i’ — i € Z, or both.
The first subcase translates into A —d, B 4+ d € F; the second subcase means there
exists d € B\ (AU P) such that A—d+d, B+d—d € F. O

Lemma 16. If a feasibility collection F is exchangeable and anonymous within each

group, then 7(F) is vector exchangeable.

Proof. Consider any z,z' € 7(F) and P € P such that z(P) > z/(P). There exist
A, B € F such that 7(A) = z and 7(B) = 2’. Since F is anonymous within each
P € P, we can convert A to A’ € F by replacement within groups such that for
each P e P, |ANP|=|ANP|,z(P) < 2z'(P) implies NP C BNP, z(P)=2'(P)
implies AN P = BN P, and z(P) > z/(P) implies BN P C A'N P. In particular,
BN P C A'NP, and there exists d € (PN A’)\ B.

P e Z and 7z + i’ € Z. In the other case,

“In this case, it is implicitly assumed that z — i
z—i" +i” € Zand 2’ +i" —i" € Z.

This property is M*-EXC[Z] in Murota (2016); “vector exchangeability” below is B'-EXC[Z].
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Exchangeability of F can be applied to A’,B € F and d € A’ \ B: either
A'—d e Fand B+d € F, or there exists d € B\ A’ such that A’ —d+d € F
and B+d—d € F, or both. In the first case, z — il = 7(A'—d) € 7(F) and
Z +il = 7(B + d) € 7(F). In the second case, d’ must be from another group P’, so

z—iP+i =74 —d+d)er(F)and 7 +i" =i =7(B+d—d) e r(F). O

Lemma 17 is from Fujishige (1991, Theorem 3.58) and Murota (2003, Page 117);
it characterizes all vector exchangeable sets in Z¥7. We say Z C Z” is a generalized
polymatroid if there exist functions y, p : 27 — Z such that u is supermodular, p
is submodular, ©u(Q) — u(Q\ Q') < p(Q') — p(Q'\ Q) for any Q, Q" C P, and

7 = {z €Z”: Q) < 3 #(P) < p(Q) for every Q C 79}. (A1)
PecQ
Lemma 17. A subset Z of ZF is vector exchangeable if and only if it is a generalized

polymatroid.

A feasibility collection F is defined by a polyhedral constraint if there
exist functions p,p : 27

Q) —m(Q\ Q) < p(Q) —p(Q'\ Q) for any Q,Q" C P, and
F={ACD:puQ) <|AN(UQ)| < p(Q) for every Q C P}. (A2)

— Z such that p is supermodular, p is submodular,

Here, 1(Q) and p(Q) respectively dictate the floor and ceiling on UQ. Equation
(A2) simply states that F is defined by a family of interval constraints on unions of
groups. Clearly, for such F, 7(F) is a generalized polymatroid and thus, according
to Lemma 17, vector exchangeable. Also, F = 7 1(7(F)); by Lemma 15, F is

exchangeable.

Lemma 18. If a proper feasibility collection preserves the substitutes condition for
all binary disjunctive revenue functions over pairs of doctors in the same groups,

then it is defined by a polyhedral constraint.

Proof. Consider a proper feasibility collection F that preserves the substitutes
condition for all binary disjunctive revenue functions over pairs of doctors in the
same groups. By Lemma 6, F is then anonymous within each pair of doctors who
belong to the same group, and thus within each group.

Because F has to be exchangeable too (remember the comments before Lemma

4), by Lemma 16, 7(F) is vector exchangeable. By Lemma 17, 7(F) must be a
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generalized polymatroid in Z”. Since F is anonymous within each group, by Lemma
14, F = 77 Y(7(F)). Plugging in the right-hand side of Equation (A1), we obtain
Equation (A2). O

The proof of Lemma 2 from Lemma 18 is almost identical to the proof of Lemma

1 from Lemma 7, so we skip it.

D. Proof of Theorem 2

The following two results about exact constraints follow from Lemmas 8-
11. Lemma 195 states that given an innate demand correspondence that satisfies
the substitutes condition and a demand set under an exact constraint, when the
constraint is raised by 1, we can find a doctor to add to the original demand set
and obtain a new one; when the constraint is lowered by 1, we can find a doctor to

remove and obtain a new demand set.

Lemma 19. Suppose an innate demand correspondence X ( - ; F°) satisfies the
substitutes condition and an integer f satisfies w(F°) < f <w(F°). For any salary
schedules s and any A € X (s; F° N Dy),

i) if f < w(FO), there exists B € X (s; F°NDyyq) such that A C B;
f+
i) if f> w(FO), there exists C € X (s; FONDys_1) such that C C A.
!

Proof. When w(X (s; FY)) < f <w(X(s; F?)), by Lemma 8, A € X(s; F°), so both

(i) and (ii) follow from Lemma 11.

When f > w(X(s;F%)), by Lemma 10, there exists a unique §* < 0 such that
X(s;F°NDy) = X(s+6*1; F) N Dy and for any § > 6*, w(X (s + 61; F0)) < f.

For (i), by Lemma 10, there exists a unique §"* < 0 such that X (s; F'NDy;q) =
X(s+ 6 1; F°) N Dyyq. Then ¢ < §*. By Lemma 8 (when 6" = §*) or Lemma 9
(when 0™ < §*), B exists.

For (ii), first assume f — 1 = w(X(s;F°)), which implies X (s; F' N Dy_;) =
X (s; F®)NDy_y, and then notice that the existence of C follows from Lemma 9. We
are left with the case of f —1 > @(X (s; F°)). By Lemma 10, there exists a unique
§"* < 0 such that X (s; FONDy_y) = X(s+ 6"*1;F°) N Dy_; and for any § > §",

5The unconstrained version of this lemma is essentially known (Segal-Halevi, Hassidim, and
Aumann, 2016; Paes Leme, 2017).
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W(X(s+61;F%) < f— 1. Then 6* < §”*. By Lemma 8 (when 6* = §*) or Lemma
9 (when §* < 0"*), C exists.

The case of f < w(X(s;F?)) is symmetric. O

Lemma 20 implies that maximal profits as a function of f, where f specifies

the exact constraint, is extensible to a concave function on R.

Lemma 20. If an innate demand correspondence X ( -; F°) satisfies the substitutes
condition and an integer f satisfies w(F°) < f < wW(FC), then for any salary

schedules s,
(s; 7' N Dyy1) — H(s; FONDy) < H(s; FONDy) — H(s; FONDyy).
Proof. Pick an arbitrary A € X (s; F° N Dy). By Lemma 19, there exist d,d’ € D
such that A+d € X (s;F°NDyyy) and A —d € X(s; FONDs_q). So
(s; FONDpyy) — (s; FO Df) =V(A+d;s) — V(A;s)
V(A+d—d;s)—V(A—d;s)
V(A;s) ~ V(A d's)
I(s; FO N'Dy) — I(s; F* N Dy_y),
where the first inequality follows from the fact that V(-;s) satisfies the substitutes

condition, which implies submodularity (Murota, 2016); the second is from A €
X (s; FONDy). O

The following lemma is the last piece needed.

Lemma 21. A feasibility collection defined by a polyhedral constraint preserves the

substitutes condition for all group separable revenue functions.

Proof. Consider a group separable revenue function R on 2P such that R(A) =
> pep RP(ANP) for every A C D and each Rp : 27 — R satisfies the substitutes
condition on 2°. For a feasibility collection defined by a polyhedral constraint F,
we show that R|r satisfies the single-improvement property and thus the substitutes
condition.

Given a price schedule s and a suboptimal set of doctors A ¢ X(s;F), we
need to find a single-improvement opportunity. For each revenue function Rp

defined on 2, denote the profit function and maximal profit function by Vp and
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IIp. If there is P € P such that for some d,d € P, d € A, d ¢ A, and
Vp((ANP)—d+d';s|p) > Vp(ANP;s|p), then we know V(A—d+d';s) > V(4;s).”
Because a feasibility collection defined by a polyhedral constraint is anonymous
within each group, we have found a single-improvement opportunity in A—d+d’' € F.
Assume nonexistence of such P € P.

For each Rp, define ®p : {0,1,...,|P|} — R such that ®p(f) = Hp(s|p;gf),
where gji ={B C P:|B| = f}, is the maximal profit under the exact constraint of
f. By the assumption in the second paragraph, for each P € P, Vp(AN P;s|p) =
®p(|AN P|). Define W : 7(F) — R such that W(z) = > p.p Pp(z(P)).

We will show that W is Mf-concave. To do so, remember that 7(F) is vector
exchangeable. As a result, for any z,z’ € 7(F) and P € P such that z(P) > z/(P),
cither z — i¥ € 7(F) and 7z’ + i’ e 7(F), or there exists P/ € P such that
Z(P) > z(P), z —if +i" € 7(F), and 2 +if —i¥’ € 7(F), or both. In the
first case,

W(z—il) + W(2 +i) -~ W(z) - W(2)
= > @p((z—i")(P) + Y @p((@ +i7)(P) = Y @p(a(P)) - Y @p(7(P))
PeP PeP PeP PeP
=Pp(2(P) = 1) + ®p(2 (P) + 1) = D (a(P)) - 2p(2(P)) > 0,
where the inequality follows from z(P) > z'(P) and Lemma 20. In the second case,
we can similarly show W(z — i+ ip/) +W(z + i’ — ipl) > W(z)+W(Z).

Consider A’ € X (s; F). By the suboptimality of A and the assumption in the
second paragraph, W(r(A4")) = V(4’;s) =(s; F) > V(A;s) = W(7(A)). Since an
MP-concave function satisfies a multi-unit single-improvement property (Murota,
2003; Milgrom and Strulovici, 2009), at least one of the following 3 statements must
be true: there exists P € P such that W(r(A) + iﬁ) > W(r(A)); there exists
P € P such that W(r(A) — ip) > W(r(A)); there exist P,P’ € P such that
W(r(A) —if +iP) > W(r(A)).

In the first case, we infer that <I>15(|Aﬁ15\ +1) > <I>15(\Aﬂ15|) = Vls(AﬁP; s|p)-
According to Lemma 19, there exists d € P\ A such that V5((AN P) +d;s|p) =
D5(lAN P|+1). So A+d € F is a single-improvement opportunity. Similarly, in

the second case, we can find A —d € F with d € PN A as a single-improvement

"By convention, s|p is the restriction of salary schedule s to P.
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opportunity; in the third case, we can find A —d +d € F with d € PN A and
d' € P'\ A as a single-improvement opportunity. O

The necessity part of Theorem 2 is apparently a corollary of Lemma 2. The
proof of the sufficiency part from Lemma 21 is almost identical to the proof of the

sufficiency part of Theorem 1 from Lemma 12, so we skip it.
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