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Various forms of substitutability are essential for establishing the existence of
equilibria and other useful properties in diverse settings such as matching, auc-
tions, and exchange economies with indivisible goods. We extend earlier models’
definitions of substitutability to settings in which each agent can be both a buyer
in some transactions and a seller in others, and show that all these definitions
are equivalent. We then introduce a new class of substitutable preferences that
allows us to model intermediaries with production capacity. We also prove that
substitutability is preserved under economically important transformations such
as trade endowments, mergers, and limited liability.

Keyworbps. Matching with contracts, substitutability, trading networks.
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1. INTRODUCTION

Various forms of substitutability are essential for establishing the existence of equilib-
ria and other useful properties in diverse settings such as matching, auctions, exchange
economies with indivisible goods, and trading networks (Kelso and Crawford 1982, Roth
1984, Bikhchandani and Mamer 1997, Gul and Stacchetti 1999, 2000, Milgrom 2000,
Ausubel and Milgrom 2005, Hatfield and Milgrom 2005, Sun and Yang 2006, 2009, Os-
trovsky 2008, Hatfield et al. 2013, Fleiner et al. 2017). Substitutability arises in a number
of important applications, including matching with distributional constraints (Abdulka-
diroglu and Sénmez 2003, Hafalir et al. 2013, Ehlers et al. 2014, Echenique and Yenmez
2015), supply chains (Ostrovsky 2008), markets with horizontal subcontracting (Hatfield
et al. 2013), “swap” deals in exchange markets (Milgrom 2009), and combinatorial auc-
tions for bank securities (Klemperer 2010, Baldwin and Klemperer 2019).

The diversity of settings in which substitutability plays a role has led to a variety of
different definitions of substitutability, along with a number of restrictions on prefer-
ences that appear in some definitions but not in others.! In this paper, we show how the
different definitions of substitutability are related to each other, while dispensing with
some of the restrictions made in the preceding literature.

We consider agents with quasilinear utility who can simultaneously be buyers in
some transactions and sellers in others; this allows us to embed the focal substitutabil-
ity concepts from the matching, auctions, and exchange economy literatures.” As our
setting is more general than those used in most of the previous work (which considered

IFor instance, some definitions assume “free disposal”/“monotonicity,” under which an agent is always
weakly better off with a larger set of goods than with a smaller one, while other definitions do not. Mean-
while, some definitions assume that all bundles of goods are feasible for each agent, while other definitions
do not.

2While all of the results in our paper consider the preferences of a single agent and, thus, do not de-
pend on the details of the agent’s setting, for concreteness, notational simplicity, and continuity with prior
literature, we state and prove these results in the general trading network setting of Hatfield et al. (2013).
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two-sided markets), we generalize the previous substitutability concepts where neces-
sary. Our main result then shows that all of the generalized substitutability concepts are
equivalent;® we call preferences satisfying these conditions fully substitutable.*

Preferences are fully substitutable if goods or services bought and sold act as sub-
stitutes for each other. That is, under full substitutability, whenever an agent is offered
a new opportunity as a buyer, he neither wants to take any previously rejected oppor-
tunities as a buyer nor wants to reject any previously taken opportunities as a seller;
similarly, whenever an agent is offered a new opportunity as a seller, he neither wants to
take any previously rejected opportunities as a seller nor wants to reject any previously
taken opportunities as a buyer.

We introduce a rich new class of fully substitutable preferences that models the pref-
erences of intermediaries with production capacity; to show that these preferences are
fully substitutable, we rely on several properties of fully substitutable preferences that
we establish elsewhere in the paper. We also introduce a novel proof technique that
uses “dummy layers,” which simplifies modeling the preferences of a firm with several
alternative production technologies.

We prove that full substitutability is preserved under several economically impor-
tant transformations: trade endowments and obligations, mergers, and limited liability.
We show that full substitutability can be recast in terms of submodularity of the indirect
utility function, the single improvement property, and a condition from discrete con-
vex analysis called M*-concavity. Finally, we prove that (again, when the utilities of the
agents are quasilinear) full substitutability implies two key monotonicity conditions—
the Laws of Aggregate Supply and Demand—as well as a slightly stronger condition
called monotone-substitutability.

All of our results explicitly incorporate economically important features that were
not fully addressed in the earlier literature, such as indifferences, non-monotonicities,
and unbounded utility functions. In particular, unbounded utility functions allow us
to model firms with technological constraints under which some production plans are
infeasible (and will therefore never be undertaken under any vector of prices).

The full substitutability conditions we unify here are exactly the conditions needed
for the existence of competitive equilibria in the trading network setting we examined in
earlier work (Hatfield et al. 2013). Moreover, under full substitutability, the requirements
of competitive equilibrium are essentially equivalent to those of matching-theoretic sta-
bility and chain stability (Hatfield et al. 2013, 2018). Furthermore, as the Hatfield et al.
(2013) trading network framework generalizes both exchange economy settings (such
as Gul and Stacchetti (1999)) and combinatorial auction settings (such as Ausubel and

3Note that the concept of substitutability has also been extended to settings with externalities (see, e.g.,
Pycia and Yenmez 2017 and Rostek and Yoder 2018, 2019); we do not address such settings in this paper.
Likewise, we do not address various strengthenings or weakenings of the substitutability condition (see,
e.g., Klaus and Walzl 2009, Hatfield and Kojima 2010, Hatfield and Kominers 2019, Hatfield, Kominers, and
Westkamp 2019), or settings in which utility is not transferrable.

4We use the modifier “fully” to highlight the possibility that under such preferences, an agent can be
both a buyer in some transactions and a seller in others, whereas under the “gross substitutes” preferences
of Kelso and Crawford (1982), an agent can be only a buyer or only a seller.
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Milgrom (2002)), our work here gives a unified interpretation of substitutability for those
applications as well.

1.1 History and related literature

For two-sided settings, Kelso and Crawford (1982) introduced the (demand-theoretic)
gross substitutability condition, under which substitutability is expressed in terms of
changes in an agent’s demand as prices change. In exchange economies with indivisible
goods, gross substitutability guarantees the existence of core allocations and compet-
itive equilibria (Kelso and Crawford 1982, Gul and Stacchetti 1999, 2000). Roth (1984)
introduced a related (choice-theoretic) substitutability concept, which is expressed in
terms of how an agent’s choice responds to changes in the set of available options. In
two-sided matching settings, choice-theoretic substitutability guarantees the existence
of stable outcomes (Roth 1984, Hatfield and Milgrom 2005, Hatfield and Kominers 2017).

In a matching setting, Hatfield and Milgrom (2005, Theorem 2) showed that the
choice- and demand-theoretic substitutability conditions are essentially equivalent.
Ausubel and Milgrom (2002) offered an alternative definition of gross substitutability
for an auction setting with continuous prices, in which demand is not guaranteed to
be single-valued, and showed that their gross substitutability concept is equivalent to
submodularity of the indirect utility function. Gul and Stacchetti (1999) showed in an
exchange economy setting that (gross) substitutability is equivalent to submodularity of
the indirect utility function, as well as a single improvement property and a “no comple-
mentarities” condition. The various substitutability conditions for two-sided settings
were subsequently extended and generalized, giving rise to two (mostly) independent
literatures.

Ostrovsky (2008) generalized the choice-theoretic substitutability conditions to the
context of supply chain networks by introducing a pair of related assumptions, same-
side substitutability and cross-side complementarity, which impose two constraints:
First, when an agent’s opportunity set on one side of the market expands, that agent
does not choose any options previously rejected from that side of the market; second,
when an agent’s opportunity set on one side of the market expands, that agent does
not reject any options previously chosen from the other side of the market. Ostrovsky
(2008) and Hatfield and Kominers (2012) showed that under same-side substitutability
and cross-side complementarity, a stable outcome always exists if the contractual set
has a supply chain structure (see also Fleiner et al. 2017).

Meanwhile, Sun and Yang (2006) generalized the demand-theoretic substitutabil-
ity conditions to indivisible object allocation settings with a certain structured form of
complementarity. More specifically, the Sun and Yang (2006) gross substitutability and
complementarity condition, akin to the combination of same-side substitutability and
cross-side complementarity, requires that objects can be divided into two groups such
that objects in the same group are substitutes and objects in different groups are com-
plements; this condition guarantees the existence of competitive equilibria.

Hatfield, Jagadeesan, and Kominers (2019) showed that same-side substitutability
and cross-side complementarity are together equivalent to the assumption of weak qua-
sisubmodularity of the indirect utility function—an adaptation of submodularity to the
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setting without transfers.’ Sun and Yang (2009) showed that the gross substitutability
and complementarity condition is equivalent to submodularity of the indirect utility
function.

In this paper, we introduce a generalization of the same-side substitutability and
cross-side complementarity conditions of Ostrovsky (2008) to settings with indiffer-
ences. We also extend the gross substitutes and complements condition of Sun and
Yang (2006) to settings with fully general intermediary preferences. Then, using a no-
tation originally introduced by Hatfield and Kominers (2012), we give a reinterpretation
of both the choice- and demand-theoretic substitutability conditions, in terms of indi-
cator functions that track the underlying goods in the economy; in the process, we show
how to “fold” the general economy we consider into a Kelso and Crawford (1982) econ-
omy in which the underlying goods are (gross) substitutes.® We show moreover that
all of the previously established connections between gross substitutability and more
technical conditions such as submodularity and the single improvement property ex-
tend to full substitutability as well (for suitable generalizations of the technical condi-
tions).

Subsequent to our work, Baldwin and Klemperer (2019) obtained additional insights
on the underlying mathematical structure of fully substitutable preferences using tech-
niques from tropical geometry. Baldwin and Klemperer (2019) studied the set of price
vectors for which the demand correspondence is multi-valued, and associated them
with convex-geometric objects called tropical hypersurfaces. Then, using the normal
vectors that determine agents’ tropical hypersurfaces, they distinguish among prefer-
ences that are strongly substitutable, are gross substitutable, or have complementari-
ties. Full substitutability corresponds to the “strong substitutes demand” condition of
Baldwin and Klemperer (2019).”

The discrete mathematics literature has explored several other concepts that are
equivalent to substitutability in certain settings. We connect to that literature in Sec-
tion 6.4, where we establish the equivalence of full substitutability and M*-concavity in
our setting.®

1.2 Organization of the paper

Our paper is organized as follows. In Section 2, we present our framework. In Section 3,
we present three definitions of full substitutability and show that they are all equiva-
lent. In Section 4, we present and explore several economically important classes of

5This is a correction of a result of Hatfield and Kominers (2012).

6This transformation, which we also applied in our previous work (Hatfield et al. 2013), generalizes an
idea introduced by Sun and Yang (2006).

“Baldwin and Klemperer (2019) also consider several other economically important classes of prefer-
ences for which the existence of competitive equilibria is guaranteed.

8Candogan et al. (2016) use this equivalence result to recast the problem of finding a competitive equi-
librium in a network economy as a discrete concave optimization problem, which in turn allows them
to construct computationally efficient algorithms for finding an equilibrium. Paes Leme (2017) provides a
detailed survey that covers the discrete-mathematical substitutability concepts and their algorithmic prop-
erties.
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fully substitutable preferences. In Section 5, we discuss transformations that preserve
full substitutability. In Section 6, we provide several alternative characterizations of
full substitutability. In Section 7, we show that full substitutability implies monotone-
substitutability and, thus, the Laws of Aggregate Supply and Demand. Section 8 con-
cludes the main body of the paper. In Appendix A, we present six additional equivalent
definitions of full substitutability, which explicitly deal with indifferences in preferences.
All proofs are presented in Appendices A and B.

2. MODEL

The results we present consider the preferences of an individual agent and, thus, do
not depend on the environment in which that agent is located. However, for notational
convenience and for continuity with the related literature, we present these results in
the trading network setting of Hatfield et al. (2013).°

There is an economy with a finite set I of agents and a finite set () of trades. Each
trade w € () is associated with a buyer b(w) € I and a seller s(w) € I, with b(w) # s(w).
We allow ) to contain multiple trades associated to the same pair of agents, and allow
for the possibility of trades w € Q) and ¢ € () such that the seller of w is the buyer of ¢,
i.e., s(w) = b(y), and the seller of ¢ is the buyer of w, i.e., s(¢) = b(w).

A contract x is a pair (w, p,) € Q x R that specifies a trade and an associated price.
For a contract x = (w, p,), we denote by b(x) = b(w) and s(x) = s(w) the buyer and
the seller associated with the trade w of x. The set of possible contracts is X = Q x R.
A set of contracts Y C X is feasible if it does not contain two or more contracts for the
same trade: formally, Y is feasible if (w, p,), (0, pw) € Y implies that p, = p,. We
call a feasible set of contracts an outcome. An outcome specifies a set of trades along
with associated prices, but does not specify prices for trades that are not in that set.
An arrangement is a pair [¥; p], with ¥ € Q and p € R. Note that an arrangement
specifies prices for all the trades in the economy. For any arrangement [¥; p], we denote
by «([V¥; p]) = Uwe\l,{(lﬁ, py)} € X the outcome induced by [V¥; p].

For a set of contracts Y € X and agentiel,weletY_,;={yeY :i=>b(y)} denote
the set of agent i’s upstream contractsin Y, i.e., the subset of contracts in Y for which i is
the buyer. Similarly, welet Y;_, ={y € Y : i = s(y)} denote the set of agent i’s downstream
contracts in Y, i.e., the subset of contracts in Y for which i is the seller; we then let
Y;i =Y. ;UY,. We use analogous notation with regard to sets of trades ¥ C (}; that
is, V,i={eV:i=b)}, V.. ={h eV:i=s()}, and ¥; =V_,; UW¥;_,. For a set
of contracts Y C X, welet 7(Y)={w € Q: (w, py) € Y for some p, € R} C () denote the
set of trades associated with contractsin Y.

9In particular, presenting the results in the framework of Hatfield et al. (2013) allows us to apply the
results of Hatfield et al. (2013) in the proof of Theorem 4 (on “mergers” of agents with fully substitutable
preferences) in Section 5.2. In turn, Theorem 4 allows us to prove the full substitutability of preferences in
the “intermediary with production capacity” preference class that we introduce in Section 4.2.
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2.1 Preferences

Each agent i has a valuation (or preferences) u; :  ({);) — RU{—oc} over the sets of trades
in which he is involved, with u;(@) € R.!° The utility functions we allow here are quite
general: We do not impose any monotonicity/free disposal conditions on agents’ pref-
erences, and, thus, trades can represent both “goods” and “bads.” Moreover, we allow
the utility of agent i to equal —oo, formalizing the idea that i, due to technological con-
straints, may only be able to produce or sell certain outputs contingent upon procuring
appropriate inputs; e.g., if ¥, ® € Q with () = s(w) = i and agent i cannot sell ® un-
less he has procured i, then u;({w}) = —o0o.!! The assumption that u;(@) is finite for
each i € I implies that no agent is obligated to engage in market transactions at highly
unfavorable prices; he can always choose a (finite) outside option.

The valuation u; over bundles of trades gives rise to a quasilinear utility function
U, over bundles of trades and associated transfers. Specifically, for any feasible set of
contracts Y € X, we define

UM =uwi(tM)+ > Po— . P
(0,p0)€Yi (0,p0)€EY_;
and, slightly abusing notation, for any arrangement [V; p], we define
Ui([¥: p) =wi(W)+ > py— > py.
pev; pev_;
Note that by construction, U;([V; p]) = U;(«([V¥; p])).
The choice correspondence of agent i from the set of contracts Y C X is defined by
Ci(Y)= argmax {Ui(2)}.
ZCY;; Z is feasible
Note that the choice correspondence can be multi-valued because of indifferences; that
is, itis possible that |C;(Y)| > 1. Moreover, each element of the choice correspondence is
a set of contracts, and so for Y* € C;(Y) we have Y* € p(Y); in particular, we may have
|Y*| > 1 (even when |C;(Y)| = 1).1? Also, the choice correspondence may be empty-
valued (e.g., if Y is the set of all contracts with prices strictly between 0 and 1 for a par-
ticular trade, i.e.,, Y = {(w, po) : po € (0, 1)} and u!({w}) = 1). When the set Y is finite,
the choice correspondence is also guaranteed to contain at least one element.
The demand correspondence of agent i, given a price vector p € R?, is defined by

D;(p) = argmax{U;(['¥: p])}.
vcQ;

Like the choice correspondence, the demand correspondence can be multi-valued; that
is, ¥ € D;(p) is an optimal set of trades for agent i given prices p. (Unlike the choice
correspondence, the demand correspondence always contains at least one element.)

10We assume that trades in Q \ Q; do not affect i, and abuse notation slightly by writing u; (V) = u;(¥;)
for ¥ C Q). We use g (-) to denote the power set.

n the classical exchange economy literature (Bikhchandani and Mamer 1997, Gul and Stacchetti 1999),
the valuation of an agent i is defined over bundles of objects ) as u; : ({);) — R, and is normalized such
that u;(@) = 0. While these assumptions are completely innocuous and natural in the context of exchange
economies, they immediately rule out the kinds of technological constraints discussed above.

12Note that this notation is distinct from the standard notation used in settings without transferrable
utility, where (as preferences are usually assumed to be strict) C;(-) is defined as a function instead of a
correspondence, and so an element of C;(Y) is a contract in the unique optimal choice from Y.
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3. SUBSTITUTABILITY CONCEPTS

We now introduce three substitutability concepts that generalize the existing definitions
from matching, auctions, and exchange economies. In the matching literature, it is stan-
dard to formulate substitutability in terms of choice functions and to consider expan-
sions of the set of available contracts on one side. In the literature on economies with
indivisible goods, it is standard to formulate substitutability in terms of demand func-
tions and to consider disadvantageous price changes, i.e., increases in input prices or
decreases in output prices. Finally, in auction theory, it is standard to formulate substi-
tutability in terms of demand functions and to consider an increase (or decrease) of the
entire price vector.

In this section, for ease of exposition and to allow for a more direct comparison
of the different substitutability concepts, we follow the approach of Ausubel and Mil-
grom (2002), and restrict attention to opportunity sets and vectors of prices for which
choices and demands are single-valued. In Appendix A, we introduce additional def-
initions that explicitly deal with indifferences and multi-valued correspondences, and
prove that those definitions are equivalent to each other and to the definitions given in
this section.

3.1 Choice-language full substitutability

First, we define full substitutability in the language of choices, adapting and merging the
Ostrovsky (2008) same-side substitutability and cross-side complementarity conditions.
Setting conditions on how each agent’s optimal choice changes as that agent’s opportu-
nity set expands originated in the matching literature, where it is natural to consider an
expansion in the set of available trades and, thus, an expansion in the set of available
contracts (see Ostrovsky 2008, Westkamp 2010, Hatfield and Kominers 2012, Hatfield
etal. 2013, and Hatfield, Kominers, and Westkamp 2019). In choice language, we say that
a choice correspondence C; is fully substitutable if, when attention is restricted to sets of
contracts for which C; is single-valued, whenever the set of options available to i on one
side expands, i rejects a larger set of contracts on that side (same-side substitutability)
and selects a larger set of contracts on the other side (cross-side complementarity).

DerinITION 1. The preferences of agent i are choice-language fully substitutable (CFS)
if both:

(i) for all sets of contracts Y, Z C X such that |C;(Z)| = |C;(Y)|=1,Y,_, =Z;_,, and
Y. C Z_,;, for the unique Y* € C;(Y) and Z* € C;(Z), we have that Y_,; \ Y* , C
Z,i\Z* ;and Y} CZ¥ ;and

i—’

(ii) for all sets of contracts Y, Z € X such that |C;(Z)|=|Ci(Y)|=1,Y,;=Z_,;, and
Yi € Z;_,, for the unique Y* € C;(Y) and Z* € C;(Z), we have that Y;, \ Y/, C
Zi s \Z7, and YX,CZ¥ ..

Note that here we restrict attention to situations in which the choice correspondence
is single-valued. As we describe after Theorem 1, CFS is equivalent to two seemingly
more restrictive definitions that explicitly deal with the multi-valued parts of the choice
correspondence (see Section 3.4 and Appendix A).
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3.2 Demand-language full substitutability

Our second definition uses the language of prices and demands, adapting the gross sub-
stitutes and complements condition (GSC) of Sun and Yang (2006).!3 We say that a de-
mand correspondence D; is fully substitutable if, when attention is restricted to prices
for which demands are single-valued, a decrease in the price of some inputs for agent
i leads to a decrease in his demand for other inputs and to an increase in his supply of
outputs, and an increase in the price of some outputs leads to a decrease in his supply
of other outputs and an increase in his demand for inputs.

DerinIiTION 2. The preferences of agent i are demand-language fully substitutable
(DFS) if both:

(i) for all price vectors p, p’ € R? such that |D;(p)| = |D;(p)| =1, p, = p,, for all
w e, and p, > p,, for all w € O_,;, for the unique ¥ € D;(p) and ¥’ € D;(p’),
we have that {w € \I'/_)l. Po=p,} SV ;and ¥;, V¥, ;and

(i) for all price vectors p, p’ € R such that |D;(p)| = |IDi(p)| =1, pe = p., for all
w e and p, < p), forall w € Q;_,, for the unique ¥ € D;(p) and ¥’ € D;(p’),
we have that{w e ¥V, : p, =p, } SV, andV_; CV .

3.3 Indicator-language full substitutability

Our third definition is essentially a reformulation of Definition 2, using a convenient
vector notation due to Hatfield and Kominers (2012). For each agent i, for any set of
trades ¥ C ();, define the (generalized) indicator function e;(¥) € {—1, 0, 1}%¥ to be the
vector with component ¢; ,(¥) = 1 for each upstream trade w € ¥_,;, ¢; ,(¥) = —1 for
each downstream trade w € ¥;_,, and e; ,,(¥) = 0 for each trade w ¢ V. The interpreta-
tion of ¢;(W) is that an agent buys a strictly positive amount of a good if he is the buyer
in a trade in ¥, and “buys” a strictly negative amount if he is the seller of such a trade.

DeriniTION 3. The preferences of agent i are indicator-language fully substitutable
(IFS) if for all price vectors p, p’ € R® such that |D;(p)| = |[D;(p’)| =1 and p < p/, for
the unique ¥ € D;(p) and ¥’ € D;(p’), we have ¢; ,(¥) < e; ,(¥’) for each w € {}; such
that p, = p/,.

Definition 3 clarifies the reason for the term “full substitutability”: an agent is more
willing to “demand” a trade (i.e., keep an object that he could potentially sell or buy an
object that he does not initially own) if prices of other trades increase.

3.4 Equivalence of the definitions

The main result of this section is that the three definitions of full substitutability pre-
sented thus far are all equivalent. Subsequently, we use the term full substitutability to
refer to all our substitutability concepts.

13The definition of full substitutability that corresponds directly to GSC is demand-language contraction
full substitutability (Definition A.4); that said, there is a subtlety in interpreting the relationship between the
Sun and Yang (2006) model and ours (see Appendix A.2).
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THEOREM 1. Choice-language full substitutability (CFS), demand-language full substi-
tutability (DFS), and indicator-language full substitutability (IFS) are equivalent.

The intuition behind Theorem 1 is that, under all three substitutability concepts,
when i receives new options as a buyer, i becomes weakly less interested in other pur-
chase opportunities and weakly more interested in other sale opportunities. In choice-
language substitutability, part (i) of CFS (Definition 1) explicitly considers expanding the
set of contracts available to i as a buyer. Meanwhile, in demand-language substitutabil-
ity, part (i) of DFS (Definition 2) considers reducing the prices of trades available to i
as a buyer, implicitly expanding the set of contracts available to i as a buyer. Indicator-
language substitutability requires that when prices for trades for which i is a buyer fall,
i becomes weakly less interested in any purchase opportunity for which the price does
not fall and weakly more interested in any sale opportunity for which the price does not
fall.

Recall that to ease the exposition and to allow for an easier and more transparent
comparison of different substitutability concepts, throughout this section we restricted
attention to opportunity sets and vectors of prices for which choices and demands are
single-valued. In Appendix A, we introduce additional definitions of full substitutability
that explicitly deal with the multi-valued nature of the choice and demand correspon-
dences. We then prove that the definitions introduced in Appendix A, as well as CFS,
DFS, and IFS, are all equivalent (Theorem A.1). Theorem 1 thus follows immediately
from Theorem A.1. Moreover, since Definitions 1-3 are equivalent to the definitions that
explicitly consider the multi-valued nature of the choice and demand correspondences,
it is sufficient to work with the conditions in Definitions 1-3; in particular, requiring
that all agents’ preferences satisfy any of Definitions 1-3 is sufficient to guarantee the
existence of stable outcomes and competitive equilibria (Hatfield et al. 2013).

4. CLASSES OF FULLY SUBSTITUTABLE PREFERENCES

Full substitutability is a natural condition, but it does rule out certain classes of pref-
erences. For instance, full substitutability rules out situations in which an agent would
only be willing to sell multiple units of a good at a particular price, but not one unit
(at that same price). Full substitutability also precludes situations in which one agent’s
multiple inputs are complements. More generally, complementarities in production are
ruled out because inputs are required to be substitutes for each other. Similarly, full sub-
stitutability rules out economies of scale because it requires that outputs cannot com-
plement each other, as they would in the case when producing more outputs makes it
possible to overcome initial fixed costs and/or adopt more efficient production technol-
ogy.'* Full substitutability also places more subtle restrictions: in Section 4.2, we provide
an example showing that the full substitutability assumption can also rule out the case
of preferences representing an agent who is capacity constrained and requires different
types of inputs to produce different types of outputs.!®

14Eor an extended discussion, see Ostrovsky (2008, Section I.A) and Hatfield et al. (2013, Section IL.B).
15To overcome the modeling difficulties associated with allowing for complementarities, authors have
made various assumptions on functional forms of production (Pycia 2012, Dur and Ikizler 2016, Rostek
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At the same time, full substitutability also allows for many rich types of preferences.
By construction, fully substitutable preferences include, as a special case, “one-sided”
preferences that satisfy the gross substitutability condition of Kelso and Crawford (1982).
Gross substitutability has been extensively studied in the literatures on matching, com-
petitive equilibrium, and discrete convex optimization,'® and a variety of examples
and classes of preferences satisfying the gross substitutability condition have been pre-
sented.!”

Beyond one-sided preferences, it is easy to see that the full substitutability condi-
tion allows for environments with homogeneous goods in which agents have increasing
marginal costs of production and diminishing marginal utilities of consumption. It also
allows for richer classes of “two-sided” preferences that involve complementarities be-
tween the contracts an agent can execute as a buyer and those that he can execute as
a seller; in Sections 4.1 and 4.2, we introduce, formally model, and discuss two such
classes of preferences.

4.1 Preferences of intermediaries

We start with intermediary preferences, introduced by Hatfield et al. (2013) in the con-
text of used car dealers, but applicable more generally.'®

The preferences of an intermediary i are represented as follows: Consider an agent i
who has access to a number of heterogeneous inputs Y_,; (e.g., used cars, raw diamonds,
or temporary workers) and to a set of requests Y;_, (e.g., for used cars, for engagement
rings, or for temp services). Each element (¢, p,) € Y_,; specifies the characteristics of
the particular input and the price at which this input is available to intermediary i. Each
element (¢, py) € Y;_, specifies the characteristics required by the contract’s customer
and the price that customer is willing to pay. Some inputs ¢ and requests ¢ are com-
patible with each other, while others are not.!® For every compatible input-request pair
(¢, ¥), there is also a cost ¢, of preparing the input ¢ to satisfy the compatible request
.20 Intermediary i’s objective is to match some of the inputs in Y_,; to some of the

and Yoder 2018, 2019), or worked in either large-market limit environments (Kojima et al. 2013, Azevedo
and Hatfield 2018, Che et al. 2019, Jagadeesan 2019) or in settings in which goods are perfectly divisible
(Hatfield and Kominers 2015, Bando et al. 2019).

165ee, e.g., Kelso and Crawford (1982), Hatfield and Milgrom (2005), Milgrom (2009), Milgrom and
Strulovici (2009), Ostrovsky and Paes Leme (2015), and Paes Leme (2017).

17For instance, Klemperer (2010) makes use of gross substitutable preferences in the design of the
“Product-Mix” auction, which has been and continues to be used by the Bank of England to allocate funds
to banks via securitized loans. Similarly, preferences in electricity markets can often be expressed substi-
tutably via assignment messages (Milgrom 2009).

184 closely related class of preferences was introduced by Sun and Yang (2006, Section 4) in the context
of two-sided markets in which agents on one side (firms) have preferences over agents and objects on the
other side (workers and machines) that are determined by the productivity of each worker on each machine
(see the discussion at the end of Section 4.2 for more detail).

19For instance, a given raw diamond can only be turned into a polished diamond of certain grades. Sim-
ilarly, a particular temp worker is only qualified to perform certain types of jobs.

20For example, ¢, , may be the cost of repairing a car, turning a diamond into an engagement ring, or
training a worker to perform a specific set of tasks. Note that we could formally allow all pairs of inputs and
requests to be compatible, and encode incompatibilities by setting c, 4 = oo for some pairs (¢, ).
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requests in Y;_, in a way that maximizes his profit, 3, ,\c,.(Py — P¢ — Co,u), Where p
denotes the set of compatible input-request pairs that the intermediary selects.

Formally, following Hatfield et al. (2013), define a matching, u, as a set of pairs of
trades (¢, i) such that ¢ is an element of {)_,; (i.e., an input available to intermediary i),
i is an element in );_, (i.e., a request received by i), ¢ and ¢ are compatible, and each
trade in (); belongs to at most one pair in w. Slightly abusing notation, let the cost of
matching u, ¢(un), be equal to the sum of the costs of pairs involved in u (i.e., c(n) =
(o, iren Co)-

For a set of trades E C );, let M(E) denote the set of matchings u of elements of E
such that every element of E belongs to exactly one pair in x.?! Then the valuation of
intermediary i over sets of trades E C (); is given by

ui(E) = | MMM e} EME) #2
—00 if M(E)=2,

i.e., u;(E) is equal to the cost of the cheapest way of matching all requests and inputs in

E if such a matching is possible, and is equal to —oco otherwise.?? (Note that u;(@) = 0.)

The utility function of i over feasible sets of contracts is induced by valuation u; in the

standard way formalized in Section 2.1.

ProrosiTiOoN 1 (Hatfield et al. 2013, Proposition 1). Any intermediary has fully substi-
tutable preferences.

Hatfield et al. (2013) presented a rather involved proof of Proposition 1. Sun and
Yang (2006) also present an elaborate proof of an analogous result for the two-sided set-
ting (Theorem 4.1 in their paper, with the proof on pages 1397-1401). The results of the
current paper allow us to construct a much simpler and shorter proof, which we present
in Appendix B. Proposition 1 follows as a special case of Proposition 2, which shows the
full substitutability of the new class of preferences that we introduce in the next section,
i.e., the class of preferences of intermediaries with production capacity. Proposition 2,
in turn, follows directly from our result on mergers of agents with fully substitutable
preferences (Theorem 4 in Section 5.2).

4.2 Preferences of intermediaries with production capacity

For the intermediary preferences considered in Section 4.1, the intermediary either does
not need to use any of his own resources to facilitate the matches between inputs and
requests, or when he does, those resources can be expressed in monetary terms: there is
acost ¢,y of “preparing” input ¢ for request . In some settings, however, we may want
to consider intermediaries who need to rely on specific physical resources that they have

210f course, M(E) can be empty; e.g., it is empty if the number of inputs in Z is not equal to the number
of requests or if there are some requests in E that are not compatible with any inputs in E.

22Under this valuation function, any set chosen by intermediary i will contain an equal number of offers
and requests. In principle, we could consider a more general (yet still fully substitutable) valuation function
in which an intermediary has utility for an input that he does not resell. In that case, the intermediary may
end up choosing more offers than requests.
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so as to turn inputs into outputs, and it is more appropriate to think of these resources
as fixed. For example, a manufacturer may have a fixed set of machines, and needs to
assign a set of workers to those machines and at the same time needs to decide which
outputs to produce on each individual machine. An agricultural firm may have a fixed
set of land lots, and needs to hire workers to work on those lots and at the same time
needs to decide which outputs to produce. A steel manufacturer has access to a variety
of inputs (different sources of iron ore and scrap metal) and can produce a variety of
outputs (different grades and types of steel products), and needs to assign these inputs
and outputs to the fixed number of steel plants that it has.

In general, the preferences of an agent with capacity constraints may not be fully
substitutable. For example, consider a firm that has exactly one machine, can hire work-
ers Ann and Bob, and has requests for outputs a and 8. Suppose Ann can use the ma-
chine to produce output « (but not 8), while Bob can use the machine to produce output
B (but not ). In this case, the preferences of the firm are not fully substitutable: reduc-
ing the price of an input (say, the cost of hiring Ann) may lead to the firm choosing to
drop an output (B), violating part (i) of demand language full substitutability (Defini-
tion 2). In this section, however, we identify a rich class of preferences that are fully
substitutable despite the presence of capacity constraints.

Specifically, consider an intermediary with production capacity i who has access to
a number of inputs Y_,; and requests Y;_,. Each element (¢, py) € Y_,; specifies the
characteristics of the particular input and the price at which this input is available to
i. Each element (¢, py) € Y;_, specifies the characteristics required by the contract’s
customer and the price that customer is willing to pay. Finally, i has a set M of machines;
each machine m € M can be used to prepare one input for one output.

For each input ¢ and machine m, there is a cost ¢, ,» € R U {+o00} of preparing the
input to work with the machine (e.g., the cost of training a particular worker or the cost
of transporting iron ore from its source). For each machine m and each request ¢, there
is a cost ¢,y € R U {+00} of using this machine to produce the requested output (e.g.,
the cost of water required to produce a particular agricultural crop on a particular land
lot or the cost of transporting a batch of steel to its destination). Note that we allow
both costs to take the value +oo, to enable the possibility that a particular input is not
compatible with a particular machine or a particular machine is not compatible with a
particular request. The total cost of preparing input ¢ for request 4 using machine m
is thus ¢y, m + c¢m,y. The objective of i is to match some of the inputs in Y_,; to some
of the requests in Y;_,, via some of the machines, in a way that maximizes his profit,
> (o.mpyep(Py — Pe — Com — Cm,y), Where u denotes the set of input-machine-request
triples that i selects.

Formally, define a matching, w, as a set of triples (¢, m, ¢) such that

(i) ¢isanelementofQ_,;,
(i) m is a machine available to i,

(iii)  is an element of (};_,, and
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(iv) each ¢ belongs to at most one triple in u, each m belongs to at most one triple in
g p M g p
w, and each ¢ belongs to at most one triple in u.

Slightly abusing notation, let the cost of matching u, c(u), be equal to the sum of the
costs of triples involved in w, i.e., (1) = 3_ (4 . yyeu(Co,m + Cm,y)-

For a set of trades E C Q);, let M(E) denote the set of matchings w of elements of £
and machines available to i, such that every element of E belongs to exactly one triple
in w. Then the valuation of i over sets of trades E C (); is given by

w5 = —min,pqz){c(w)} fME) #£o

i\=) = —
—00 if M(E) =2,

i.e., u;(E) is equal to the cost of the cheapest way of satisfying all requests in = using all

of the inputs in E and some of the machines, if such a production plan is possible; and is

equal to —oo otherwise. The utility function of i over feasible sets of contracts is induced

by valuation u; in the usual way.

PROPOSITION 2. Any intermediary with production capacity has fully substitutable pref-
erernces.

The intuition for the proof of Proposition 2 is as follows. First, if an intermediary
with production capacity i has only one machine, then his preferences are fully sub-
stitutable.?3 Next, if i has multiple machines (i.e., the set M of machines has |[M| > 1),
he can be, in essence, viewed as a “merger” of |[M| single-machine agents. However,
we cannot “merge” the |M| single-machine agents directly, as we must account for the
constraints that a given input can be used by at most one machine (and, similarly, the
constraints that a given request can be satisfied by at most one machine). To address
these issues, we introduce a novel proof strategy: adding a layer of “input dummy” firms
and a layer of “request dummy” firms. Each input dummy firm enforces the constraint
that the input corresponding to that dummy firm is used by at most one machine within
the merged firm. Similarly, each request dummy firm enforces the constraint that the
request corresponding to that dummy firm is fulfilled by at most one machine. The
merger operation then combines the dummy firms with the single-machine firms. By
our Theorem 4, the preferences of our merged firm are fully substitutable, and it is clear
that the preferences of the merged firm reflect the valuation u;.

Note that while we use the “dummy firm layers and mergers” construction for the
specific purpose of proving the full substitutability of the preferences of an intermediary
with production capacity, this technique may be useful more generally for incorporating
various restrictions (say, incompatibility of some input trades) in agents’ preferences
while maintaining full substitutability, both in trading network and two-sided settings.

Z3To see this, suppose that i’s set of options as a buyer expands, i.e., the hypothesis of condition (i) of
CFS. Since i chooses at most one contract as a buyer (since he has only one machine), we must have that
either i chooses a new contract or i chooses the same contract he chose before (in both cases, all previously
rejected contracts are rejected); thus, the first part of condition (i) of CFS is satisfied. Moreover, since i
chooses his output contract ¢ so as to maximize py — ¢y, m, i’s choice as a seller does not change, and so the
second part of condition (i) of CFS is satisfied. Similar arguments show that condition (ii) of CFS is satisfied.
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4.3 Discussion

The classes of preferences discussed in Sections 4.1 and 4.2 follow the tradition of con-
structing complex preferences out of elementary “building blocks” by combining and
modifying these blocks using substitutability-preserving operations. This tradition goes
back to Shapley (1962), who established the complementarity and substitutability prop-
erties of the optimal assignment problem, in which each “match” has a very simple pay-
off structure, but by optimizing over the space of possible overall assignments, we can
obtain arich set of preferences. Sun and Yang (2006) introduced a closely related class of
preferences in two-sided markets in which agents on one side (firms) have preferences
over agents and objects on the other side (workers and machines) that are determined
by the productivity of each worker on each machine; Sun and Yang (2006) showed that
such preferences satisfy the gross substitutes and complements (GSC) condition, with
workers being substitutes for one another, machines being substitutes for one another,
and workers and machines being complements. The constructions of Shapley (1962)
and Sun and Yang (2006) are closely related to our construction of intermediary prefer-
ences in Section 4.1.%4

In the standard two-sided matching context, Hatfield and Milgrom (2005) further
extended the construction of substitutable preferences to the class of endowed assign-
ment valuations, by starting with assignment valuations of Shapley (1962) and apply-
ing the endowment operation to them (i.e., by allowing the optimizing agent to initially
own some of the inputs; see Section 5.1 for more detail).2® Ostrovsky and Paes Leme
(2015) showed that there exist substitutable preferences that cannot be represented
by endowed assignment valuations, and introduced the class of matroid-based valua-
tions, which is obtained by iteratively applying the endowment and merger operations
to weighted-matroid valuations. As every weighted-matroid valuation is substitutable
(Murota 1996, Murota and Shioura 1999, Fujishige and Yang 2003), every matroid-based
valuation is also substitutable; however, the converse is not true (Tran 2019).

Of course, by applying further transformations that preserve full substitutability, we
can generate even richer classes of fully substitutable preferences than those we dis-
cussed in Sections 4.1 and 4.2. In the next section, we discuss several types of such
transformations.

5. TRANSFORMATIONS

In this section, we show that fully substitutable preferences can be transformed and
combined in several economically interesting ways that preserve full substitutability. We

24An important substantive difference between our intermediary preferences and the classes of prefer-
ences discussed by Shapley (1962) and Sun and Yang (2006) is that we incorporate the possibility that some
pairs of “inputs” and “outputs” are physically incompatible, so that they are never “matched” under any
vector of prices. By contrast, in the settings of Shapley (1962) and Sun and Yang (2006), for any given worker
and machine, there exists a vector of prices such under which that worker and machine will be matched.

25Alternatively, the construction of Hatfield and Milgrom (2005) can be viewed as starting with elemen-
tary singleton preferences and iteratively applying the operations of endowment and merger. Hatfield and
Milgrom (2005) showed that the endowment and merger operations preserve substitutability in their con-
text, and thus showed that all endowed assignment valuation preferences are substitutable.
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first consider the possibility that an agent is endowed with the right to execute any trades
in a given set and the possibility that an agent has an obligation to execute all trades in a
given set. We also examine mergers, in which the valuation function of the merged en-
tity is constructed as the convolution of the valuation functions of the merging parties.
Finally, we consider a form of limited liability, in which an agent may back out of some
agreed-upon trades in exchange for paying an exogenously-fixed penalty.

5.1 Trade endowments and obligations

Suppose an agent i is endowed with the right (but not the obligation) to execute trades
in the set ® C (); at prices pg. Let

A(_‘I’,PCD) V) =max{ u; (YU = _
;" () = maxt u ~)+§Z pe 52 pe
SI=7 S=

. . A (D . . .
be a valuation over trades in Q \ ®; u§ po) represents agent i having a valuation over

trades in ) \ ® consistent with u; while being endowed with the option of executing any
trades in the set ® C (); at prices pg.

THEOREM 2. If the initial preferences of agent i are fully substitutable, then the prefer-
ences induced by the valuation function ﬁl@’p *) are fully substitutable for any ® C Q; and
Po € R®.

Intuitively, when we endow agent i with access to the trades in ® at prices pg, we are
effectively restricting (a) the set of prices that may change and (b) the set of trades that
are required to be substitutes in the demand-language definition of full substitutability
(Definition 2). Naturally, this process cannot create complementarities among trades in
O\ @, given that under u;, these trades already are substitutes for each other and for the
trades in . Hence, ﬁ;cp’p ) induces fully substitutable preferences over trades in Q) \ ®.

Apart from endowments, agents may have obligations, that is, an agent i may be
obliged to execute trades in some set ® C (); at fixed prices pg; we now show that if an
agent’s preferences are initially fully substitutable, then they remain so when such an
obligation arises. Suppose agent i is obliged to execute trades in ® C (); at prices pg
(with @ technologically feasible in the sense that u;(®) # —o0). Let

~(®
u; ,Pcp)(\y)zui(\lfuq))—i- Z Pe— Z Pes
¢E(bi~> (’DG(I)*”.

where ﬁl@’p @) represents agent ; having a valuation over trades in () \ ® consistent with

u; while being obliged to execute all trades in the set ® C (); at prices pg.

THEOREM 3. If the initial preferences of agent i are fully substitutable, then the prefer-
ences induced by the valuation function L”tl@’p ) are fully substitutable for any ® € ; and
po € R® such that u;(®) # —oc.

The idea of the proof of Theorem 3 is to note that the demand correspondence of
agent i with valuation ﬁ;fb’p *) does not depend on the obligation prices pg, as changing
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po simply shifts the agent’s utility function by a fixed amount. Thus, we can assume that
the trades that the agent is obliged to buy have negative and very large (in absolute mag-
nitude) prices, while the trades that the agent is obliged to sell have positive and very
large prices. Under those assumptions, “obligations” become “endowments” (because
the agent would voluntarily want to execute all of these trades), and thus Theorem 3
follows from Theorem 2.

Combining Theorems 2 and 3, we see that if the preferences of agent i are fully sub-
stitutable, then they remain fully substitutable when i is endowed with some trades and
obliged to execute others (assuming that the obligation is technologically feasible).

5.2 Mergers

The second transformation we consider is the case when several agents merge. Given a
set of agents J, we denote the set of trades that involve only agents in J as

V) ={weQ: {b(w),s(w) T}

We let the convolution of the valuation functions {u;};c; be defined as
uy(¥) = max u;(vuo 1
() Mm{; j( )} (1)

for sets of trades ¥ € O\ /. The convolution u; represents a “merger” of the agents in
J, as it treats the agents in J as able to execute any within-J trades costlessly.

THEOREM 4. For any set of agents J C I, if the preferences of each j € J are fully sub-
stitutable, then the preferences induced by the convolution ujy (defined in (1)) are fully
substitutable.?

While Theorem 4 is of independent interest, we also use it in the proof of Proposi-
tion 2.

We note also that substitutability is not preserved following dissolution/de-mergers.
For example, if agents i and j only trade with each other, then the preferences induced
by the convolution valuation u; ;) are trivially fully substitutable, even if the preferences
of i and j are not.

Substitutability is also not preserved when merging trades. To see this, consider a
simple economy with agents i and j and a set of trades () consisting of y, ¢, ¢, and w.
Agent i is the buyer in all of the trades, and agent j is the seller. Agent i’s valuation is

2 =2
u(W)y=11 [¥;=1
0 otherwise.
26We provide a direct proof of this result in Appendix B; however, it also follows as a consequence of the

relationship between full substitutability and M?-concavity (which we describe in Section 6.4) and the fact
that the supremal convolution of two M"-concave functions is M*-concave (Murota 2003, Theorem 6.13).
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The preferences of i are fully substitutable. Now consider merging the trades y and ¢
into a single trade ¢. The resulting valuation function of agent i over the subsets of () =

(Q\ {x, ¢}) U {é} is given by
2 |Piy>20réeV
(P)=11 |¥;/=1landé¢ V¥
0 otherwise.

Valuation function #; is not fully substitutable. To see this, note that for price vector
P = (p¢, Py, Po) = (1.7,0.8,0.8), the unique optimal demand of agent i is {i, w}, but for
price vector p’ = ( p’g, pip, p.,) = (1.7,1,0.8), the unique optimal demand of agent i is
{£}. That is, under price vector p’, agent i no longer demands the trade w, even though
its price remains unchanged while the price of i increases and the price of ¢ remains
unchanged.

5.3 Limited liability

The final transformation we consider is “limited liability.” Suppose that after agreeing
to a trade, an agent is allowed to renege on that trade in exchange for paying a fixed
penalty. We show that this transformation preserves substitutability. In addition to be-
ing economically interesting, this result is also useful technically; indeed, it enables us
to transform unbounded utility functions into bounded ones while preserving substi-
tutability, which in turn simplifies the analysis in a number of settings (see, e.g., the
proof of Theorem 1 of Hatfield et al. (2013)).

Formally, consider a fully substitutable valuation function u; for agent i. Take an
arbitrary set of trades ® C ();, and for every trade ¢ € ®, pick the penalty II, € R for
reneging on trade ¢. (For mathematical completeness, we allow II, to be negative.)

Define the modified valuation function ﬁgq)’nq’) as
v (D,1g) - =
u: V)= max ju;(V\E5)— I, ;. 2
l ()Egl'ﬂd){l(\)z(p} (2)
oS-
That is, under valuation Ztl(.q)’n‘l’), agent i can “buy out” some of the trades to which he

has committed (provided these trades are in the set ® of trades the agent may renege
on) and pay the corresponding penalty for each trade he buys out.

THEOREM 5. Ifthe initial preference of agent i are fully substitutable, then the preferences
induced by the valuation function with limited liability Lil(.q)’n“’) are fully substitutable for
any® C Q; andllg € R®.

A common assumption in the earlier literature on two-sided matching and exchange
economies (see, e.g., Kelso and Crawford 1982 and Gul and Stacchetti 1999) is that buy-
ers’ valuation functions are monotonic.?’ Intuitively, monotonicity corresponds to the

27n the two-sided settings of Kelso and Crawford (1982) and Gul and Stacchetti (1999), buyers’ valuation
functions are required to be weakly increasing with respect to the set of workers/objects obtained; that is,
monotonicity of the valuation function u; requires that, for all £ and ¥ such that E C ¥ C Q_,;, we have
that u; (V) > u;(E).
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special case of our setting in which an agent has free disposal, in the sense that he can
renege on any trade as a buyer at no cost. More formally, if u; is fully substitutable, then
Theorem 5 implies that we can obtain a fully substitutable and monotonic valuation
function itg(b’n“’) by allowing the agent to renege on any trade in ¢ € ); at a per-trade

costof I1, =0.

6. PROPERTIES EQUIVALENT TO FULL SUBSTITUTABILITY

In this section, we discuss several properties of valuation functions that turn out to be
equivalent to full substitutability. While these results are of independent interest, some
of them are also useful in applications. For example: The submodularity equivalence
we prove in Section 6.1 is used in our proof that substitutability is preserved under trade
endowments (Theorem 2). The single improvement property, introduced in Section 6.2,
is useful for efficiently computing the choices of agents with fully substitutable prefer-
ences, as it implies that local search for an optimal bundle eventually reaches a global
optimum (Paes Leme 2017). The object-language formulation of full substitutability
we develop in Section 6.3 is used in showing that substitutability implies monotone-
substitutability, which implies the Laws of Aggregate Supply and Demand (Theorem 10).

6.1 Submodularity of the indirect utility function

A classical approach (see, e.g., the work of Gul and Stacchetti 1999 and Ausubel and Mil-
grom 2002) relates substitutability of the utility function to submodularity of the indirect
utility function. In particular, every (gross) substitutable utility function corresponds to
a submodular indirect utility function and vice versa; here, we generalize this relation-
ship to our setting using an argument that avoids the monotonicity conditions that Gul
and Stacchetti (1999) and Sun and Yang (2009) imposed.

For price vectors p, p € R, let the join of p and p, denoted p Vv p, be the pointwise
maximum of p and p; let the meet of p and p, denoted p A p, be the pointwise minimum.

DerINITION 4. The indirect utility function of agent i,

Vi(P)E\{,n?B({Ui([\P; )}

cl);
is submodular if, for all price vectors p, p € R®, we have that
Vitp A p)+Vilp v p) =Vi(p) +Vi(p).

Just as in two-sided frameworks, full substitutability corresponds to submodularity
of the indirect utility function.

THEOREM 6. The preferences of an agent are fully substitutable if and only if they induce
a submodular indirect utility function.
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6.2 The single improvement property

Gul and Stacchetti (1999) first observed (in the setting of exchange economies) that sub-
stitutability is equivalent to the single improvement property—an agent’s preferences are
substitutable if and only if, when an agent does not have an optimal bundle, he can make
himself better off by adding a single item, dropping a single item, or doing both. Sun
and Yang (2009) extended Gul and Stacchetti’s equivalence result to their setting. Bald-
win and Klemperer (2019) showed that in their setting the single improvement property
is equivalent to requiring that agents have complete preferences.

DEerINITION 5. The preferences of agent i have the single improvement property if for
any price vector p and set of trades ¥ ¢ D;(p) such that u;(¥) # —oo, there exists a set
of trades ® such that

i) Ui([\V; pD) < Ui([P; pD),
(ii) there exists at most one trade w such that ¢; ,,(¥) < ¢; ,(P), and

(iii) there exists at most one trade w such that e; ,,(¥) > e; ., (®).?8

The single improvement property in our setting says that when an agent holds a
suboptimal bundle of trades W, that agent can be made better off by either:

e obtaining one item not currently held (either by making a new purchase, i.e.,
adding a trade in Q)_,; \ ¥, or by canceling a sale, i.e., removing a trade in ¥;_, ),

¢ relinquishing one item currently held (either by canceling a purchase, i.e., remov-
ing a trade in ¥_, ;, or by making a new sale, i.e., adding a trade in Q;_, \ ¥), or

¢ both obtaining one item not currently held and relinquishing one item currently
held.

For instance, an agent may buy one more input and commit to provide one additional
output as a “single improvement.”

THEOREM 7. The preferences of an agent are fully substitutable if and only if they have
the single improvement property.

6.3 Object-language substitutability

An alternative way to think about trades in our setting is to consider each trade as repre-
senting the transfer of an underlying object. Under this interpretation, an agent’s pref-
erences over trades are fully substitutable if and only if that agent’s preferences over ob-
jects have the standard Kelso and Crawford (1982) property of gross substitutability.
Formally, we consider each trade w € () as transferring an underlying object from
s(w) to b(w); we denote this underlying object as o(w). We call the set of all underlying
objects Q. Hence, after executing the set of trades W C ();, agent i is left with both (i) the

28Recall that the definition of the generalized indicator function e; is given in Section 3.3.
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set of objects corresponding to the trades in ¥ in which i is a buyer and (ii) the set of
objects corresponding to the trades in (); \ ¥ in which i is a seller. Formally, we define
the set of objects held by agent i after executing the set of trades ¥ as

0;(V)={o(w):weV_;}Ufo(w):we Qi \ ¥}
Conversely, we define the trade associated with an object @ as t(w); note that

t(o(w)) = w. For a given set of objects ¥ C Q; = {w € Q:i € {h(H(w)), s(t(w))}, we also
define the set of trades executed by i as

(W) ={weQ,;:0(w) eW¥}UlwecQi, :0(w) e Q;\ ¥}

For a partition of objects {W'},;, the set of trades that implements this partition is given
by

Uti(q’i).
iel
For a set of objects W, we let
wi (W) = u; (t:(¥)) = u; ([t:(¥)]_, U [ \ t;(¥)],).

Using objectlanguage, we can also reformulate indicator-language full substitutabil -
ity (Definition 3) into object-language full substitutability.

DerINITION 6. The preferences of agent i are object-language fully substitutable (OFS) if
for all price vectors p, p’ € R such that |IDi(p)| =|Di(p")l=1and p < p/, for the unique
VeD;(p)andV¥ e D;(p),if w e 0;(¥), then w € 0;(¥V') for each w € Q; such that pye) =

p;(w)'

Under object-language full substitutability, an increase in the price of object s can-
not decrease the agent’s demand for any object w # . That is, the agent’s preferences
over objects are gross substitutable, in the sense of Kelso and Crawford (1982).

We can now interpret the indicator function e; , (¥) as encoding whether the object
¥ = o(¢) is transferred under W:

o if y € V_,;, then ¢ € 0;(¥) and ¢; , (V) = 1, i.e., i newly obtains the object associ-
ated with ¢;

o if eV, ,, then ¢ ¢ 0;(¥) and ¢; ,(¥) = —1, i.e,, i gives up the object associated
with ;

e finally, if 4 ¢ W, then e; 4 (¥) = 0, i.e., i neither newly obtains nor gives up the
object associated with .

Moreover, object-language full substitutability is useful in our proof that fully substi-
tutable preferences satisfy the Laws of Aggregate Supply and Demand (under quasilinear
utility).

We can reformulate the definition of the single improvement property in terms of
objects.
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DeriNITION 5’ (Equivalent to Definition 5). The preferences of agent i have the single
improvement property if for any price vector p and set of trades ¥ ¢ D;(p) such that
u; (W) # —o0, there exists a set of trades ® such that

@) Ui(['¥; pD) < Ui([P; pD),
(ii) there exists at most one object ¢ € 0;(®P) \ 0;(¥), and

(iii) there exists at most one object ¢ € 0;(\¥) \ 0;(P).

Using object language, we get a definition of the single improvement property that
exactly matches the intuition provided for Definition 5. The single improvement prop-
erty says that when an agent holds a suboptimal bundle of trades W, that agent can be
made better off by:

e obtaining one object ¢ not currently held, i.e., ¢ ¢ 0;(V),
o relinquishing one object ¢ currently held, i.e., s € 0;(¥), or
e both newly obtaining one object and relinquishing one object.

When substitutability is expressed in terms of preferences over trades, it is neces-
sary to treat relationships between “same-side” and “cross-side” contracts differently.
Both Sun and Yang (2006) and Ostrovsky (2008) thus introduced a concept of cross-side
complementarity, which requires that agents treat buy-side contracts as complemen-
tary to sell-side contracts (as in our Definitions 1 and 2), which might suggest that there
is something fundamentally different between how contracts on one side are interde-
pendent with each other versus how contracts on different sides are interdependent.
The representation of preferences in terms of object-language substitutability uncov-
ers that cross-side complementarity is not really a complementarity condition per se:
rather, it corresponds to an underlying substitutability condition over objects, in the
sense that trades are cross-side complements if upstream trades transfer in objects that
“substitute” for objects transferred out through downstream trades (and vice versa).

The formalization of substitutability in terms of preferences over objects (Defini-
tion 6) thus provides a simple and compact interpretation of full substitutability that
does not require treating two sides differently: it simply says that when an agent’s object
opportunity set shrinks, the agent does not reduce demand for any object that remains
in his opportunity set.

The preceding observations make the following result immediate.

THEOREM 8. The preferences of an agent are fully substitutable if and only if they are
object-language fully substitutable.

6.4 M"-concavity over objects

Fujishige and Yang (2003) showed that gross substitutability in the Kelso and Crawford
(1982) model is equivalent to a classical condition from discrete optimization theory:
M -concavity (Murota 2003; see also Reijnierse et al. 2002). In our object-language no-
tation, the condition can be stated as follows.
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DerinITION 7. The valuation u; is M"-concave over objects if for all ®, ¥ € Q;, for any
iy € ¥, we have

i (W) + 2 ®) = max] i (W () i@ Uh)), max{ (WU )\ () + s (@U )\ 9) } |

A valuation function is M*-concave if, for any sets of objects ¥ and ®, the sum of
u;(W) and u;(®) is weakly increased when either we move a given object ¢y from W to ®
or we swap ¥ for some other object ¢ € ®.

THEOREM 9. The preferences of an agent are fully substitutable if and only if the associ-
ated valuation function is M"-concave over objects.

Theorem 9 follows from Theorem 7 of Murota and Tamura (2003), which shows that
M"-concavity is equivalent to the single improvement property—and which in turn, by
our Theorem 7, implies the equivalence of full substitutability and M*-concavity.

7. MONOTONE—SUBSTITUTABILITY AND THE LAWS OF AGGREGATE SUPPLY AND
DEMAND

Hatfield and Milgrom (2005) showed that in two-sided matching markets with transfers
and quasilinear utility, all fully substitutable preferences satisfy a monotonicity condi-
tion called the Law of Aggregate Demand.?® The analogues of this condition for the cur-
rent setting are the Laws of Aggregate Supply and Demand for trading networks (Hatfield
and Kominers 2012).

DerINITION 8. The preferences of agent i satisfy the Law of Aggregate Demand if for all
finite sets of contracts Y, Z € X; such that Y; , = Z;, and Y_,; € Z_,;, for every Y* €
Ci(Y), there exists Z* € C;(Z) such that | Z* ;| — |Z | > |Y* ;| — Y}, |.

The preferences of agent i satisfy the Law of Aggregate Supply if for all finite sets of
contracts Y and Z such that Y;, € Z;, and Y_,; = Z_,;, for every Y* € C;(Y), there

exists Z* € Ci(Z) such that |Z} | —|Z* | > |V} | —|Y* |

Intuitively, the choice correspondence C; satisfies the Law of Aggregate Demand if,
whenever the set of options available to i as a buyer expands, the net demand (i.e., the
difference between the number of buy-side contracts chosen and the number of sell-
side contracts chosen) increases. Similarly, the choice correspondence C; satisfies the
Law of Aggregate Supply if, whenever the set of options available to i as a seller expands,
the net supply (i.e., the difference between the number of sell-side contracts chosen and
the number of buy-side contracts chosen) increases. The conditions stated in Defini-
tion 8 extend the Hatfield and Milgrom (2005) Law of Aggregate Demand (see also Alkan
and Gale 2003, Hatfield and Kominers 2012) to the current setting, in which each agent
can be a buyer in some trades and a seller in others.

291In the context of two-sided matching with contracts, the Law of Aggregate Demand is essential for
“rural hospitals” and strategy-proofness results (see Hatfield and Milgrom 2005 and Hatfield and Kominers
2017).
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One subtle technical issue arises because choice correspondences are not necessar-
ily single-valued in our setting. Under fully substitutable preferences, for all finite sets of
contracts Y, Z C X;suchthatY,, =Z7,, and Y_,; C Z_,;, if Y* € C;(Y), then there ex-
istsa Z* € C;(Z) such that (Y_,;\ Y* ) C(Z,;\ Z* ) and Y C Z! (see AppendixA).
Meanwhile, when the Law of Aggregate Demand is satisfied, for all finite sets of con-
tracts Y, Z C X;suchthatY;,, =Z,, and Y_,; C Z_,;, if Y* € C;(Y), then there exists a
Z* e Ci(Z)suchthat |Z* ;| - |Z} | > |Y* ;| — Y/, |. However, in principle, it may be the
case that there is no Z* that simultaneously satisfies the conditions for full substitutabil-
ity and the Law of Aggregate Demand. Yet in some applications, it is important to have
a single Z* that simultaneously satisfies both conditions (see, e.g., Hatfield et al. 2018).
Thus we introduce the following stronger condition, called monotone-substitutability.

DerINITION 9. The preferences of agent i are monotone-substitutable if both:

(i) for all finite sets of contracts Y, Z € X; suchthatY;, =Z;, and Y_,; € Z_,;, for
every Y* e C;i(Y), there exists Z* € C;(Z) such that (Y_,; \ Y* ) € (Z_;\ Z*))),
Y C©Z¥ ,and|Z* |- |Z7 | > |Y* |- Y} |;and

i—’

(ii) for all finite sets of contracts Y, Z C X; suchthat Y_,; =Z_,; and Y;_, C Z,_,, for
every Y* € C;(Y), there exists Z* € C;(Z) such that (Y; . \ Y*)) C(Z; \ Z}")),
Y5,2% pand | ZE | =122 1 = 1Y | = Y2 ).

In our setting, full substitutability implies monotone—substitutability, which in turn
implies the Laws of Aggregate Supply and Demand.3°

THEOREM 10. Ifthe preferences of agent i are fully substitutable, then they are monotone—
substitutable.

CoroLLARY 1. If the preferences of agent i are fully substitutable, then they satisfy the
Laws of Aggregate Supply and Demand.

Corollary 1 is an analogue of Theorem 7 of Hatfield and Milgrom (2005) for our set-
ting.

8. CONCLUSION

Various forms of substitutability are essential for establishing the existence of equilibria
and other useful properties in diverse settings such as matching, auctions, and exchange
economies with indivisible goods. We extended earlier models’ canonical definitions of
substitutability to a setting in which an agent can be both a buyer in some transactions
and a seller in others, and showed that all these definitions are equivalent. We intro-
duced a new class of substitutable preferences that allows us to model intermediaries

30Note that this result relies on our assumption that preferences are quasilinear; meanwhile, in non-
quasilinear settings, it is easy to construct preferences that are fully substitutable but do not satisfy the Law
of Aggregate Demand (see, e.g., Hatfield and Milgrom 2005, p. 925).
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with production capacity. We proved that substitutability is preserved under econom-
ically important transformations such as trade endowments and obligations, mergers,
and limited liability. We also showed that substitutability corresponds to submodular-
ity of the indirect utility function, the single improvement property, gross substitutabil-
ity under a suitable transformation (object-language full substitutability), and M*-
concavity. Finally, we showed that substitutability implies monotone-substitutability,
which in turn implies the Laws of Aggregate Supply and Demand. All of our results ex-
plicitly incorporate economically important features that were not fully addressed in
prior work, such as indifferences, non-monotonicities, and unbounded utility functions.

In the current paper, we focused on the full substitutability of the preferences of an
individual agent. In related work, we have explored the properties of economies with
multiple agents whose preferences are fully substitutable. That work shows that when
all agents’ preferences are fully substitutable, outcomes that are stable (in the sense of
matching theory) exist for any underlying network structure (Hatfield et al. 2013, Theo-
rems 1 and 5). Furthermore, full substitutability of preferences guarantees that the set
of stable outcomes is essentially equivalent to the set of competitive equilibria with per-
sonalized prices (Hatfield et al. 2013, Theorems 5 and 6) and to the set of chain stable
outcomes (Hatfield et al. 2018, Theorem 1 and Corollary 1), and that all stable outcomes
are in the core and are efficient (Hatfield et al. 2013, Theorem 9). Full substitutability
also delineates a maximal domain for the existence of equilibria (Hatfield et al. 2013;
see also Gul and Stacchetti 1999 and Yang 2017): for any domain of preferences strictly
larger than that of full substitutability, the existence of stable outcomes and competitive
equilibria cannot be guaranteed.

APPENDIX A: DEFINITIONS OF FULL SUBSTITUTABILITY THAT CONSIDER
MULTI-VALUED CHOICES AND DEMANDS

In this Appendix, we introduce six alternative definitions of full substitutability that ex-
plicitly deal with indifferences in preferences. Definitions A.1 and A.2 are analogues
of choice-language full substitutability (Definition 1); Definitions A.3 and A.4 are ana-
logues of demand-language full substitutability (Definition 2); and Definitions A.5 and
A.6 are analogues of indicator-language full substitutability (Definition 3). In Ap-
pendix A.4, we show that Definitions A.1-A.6 are all equivalent to each other and to CFS,
DFS, and IFS.

In contrast to Definitions 1, 2, and 3, which consider single-valued choices and de-
mands, Definitions A.1-A.6 explicitly consider multi-valued correspondences and deal
directly with indifferences. By explicitly accounting for indifferences and multi-valued
correspondences, we directly generalize the original gross substitutability condition of
Kelso and Crawford (1982) to our setting. Moreover, the conditions that explicitly ac-
count for indifferences turn out to be useful for proving various results on trading net-
works.
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A.1 Choice-language full substitutability

Our next two definitions are analogues of Definition 1, explicitly considering indiffer-
ences in preferences. The first one states what happens when an agent’s set of options
expands, and the second one states what happens when the set of options shrinks.

DEerINITION A.1. The preferences of agent i are choice-language expansion fully substi-
tutable (CEFS) if both:

(i) for all finite sets of contracts Y, Z C X such that Y;,_, = Z;, and Y_,; € Z_,;, for
every Y* e C;(Y), there exists Z* € C;(Z) such that (Y_,;\ Y* ;) € (Z.;\ Z*, ;) and
Y* CcZ* ;and

- = “i=?

(ii) for all finite sets of contracts Y, Z C X such that Y_,; = Z_,; and Y;_, € Z,_,, for
every Y* € C;(Y), there exists Z* € C;(Z) such that (Y;, \ Y, ) € (Z;. \ Z7 ) and
YZ, <72,
DerINITION A.2. The preferences of agent i are choice-language contraction fully sub-
stitutable (CCFS) if both:

(1) for all finite sets of contracts Y, Z € X such that Y;., =Z;, and Y_,; € Z_,;, for
every Z* € Ci(Z), there exists Y* € C;(Y) such that (Y_;\Y* ;) € (Z_;\ Z* ;) and
Y* CcZ* ;and

- = T’

(ii) for all finite sets of contracts Y, Z C X suchthat Y_,;=Z_,;and Y,_, C Z;_,, for
every Z* € Ci(Z), there exists Y* € C;(Y) such that (Y;. \ Y, ) € (Z; \ Z} ) and
Yr,czr,

Note that we use Y as the “starting set” in CEFS and Z as the starting set in CCFS to
make the two definitions more easily comparable.

Furthermore, note that in case (i) of CEFS and CCFS, requiring Y_,;\Y* , C Z ,;\ Z* ;
(i.e., that every buy-side contract not chosen when the smaller set Y is available is still
not chosen when the larger set Z is available) is equivalent to requiring that Z*NY_,; C
Y* (i.e., that every buy-side contract chosen when the larger set Z is available is still
chosen if available when the smaller set Y is available). Similarly, in case (ii), requiring
Yio \Y ', CZ . \Z} is equivalent to requiring that Z*NY;, C Y*.

It is immediate that both Definitions A.1 and A.2 imply Definition 1, as all three defi-
nitions impose the same conditions when the choice correspondence is univalent. How-
ever, as Theorem A.1 demonstrates, imposing the conditions of Definition 1 to cases in
which the choice correspondence is univalent is sufficient to recover the stronger defi-
nitions discussed here.

A.2 Demand-language full substitutability
Our next two substitutability concepts are analogues of Definition 2.

DerINITION A.3. The preferences of agent i are demand-language expansion fully sub-
stitutable (DEFS) if both:
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(i) for all price vectors p, p’ € R such that Po=7p, foral o € Q,, and p, > p/,
for all w € Q_,;, for every ¥ € D;(p) there exists ¥’ € D;(p’) such that we have
{weV¥ ;:po=p,) SV ;and¥;, C¥ _ ;and

i—’

(i) for all price vectors p, p’ € R? such that p,, = p/, for all w € Q_,; and p,, < p,,
for all w € Q;_,, for every ¥ € D;(p) there exists ¥’ € D;(p’) such that we have
{weV  :po=p,)CS¥ ,and¥V_;C¥V .

DEerINITION A.4. The preferences of agent i are demand-language contraction fully sub-
stitutable (DCFS) if both:

(i) for all price vectors p, p’ € R® such that p, = p/, forall o € Q;, and p, > p/,
for all w € Q_,;, for every ¥ € D;(p’) there exists ¥ € D;(p) such that we have
{lweV  :po=p,CV¥ ;and¥,, CV¥, ;and

—’

(ii) for all price vectors p, p’ € R® such that p,, = p/, forall w € Q_,; and p, < p,
for all w € Q;_,, for every ¥’ € D;(p’) there exists ¥ € D;(p) such that we have
(weV¥ _ :po=p,}C¥;,,and¥V_,; ¥V .

Note that we use p as the “starting price vector” in DEFS and p’ as the starting price
vector in DCFS. Also, in case (i) of DEFS and DCFS, requiring {® € ¥'_;: p, = p{,} S V_,;
(i.e., any trade demanded at prices p’ is still demanded when the prices of other trades
rise) is equivalent to requiring that {w € (Q_;\ V) : p, = p,} € Q_; \ V' (i.e., any trade
not demanded at prices p is still not demanded when the prices of other trades fall).
Similarly, in case (ii), requiring {w € ¥;_, : p, = p|,} € ¥;_, is equivalent to requiring
that {w € (A \ V) : po=p,,} CQi \ V.

It is immediate that both Definitions A.3 and A.4 imply Definition 2, as all three def-
initions impose the same conditions when the demand correspondence is univalent.
However, as Theorem A.1 demonstrates, imposing the conditions of Definition 2 to cases
in which the demand correspondence is univalent is sufficient to recover the stronger
definitions discussed here.

As we mentioned in footnote 13, DCFS corresponds directly to the gross substitutes
and complements condition (GSC) of Sun and Yang (2006). That said, there is a subtlety
in interpreting the relationship between the Sun and Yang (2006) model and ours. In
the Sun and Yang (2006) model, each agent is treated as buying goods from two separate
sets; goods are substitutes within each set, but complements across the two sets. As
each agent in the Sun and Yang (2006) model is just a buyer, all goods are taken to have
positive prices. In our framework, meanwhile, each agent is treated as the buyer of some
trades (upstream) and the seller of others (downstream); we thus use the convention
that prices for trades bought are positive, while prices for trades sold are negative. As
both in our setting and in that of Sun and Yang (2006) prices themselves are allowed to
be either positive or negative, the difference between the sign convention is immaterial:
the trades available for sale and purchase in our framework correspond to the two sets of
goods in the Sun and Yang (2006) model. Even so, there is a difference in interpretation
between the two models: under the convention Sun and Yang (2006) have chosen, we
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think of the agents as buying all of the goods, whereas in our model, we think of agents
as more akin to intermediaries who convert inputs into outputs. (For a formal statement
of an embedding of the Sun and Yang 2006 model into our trading network framework,
see Hatfield et al. 2013, Section IV.B.)

A.3 Indicator-language full substitutability

Our next two definitions are analogues of Definition 3.

DeriNITION A.5. The preferences of agent i are indicator-language increasing-price
fully substitutable (ITFS) if for all price vectors p, p’ € R such that p < p/, for every
V¥ e D;(p) there exists ¥’ € D;(p’), such that e; ,(¥) < ¢; ,(¥') for each w € (}; such
that p, = p/,.

DerINITION A.6. The preferences of agent i are indicator-language decreasing-price
fully substitutable (IDFS) if for all price vectors p, p’ € R® such that p < p/, for every
V' e D;(p’) there exists ¥ € D;(p), such that e; ,(¥) < ¢; ,(¥’) for each w € (}; such that

Po = Py

Definition A.5 considers what happens as prices rise from p to p’, requiring that a
trade whose price does not change that is bought (respectively, not sold) by i under p is
still bought (not sold) by i under p’. By contrast, Definition A.6 considers what happens
as prices fall from p’ to p, requiring that a trade whose price does not change that is sold
(respectively, not bought) by i under p’ is still sold (not bought) by i under p.

It is immediate that both Definitions A.5 and A.6 imply Definition 3, as all three def-
initions impose the same conditions when the demand correspondence is univalent.
However, as Theorem A.1 demonstrates, imposing the conditions of Definition 3 to cases
in which the demand correspondence is univalent is sufficient to recover the stronger
definitions discussed here.

A.4 Equivalence result

We now show that our three main substitutability concepts and the six generalizations
introduced in this appendix are all equivalent. In particular, Theorem A.1 implies Theo-
rem 1.

TueoREM A.1. The CFS, DFS, IFS, CEFS, CCFS, DEFS, DCFS, IIFS, and IDFS conditions
are all equivalent.

PrOOF. We assume throughout that Q = ;3! To prove Theorem A.1, we prove seven
lemmata; we first show that all three demand-language concepts of full substitutability
are equivalent.

31This assumption is without loss of generality, as all of the analysis here considers only the sets of trades
demanded by i and, for any price vectors p and p such that pg, = pq,, we have that D;(p) = D;(p).
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LeMmwMmA 1. The DFS, DEFS, and DCFS conditions are all equivalent.

Prook. It is immediate that DEFS and DCFS each imply DFS. To complete the proof,
we show that DFS implies DEFS and that DFS implies DCFS.

DFS = DEFS. We first show that part (i) of DFS implies part (i) of DEFS. Consider two
price vectors p and p’ such that p, = p/, forall w € Q;_, and p, > p/, forall w € Q_,;,
andlet Q) = {weQ: p, > p,}; note that Qc Q_,;. Fixan arbitrary ¥ € D;(p); we need to
show that there exists a set V' € D;(p’) that satisfies the requirements of part (i) of DEFS.

Let g be given by

Po—¢ weV_jorwe[Q\V].

D= pote wel\ViorweV,,

for some sufficiently small £ > 0. Let ¢’ be given by

,_|p we
o weQ\Q

) wel
=1po—¢ we¥ i \Qorwe[Q\ V] \Q
Po+e& we[ﬂ\llf]_)i\florwellfi_)\fl

) we
=1p. —¢ we¥_;\Qorwe[Q\¥]_\Q
p+e welQ\V]L\Qorwe¥; ., \Q,

and let V' € D;(q’). Let ¢’ be given by

7. = q%)—é weV orwe[Q\V]
q,+6 we[Q\V] . orwcV¥,

P, — 96 we\lf;iﬂﬁorwe[ﬂ\\lf’]i_)ﬂﬁ
p.,+98 we[Q\\I”]Hiﬂﬁorwe\Iﬁ_}ﬂﬁ

) p—e—8 we[¥n¥]_ \Qorwe[Q\ (¥ UT)]  \Q

e et we[W\V]_ \Qorwe[¥\V¥]_\Q
p,+e—2>8 we[\I”\\If]_)i\florwe[\lf\\lf’]i_)\ﬁ
Ptet+d we[Q\(VUW)]_ \Qorwe[¥n¥]_\O

for some sufficiently small 6 < ¢. Finally, let g be given by

 [qe wed
o= q., weQ\fl
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Pw— € we\If_ﬂﬁQorwe[Q\\If],-_)ﬂfl

Do+ € we[Q\‘I’]H,ﬂflorwe\IfHﬁfl
Po—e—8 we[¥NV¥]_\Qorwe[Q\(VU¥)]_\O
Po—€+8 we[\If\‘If/] i\ﬁorwe[\lf/\‘lf]i_)\ﬁ
Pote—38 we[V\V]_ \Qorwe[¥\¥] \0O
Pote+d we[Q\(‘lf’U‘lf)] N\Qorwe[¥Vnv] _ \0

9o we\lf_”-ﬂflorwe[ﬂ\\lf]i_)ﬂﬁ

do we[Q\\If]_)iﬂflorwe\I’,-_)ﬂfl

do—8 we[VN¥]_ \Qorwe[Q\(VU¥)]_ \Q
Gdo+8 we[V\V]_ \Qorwe[V\V¥] _ \Q
do—38 we[V\V]_\Qorwe[¥\¥] _\0O
do+8 we[Q\ (P UW)]_ \Qorwe[¥n¥] \O

We first show five intermediate results on the effects of our price perturbations.
Fact 1. D;(q) ={¥}.

PrOOF. We have, for any ® # W, that®?
Ui(I¥; q1) — Ui(1®; q1) = Ui ([¥; pl) — Ui(I1®; pl) + ¥ © Ple > [V © D|e > 0,

where the equality follows from the definition of g, the first inequality follows from the
fact that ¥ is optimal at p, i.e., ¥ € D;(p), and the last inequality follows as ® # V. Thus
Di(q) ={¥}. O

Fact 2. D;(q) ={¥}.

Proor. Consider an arbitrary ® € D;(g) and an arbitrary 5 ¢ D;(q). We have that
Ui(1®; gl) — Ui(IE: 1) = Ui(1D: q1) — Ui((E: q1) — 1P © E[5 > 0,
where the first inequality follows from the definition of g and the second inequality fol-

lows as @ is optimal at g, E is not optimal at ¢, and & is sufficiently small. Thus, E ¢ D;(g)
and so D;(q) € D;(q). Combining this observation with Fact 1 yields D;(g) = {¥}. O

Fact 3. Di(q") € Di(p).

Proor. Consider an arbitrary ® € D;(p’) and an arbitrary E ¢ D;(p’). We have that
Ui([®:4']) - Ui([E: ¢']) = Ui([®@: p']) - Ui([E: p']) — 1@ © Ele > 0,
where the first inequality follows from the definition of ¢’ and the second inequality

follows as @ is optimal at p/, E is not optimal at p’, and & is sufficiently small. Thus,
E ¢ Di(q") and so Di(q") € Di(p'). O

32Here, we use © to denote the symmetric difference between two sets, i.e., ¥ © ® = (¥ \ ®) U (d\ V).
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Facr4. Di(q) € Di(q).

Proofr. Consider an arbitrary ® € D;(¢') and an arbitrary E ¢ D;(q’). We have that
Ui([®:7']) - Ui([E: ¢']) = Ui([®@; ¢']) — Ui([E: 4']) — 1P © El6 > 0,
where the first inequality follows from the definition of ¢’ and the second inequality

follows as ® is optimal at ¢/, E is not optimal at ¢/, and § is sufficiently small. Thus,
Di(g") € Di(q"). g

Fact5. D;i(q)={V}.

Proor. We have that, for any &' #£ ¥V,
Ui([v:q]) - Vi[9 4]) = Ui([¥': ¢']) - Ui([®: ¢']) + [V © @[5 = [¥' © @[5 >0,
where the equality follows from the definition of g/, the first inequality follows from the

fact that ¥’ is optimal at ¢/, i.e., ¥’ € D;(q’), and the last inequality follows as @' # ¥'.
Thus D;(§) = {¥'}. O

By part (i) of DFS, since D;(g) = {¥} by Fact 2 and D;(g’) = {¥’} by Fact 5, we have
that {w e V', : p, =p,,} SV ;and ¥;, C V¥, . Thus, as ¥ e D;(p’) by Facts 3-5, we
have that WV’ satisfies the requirements of part (i) of DEFS.

The proof that part (ii) of DFS implies part (ii) of DEFS is analogous.

DFS = DCEFS. We first show that part (i) of DFS implies part (i) of DCFS. Consider two
price vectors p and p’ such that p, = p/, for all w € Q;_, and p, > p), forall w € Q_,;,
andlet Q={weQ: Do > D, }; note that QcQ_;. Fixan arbitrary W' € D;(p’); we need
to show that there exists a set ¥ € D;(p) that satisfies the requirements of part (i) of
DCEFS.

Let ¢’ be given by

11—
w

;P 0e¥ oree[Q\V]
Pote 0e[Q\V] oreoeV,

for some small ¢ > 0. Let g be given by

P wed

o= qd, weQ\Q

Po wel
=1p, —¢ we‘P;i\florwe[Q\\P’]i_}\ﬁ
Pote we[Q\V] \QorweW¥; \Q
Po wel
={po—c¢ we\P;i\ﬁorwe[ﬂ\\P/]i_)\()
Do+ & we[Q\\I”]_)i\florwe‘If;-_)\fl,
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andlet ¥ € D;(q). Let g be given by

. )90 —98 weV jorwe[Q\V¥].
o= go+6 we[Q\V],;orweV¥;,

Pow—0 we\lf_,,-ﬂﬁorwe[ﬂ\‘lf]ieﬂﬁ

Po+0 we[Q\‘P]_)iﬂQorwe\Pi_)ﬂfl

Po—e—8 we[VN¥]_\Qorwe[Q\(VU¥)]_ \O
Po—e+8 we[V\V]_ \Qorwe[¥\V¥]_\Q
Pot+e—25 we[\If\‘lf/]_)i\ﬂorwe[‘lf/\\lf]i_)\ﬁ
Potet+d we[Q\(VUW)] \Qorwe[¥n¥] \Q.

Finally, let ¢’ be given by

o a4, we
o= Go weQ\fl

Dy — € we\lf;iﬂﬂorw:e[ﬂ\\lf’]pﬂ(}
p.,+e we[Q\\I"] NQorwe¥,  NQ

) p,—e-5 [\If’m\lf] N\Qorewe[Q\ (P U¥)]_\Q
| —ets we[WA\W] i\ﬁorwe[‘lf\\lf/]i_)\ﬁ
p.,+e—3 [\If\\lf’] N\Qorwe[V\ V] \Q
pP,+e+d [Q\(\If’U\If)] NQorwe[Vnv]_ \0
q, we‘lf;iﬂflorwe[ﬂ\‘lf’]i_)ﬂfl
q., we[Q\V] NQorewe¥,_ NQ

q,—8 we[\P’D\P]M\Qorwe[Q\(\If’ullf)]iﬁ\fl
4y +8 we[V\V]_ \Qorwe[¥\¥] _ \Q
q,—38 we[‘I’\‘If/]_)i\ﬁorwe[‘lf’\‘lf]i_)\fl
q,+8 we[Q\(YUuW¥)]_ \Qorwe[¥n¥] \O

We first show five intermediate results on the effects of our price perturbations.
Fact 1. D;i(q") ={¥'}.
Proor. We have, for any &' # ¥/, that
Ui([¥': ¢']) = Ui([® ¢]) = Ui([¥'s p]) = Ui([® p]) + [V © @' = [W' © ¥']e > 0,
where the equality follows from the definition of ¢’, the first inequality follows from the

fact that ¥’ is optimal at p’, i.e., ¥’ € D;(p’), and the last inequality follows as &’ = V'.
Thus D;(q") = {V’}. O

FacT 2. Di(§) = (V).
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Proofr. Consider an arbitrary ® € D;(¢’) and an arbitrary E ¢ D;(¢'). For § small
enough, we have that,

U([®:4]) - Ui([E; 4]) = Ui([®: ¢']) = Ui([E: ¢']) - 1P © El8 > 0,
where the first inequality follows from the definition of ¢’ and the second inequality
follows as ® is optimal at ¢/, E is not optimal at ¢’, and & is sufficiently small. Thus, E ¢
Di(q") and so D;(g') € D;(¢'). Combining this observation with Fact 1 yields D;(§") =
{¥'}. O

Fact 3. Di(q) € D;(p).

Proor. Consider an arbitrary ® € D;(p) and an arbitrary E ¢ D;(p). We have that
Ui(I®; q1) — Ui([E: q) = Ui(1P; p]) — Ui([E: pl) — [P © Ele > 0,

where the first inequality follows from the definition of ¢ and the second inequality
follows as ® is optimal at p, E is not optimal at p, and ¢ is sufficiently small. Thus,
E ¢ Di(q) and so D;(q) € Di(p). O

Fact 4. Di(q) € Di(q).

Proofr. Consider an arbitrary ® € D;(g) and an arbitrary E ¢ D;(g). We have that
Ui([®: q1) - Ui([E: g1) = Ui([P: q1) — Ui([E: q1) — 1P © E[5 > 0,
where the first inequality follows from the definition of § and the second inequality

follows as @ is optimal at ¢, E is not optimal at g, and ¢ is sufficiently small. Thus,
Di(§) € Di(q)- =

Fact 5. Di(q) ={¥}.

Proor. We have that, for any ® # ¥,
Ui(I'V; q1) — Ui(19; q1) = Ui(I'V; q]) — Ui (1P: q1) + [V © @|§ = [V o |5 > 0,
where the equality follows from the definition of g, the first inequality follows from the

fact that W is optimal at g, i.e., ¥ € D;(gq), and the last inequality follows as ® # W. Thus
Di(g) ={¥}. O

By part (i) of DFS, since {V'} = D;(g’) by Fact 2 and D;(g) = {¥} by Fact 5, we have
that {o e ¥’ ;: pp, = p,,} SV ;and ¥;, C V¥ . Thus, as ¥ € D;(p) by Facts 3-5, we
have that V¥ satisfies the requirements of part (i) of DCFS.

The proof that part (ii) of DFS implies part (ii) of DCFS is analogous.

This completes the proof of Lemma 1. O

We now complete the proof of Theorem A.1 by proving that DFS implies CEFS
(Lemma 2), DFS implies CCFS (Lemma 3), DFS implies IIFS (Lemma 5), DFES implies
IDES (Lemma 6), CFS implies DFS (Lemma 4), and IFS implies DFS (Lemma 7), as we
illustrate in Figure 1.
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LEMMA 2. If the preferences of agent i satisfy DFS, then they satisfy CEFS.

Proor. Consider two finite sets of contracts Y and Z suchthat Y;, =Z;, , and Y_,; C
Z_,;. Let Y* € C;(Y). We will show that there exists a Z* € C;(Z) such that (Y_,;\ Y* ;) C
(Zoi\Z*)and Y} CZF .
Let
?:YU{(a),H)eX:wEQ%i}U{(w,—H)eX:weQiﬁ}

Z:ZU{(w,H)EX:weQﬁi}U{(a},—H)eX:weQi%},
where II € R is sufficiently large so that i would never choose (w,Il) if w € Q_,; or
(w,-ID) if € Q;,.3% Tt is immediate that Y; . = Z;, and Y_,; € Z_,;. It is also im-
mediate that C;(Y) = C;(Y) and C;(Z) = C;(Z). Let

v {min{pweR:H(w,pw)ef/} we,;
}

max{pweIR:H(w,pw)ef/ weQ,

5 min{pweR:El(w,pw)eZ} we_,;
q -
max{p, €R:Iw, pu) €Z} weQi,;
note that q? and qZ are well-defined as, for every w € (), there exists a contract (w, p) €
Y C Z by construction. Moreover, since Y;_, = Z;_, and Y_,; € Z_,;, we have that qg =
gZforallw e Q,, and g > gZ forallw € Q_,;.

Let ¥ = 7(Y*); we have that ¥ € D,-(q?). Part (i) of DEFS then implies that there
exists a ¥’ € D;(g%) such that

3)

Let Z* = k([V; qz]); note that Z* € C;(Z) = C;(Z) as ¥’ is optimal at qZ and qg is the
best price for w available to i from Z. Thus, we can rewrite (3) as

{oe[r(Z%)] ;- gl = Qf} < [+(v9)].,

[7(v)], < [7(2)].-

4

CEFS ITES

Lemma 2 LEV

Lemma 7

CFS e DFS IFS

CCFS IDES

F1GURE 1. Proof strategy for Theorem A.1. (The unlabeled implications are immediate.)

331t is always possible to find M large enough as utility is bounded from above and u;(2) € R.



Theoretical Economics 14 (2019) Full substitutability 1569

If (w, pw) €Y \ Y*];, then either of the following conditions holds:

e We have w ¢ 7(Y*) =¥ and so either o ¢ 7(Z*) or qg + qg by (4). In the for-
mer case, it is immediate that (», p,) ¢ Z* ;; in the latter case, since qg > qg , we

must have that qg > qaZ) and so there exists a (v, p,) € Z such that p, < p,, and
therefore (o, po) ¢ Z%, ;.

e We have w € 7(Y*) but there exists (w, p,) € Y such that p, < p,. In this case,
(w, pw) € ZasY C Z, and therefore (w, p,,) ¢ Z* ;.

Thus, [Y\Y*].; C[Z\ Z*],.

If (0, po) € Y}, then o € 7(Z*) by (4). Moreover, if (o, p,) € Y}, then p, is the
maximal price in Y for w and so, as Y*, = Z* , we have that p,, is the maximal price in
Z for w. Combining the preceding two observations implies that (v, p,) € Z7 , and so
Y cZ; .

Thus, Z* satisfies all the requirements of part (i) of CEFS.
The proof that DFS implies part (ii) of CEFS is analogous. O

LemwMmA 3. If the preferences of agent i satisfy DFS, then they satisfy CCFS.
Proor. The proof proceeds analogously to the proof of Lemma 2. O
LeMMmA 4. If the preferences of agent i satisfy CFS, then they satisfy DFS.

Proor. We first show that part (i) of CFS implies part (i) of DFS. For any agent i and
price vector p € R?, let

Xi(p)={(», po) 0O ;jand p, > po} U{(®, pu) : @ € Qi and po, < po};
that is, X;( p) effectively denotes the set of contracts available to agent i under prices p.3*
Let the price vectors p, p’ € R be such that |IDi(p)| = |Di(pHl =1, p, = p,, for all
we,,and p|, < p, forall w e Q_,;;1let (¥} =D;(p) and {¥'} =D;(p'). Let Y = X;(p)
and Z = X;(p’). Clearly, Y;-, = Z;_, and Y_,; € Z_,;. Furthermore, it is immediate that
{k([¥; p])} = C;i(Y); similarly, {«([V; p'1)} = Ci(Z). Thus, part (i) of CFS implies that

Yo\ [e(Ws )] € Zon\ [e([W5 PT)] 5)

[<(C%: p))];, < [< ([ P])] - (6)
From (5), we see that if o € 7([«([V'; p'D]-)), ie., if w e ¥, and p,, = p,, then
(0, p,) € [«([V; p])]-; and so w € ¥_,;; in other words, {w € V', : p|, = po} S V_,;.
Furthermore, as [«([V¥; pD)]i— < [«([V’; p'D]i— by (6) and p,, = p/, foreach w € Q;_,, we
have that W CW;_,. Thus, V' satisfies the requirements of part (i) of DFS.

The proof that part (ii) of CFS implies part (ii) of DFS is analogous. O

LEMMA 5. Ifthe preferences of agent i satisfy DFS, then they satisfy IIFS.

34By this, we mean that, in principle, an agent could choose to pay more than p,, for an upstream trade
¢ and be paid less than p, for a downstream trade ¢.



1570 Hatfield, Kominers, Nichifor, Ostrovsky, and Westkamp Theoretical Economics 14 (2019)

Proor. Itisenough to show that DEFS and DCES jointly imply IIFS, as DFS implies both
DEFS and DCFS by Lemma 1. Take two price vectors p, p’ € R® such that p < p/, and
let ¥ € D;( p) be arbitrary. We show that there exists a set of trades ¥’ € D;(p’) such that
ei,o(V) <ej (V) forall w € Q; such that p, = p/,. We let

*

o= p/w we,;

Po wedi,;

thus, p?, = p, forall w € Q;_, and p}, > p, forall w € Q_,;. Part (i) of DCFS then implies
that there exists a ¥* € D;(p*) such that

{we‘l’eirpw=p2,} cvr,
v v,

i— =

()

Now note that p} = p/, for all w € O_,; and p;, < p/, for all w € Q,_,. Part (ii) of DEFS
then implies that there exists a ¥ € D;(p’) such that

{weWw, :pl=p,}cVi,
v vl

(8)

Combining (7) and (8) yields
lweV.: po=pLc¥,,c¥V,;
foeVi, :pl,=p,) SV, CVi..
Recalling the definition of p*, we obtain
lweV,i:po=p,} ¥V,
{we¥,, :po=p,}SVi;
this implies e; ,, (V) < e, (V') for all w € Q; such that p, = p/,. O

LEMMA 6. Ifthe preferences of agent i satisfy DFS, then they satisfy ICFS.

Proor. It is enough to show that DEFS and DCFS jointly imply IDFS, as DFS implies
both DEFS and DCFS by Lemma 1. Take two price vectors p, p’ € R® such that p < p/,
and let V' € D;(p’) be arbitrary. We show that there exists a set of trades ¥ € D;(p) such
that e; , (V) <e; (V') for all w € }; such that p, = p/,. Let
* {p/w w € ‘Q’—>i
Po=

Po ®E Qi
thus, p;, = p), forallw € O_,; and p?, < p), forall w € Q,_, . Part (ii) of DCFS then implies
that there exists a ¥* € D;(p*) such that

eV ipf=p,} VL,

L Jare

—i*

C)]

Now note that p7, = p,, for all w € Q;_, and p} > p, for all w € Q_,;. Part (i) of DEFS
then implies that there exists a ¥ € D;(p) such that

{weV_,;:pl,=po} ¥

v Cv,.

i— =



Theoretical Economics 14 (2019) Full substitutability 1571

Combining (9) and (10) yields
{weWw, :ph=p,}c¥r, c¥;.,
{weW_;:pf=po} ¥, CV .
Recalling the definition of p*, we obtain
{weW¥i, :po=rp,} Vi
{weW_i:po=pot SV ;;
this implies e; ,, (V) < e, (V') for all w € Q; such that p, = p/,. O

LEMMA 7. Ifthe preferences of agent i satisfy IFS, then they satisfy DFS.

PRrOOE. Let the price vectors p, p’ € R? be such that [D;(p)| = |Di(p)| =1, po = )2
forall w € Q;,, and p/, < p, forall w € O_,;; let {¥} = D;(p) and {¥'} = D;(p’). As the
preferences of i satisfy the IFS condition, we have that ¢; ,(V') <e; (V) forall w € Q_;
such that p, = p/,. Thus, if p, = p/, and w € ¥/, then w € ¥ and so we must have that
{weV i P, = Pw} € ¥Y_,;. Moreover, as the preferences of i satisfy the IFS condition,
we have that e; ,, (V') <e¢; ,(¥) for all w € Q;_, such that p, = p),. Thus, if p, = p/, and
w €V, then w € ¥ and so, as p, = p), for all p, = p), for all w € Q;_,, we have that

V.., C ‘I’/_) i
The proof that part (ii) of IFS implies part (ii) of DES is analogous. O
This concludes the proof of Theorem A.1. O

APPENDIX B: PROOFS OF THE RESULTS PRESENTED IN SECTIONS 4-7
Proof of Proposition 1

Consider the intermediary i. Let ® (with a typical element ¢) denote the set of potential
inputs that i faces, and let ¥ (with a typical element ) denote the set of potential re-
quests. The cost of using input ¢ to satisfy request i is given by ¢, . For convenience,
when ¢ and ¢ are incompatible, we simply say that ¢, = +00.

Let us now construct a “synthetic” agent 7 whose preferences are identical to those
of agent i, yet are represented in the form of “intermediary with production capacity”
preferences as defined in Section 4.2. The full substitutability of the preferences of in-
termediary i then follows immediately from Proposition 2.

Agent 1 faces the same sets of inputs, ®, and requests, WV, as agent i. Agent I also has
|®| x |¥| machines, indexed by pairs of inputs and requests: machine m,, y corresponds
to an input-request pair (¢, ). The costs of intermediary 7 are as follows (to avoid con-

3

fusion, we denote various costs of agent i by “¢” with various subindices, while the costs

“w _»

of agent i are denoted by “c” with various subindices):

¢ For input ¢ and machine m,_y corresponding to input ¢ and some request i, the
cost Cy m,, of using input ¢ in machine m, y is equal to ¢, ,—the cost of using
input ¢ to satisfy request » under the original cost structure of agent i.
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e Forany input ¢’ # ¢ and any request ¢, the cost ¢, , is equal to +oo.

e For request ¢y and any machine m,, y corresponding to request ¢ and some input
¢, the cost m,, .y of using machine m,, , to satisty request ¢ is equal to 0.

e Forany request ¢’ # ¢ and any machine m, ,, the cost ¢, 4 is equal to +o0.

With this construction, the preferences of agents i and 7 over sets of inputs and re-
quests are identical. Moreover, the preferences of agent 7 are those of an intermediary
with production capacity and are thus fully substitutable (by Proposition 2). Therefore,
the preferences of agent i are also fully substitutable.

Proof of Proposition 2

Consider first an intermediary with production capacity who has exactly one machine
at his disposal. It is immediate that the preferences of such an intermediary are fully
substitutable (see footnote 23).

Next, consider a general intermediary with production capacity, i, who has a set of
machines M (with a typical element m) at his disposal and faces the set of inputs ® (with
a typical element ¢) and the set of potential requests ¥ (with a typical element i), with
costs as described in Section 4.2. We show that the preferences of i can be represented
as a “merger” of several (specifically, |M| + |®| + |¥|) agents with fully substitutable pref-
erences, which by Theorem 4 implies that the preferences of intermediary i are fully
substitutable.

Specifically, consider the following set of artificial agents. First, there are |®| “input
dummies,” with a typical element ¢ for a dummy that corresponds to input ¢. Second,
there are |[M| “machine dummies,” with a typical element /. for a dummy that corre-
sponds to machine m. Finally, there are |V| “request dummies,” with a typical element
¢ for a dummy that corresponds to request i

Each input dummy ¢ can only buy one trade: input ¢. He can also participate in | M|
trades as a seller: one trade with every machine dummy 1. We denote the trade between
an input dummy ¢ (as the seller) and a machine dummy 7 (as the buyer) by w ,,. Like-
wise, each request dummy ¢ can only sell one trade: request . He can also participate
in |M| trades as a buyer: one trade with every machine dummy 2. We denote the trade
between a machine dummy 7 (as the seller) and a request dummy ¢ (as the buyer) by
wm,y. Each machine dummy can thus participate in |®| trades as the buyer (one with
each input dummy) and || trades as the seller (one with each request dummy).

The preferences of the agents are as follows. Each input dummy and each request
dummy has valuation 0 if the number of trades he executes as a seller is equal to the
number of trades he executes as a buyer (this number can thus be equal to either 0 or 1),
and has valuation —oco otherwise. It is immediate that the preferences of input and re-
quest dummies are fully substitutable.

The preferences of each machine dummy 7 are as follows. If /72 buys no trades and
sells no trades, its valuation is 0. If 7z buys exactly one trade, say w ,» for some ¢, and
sells exactly one trade, say w,,, y for some ¢, then its valuation is —(ce,m + ¢m,y), i.€., the
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total cost of preparing input ¢ for request ¢ using machine m in the original construc-
tion of the utility function of agent i. In all other cases (i.e., when the machine dummy
buys or sells more than two trades or when the number of trades it buys is not equal to
the number of trades it sells), the valuation of the machine dummy is —co. Note that the
preferences of the machine dummy are also fully substitutable.

Consider now the “synthetic” agent i obtained as the merger of the |®| input dum-
mies, |M| machine dummies, and |¥| request dummies (see Section 5.2 for the details of
the merger operation). By Theorem 4, the preferences of agent 7 are fully substitutable.
Moreover, the valuation of agent 7 over any bundle of inputs and requests is identical
to the valuation of agent i over that bundle. Thus, the preferences of agent i are fully
substitutable.

Proof of Theorem 2

The indirect utility function for ﬁgq)’p @) js given by

~ (D,
VP (poe)
= max {I_nax{ui(‘I’UE)-i- Z pe— Z P§}+ Z Py — Z p¢}
YTO\D | EcP — —
éeE £eE pev.,; pev_,;
= max {maxiju;(VUZE —
p R CALC R VD MR}
AeE UV, AEE; UW;_,
=f\n§%{ui(/\)+ Y- ), P/\}-
AeA_; AeA;

Hence, I7i(®’p‘1’)(pg\q>) =Vi(pa\o, pa). Now, V;(p) is submodular over R by Theorem 6.
As a submodular function restricted to a subspace of its domain is still submodular,
171.(@"’ ‘I’)( po\@) is submodular over RA\® Hence, by Theorem 6, we see that &l@’p ) jg
fully substitutable, as desired.

Proof of Theorem 3

Fix a set of trades ® C (); such that u;(®) # —oo and fix a vector of prices pg, for trades
in ®. Let D; be the demand function for trades in Q \ ® induced by ﬁﬁcb’p ) Fix two
price vectors p € R™\® and p’ € RM\?® such that [D;(p)| = |Di(p)| =1, p, = p,, for all
weQi,\®,and p, > p, forall w e Q_,;\ P. Let ¥ ¢ Di(p) be the unique demanded
set from (); \ @ at p and let ¥’ ¢ lji(p’) be the unique demanded set from (); \ ® at p’.
Note that since u;(®) # —oo, there exists a vector of prices py, for trades in @ such that
for all E € D;((p, p})) UD;((p', p})), we have ® C E. Fix an arbitrary E € D;((p, p}))
andlet ¥ ==\ .

Craim 1. We must have ¥ = V.
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ProoF. Suppose the contrary. Since Yudb=FEe D;((p, p3)), we must have

wi(E) =, (VD) + > py— > pyt+ > pE— > Pl

lﬂe‘i’m l//e\i,—n' P, P
>uwi(WU®)+ > py— Y pu+ Y, Po— Y, Pl 1D
yev; ., pev_,; oed; eed_,;

The inequality (11) is equivalent to

ui(WUd) + Z Py — Z py + Z Py — Z Py

pe¥i, pel_,; PP, ped;

>u (WU + Y py— Y pu+ Y Pe— I Do (12)

pev;, pev_,; ped;_, ped_,;

However, the inequality (12) implies that ¥ € D;(p); this contradicts the assumption
that ﬁi(p) = {W¥} given that ¥ # WV, O

The preceding claim implies that we must have D;((p, p3)) = (B} = (VU D} =
{¥ U ®}. Asimilar argument shows that D;((p’, pj)) = {¥' U ®}. The full substitutability
of u; then implies that {¢ e ¥’ : py = Pip} CV ,;andV¥,, CV¥ .

Proof of Theorem 4

We suppose, to the contrary, that u; does not induce fully substitutable preferences over
trades in Q \ Q. By Corollary 1 of Hatfield et al. (2013), there exist fully substitutable
preferences u; for the agents i € I \ J such that no competitive equilibrium exists for
the modified economy with the set of agents given by 7 \ J along with a single agent “J”
representing the merged agents, the set of trades Q \ )/, and the valuation function for
agent J given by u;.%°

Now we consider the original economy with set of agents I, set of trades (), valuations
for i e I'\ J given by i;, and valuations for j € J given by u;. Let [¥; p] be a competitive
equilibrium of this economy; such an equilibrium exists by Theorem 1 of Hatfield et al.
(2013).

Cramv 2. [W\ Q/; Paova/ 1 is a competitive equilibrium of the modified economy.

ProoF. It is immediate that [¥\ Q/]; € Di(pa\a/) for all i € I \ J. Moreover, since ¥ is
individually optimal for each j € J in the original economy (at prices p),

WO+ Y py— Y puzui(®+ Y pe— Y. py (13)

l/lellfj*) l//E\Ij*)_} (PE(DI‘*) ‘Pe(bﬁj

35To apply Corollary 1 of Hatfield et al. (2013), we must have that for every pair (i, j) of distinct agents in
1, there exists a trade o such that b(w) =i and s(w) = j. For any pair (i, j) of distinct agents in / such that no
such trade o exists, we augment the economy by adding a trade » and, if i € J, letting ii; (¥ U {0}) = u/ (V)
(and similarly for j). It is immediate that i; is substitutable if and only if u; is substitutable.
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for every ® C (). Summing (13) over all j € J and observing that when doing so, the
prices paid and received by agents in J for the trades )/ among themselves cancel out,

we obtain
Nuiw+ Y pe— > by

jeJ e[\, e[\ 1,
=) ui( @+ Y pe— Y. Pu
jel Pel®\0/]; eel®\Q/] U

The preceding claim shows that [¥ \ Q/; Pa\o/ ] is a competitive equilibrium of the
modified economy, contradicting our earlier conclusion that no competitive equilib-
rium exists in the modified economy. Hence, we see that u; must be fully substitutable.

Proof of Theorem 5

The proof of this result is very close to Step 1 of the proof of Theorem 1 of Hatfield et al.
(2013). The only differences are that in the Hatfield et al. (2013) results, all trades could
be bought out, and the price for buying them out was set to a single large value that was
the same for all trades. By contrast, in Theorem 5 of the current paper, we allow for the
possibility that only a subset of trades can be bought out, and that the prices at which
these trades can be bought out can be different and need not be large.

Consider the fully substitutable valuation function u; and take any trade ¢ € ;_, N®.
Consider a modified valuation function v} :

uf (¥) = max{u;(¥), u; (¥ \ {¢}) — I }.

That is, the valuation uf(‘l’) allows (but does not require) agent i to pay Il, instead of
executing the particular trade ¢.

Cram 3. The valuation function u is fully substitutable.

Proor. Consider utility U and demand DY corresponding to valuation u;. We show
that DY satisfies the IFS condition (Definition 3). Fix two price vectors p and p’ such
that p < p’ and |D? (p)| = |Df (p')| = 1. Take the unique ¥ € DY (p) and ¥’ € Df (p'). We
need to show that

ei0(¥) <e;,(¥) forall weQ;such that p, = pl,. (14)

Let price vector g coincide with p on all trades other than ¢ and set g, = min{p, I1,}.
Note that if p, <Il, then p = g and Df(p) = D;(p). If p, > II,, then under utility U7,
agent i always wants to execute trade ¢ at price p,, and the only decision is whether to
“buy it out” or not at the cost Il,; i.e., the agent’s effective demand is the same as under
price vector g. Thus, Df (p) = {E U {¢}: E € D;(¢)}. Finally, if p, =11, then p = g and
D?D(p) =D;(p) U{EU{e}: B € D;(p)}. We construct price vector ¢’ corresponding to p’
analogously.

Now, if p, < pi, <Il,, then DY (p) = Di(p), Df (p') = Di(p'); thus, e; ,(¥) < ¢ , (V')
follows directly from IFS for demand D;.
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IfIl, < py < p;, then (since we assumed that D:.P was single-valued at p and p/) it
has to be the case that D; is single-valued at the corresponding price vectors g and ¢’. Let
EeDi(q)and E € Di(q'). Then ¥ =E U {¢}, ¥ = E' U {¢}, and statement (14) follows
from the IFS condition for demand D;, because g < ¢'.

Finally, if p, <1l, < p, then p = q, V¥ is the unique element in D;(p), and ¥’ is
equal to E' U {¢}, where &' is the unique element in D;(¢’). Then for w # ¢, statement
(14) follows from IFS for demand D;, because p < q'. For w = ¢, statement (14) does not
need to be checked, because p, < pj,.

Thus, when ¢ € Q);_,, the valuation function uf is fully substitutable. The proof for
the case in which ¢ € ()_,; is completely analogous. O

To complete the proof, note that the valuation

i\ () = Ercnqaflr)iq){ui(\l’ \E) — an}
pel
can be obtained from the original valuation u; by allowing agent i to “buy out” each trade
in set ® one by one; as Claim 3 shows that each such transformation preserves substi-
tutability (and (); is finite), we see that the valuation function L?l@’nq’) is substitutable as

well.

Proof of Theorem 6

We first show that if the preferences of an agent i are fully substitutable, then those pref-
erences induce a submodular indirect utility function. It is enough to show that for any

two trades ¢, ¢ € ); and any prices p € R?, pf;igh > p,, and p}l;igh > py, we have that3¢
high high _high
VilPavie. s Per Py ) = Vi(Porte.wts Pe > Py )
high
> Vi(por(e.u)s Pos> Pw) — Vi(Pavie,uy Pe > Py)- (15)
Suppose that ¢, ¢ € _,;.37 There are three cases to consider.
Case 1. Suppose that ¢ ¢ @ for any ® € D;(po\(e,¢}> Pe> Py)- Then, ¢ ¢ ® for all

high
D e Di(pﬂ\{go,ajr}s p(Plg 9plﬂ)~ Hence’

high
Vi(parie,)> P> Pu) = Vi(Porie,u)> Pe” > Py) =0
and so (15) is satisfied, as the left side of (15) must be nonnegative.

Case 2. Suppose ¢ € ® for all ® € D;(po e,y p?,igh, pgigh). Then, ¢ € ® forall d

Di(porie,p)> Pe> pﬁigh). Hence,
high high _high high high
Vi(Pavie.w)s Pes Py ) = VilParig.ys Pe” > Py ) =—(Pe —Pe" ) =Pe° — Po

and so (15) is satisfied, as the right side of (15) is (weakly) bounded from above by
I;Igh — pe (with equality in the case that ¢ is demanded at both (po\ (¢, 4, Pe, Py) and

high
(PO\(e, ) Pot > Py)).

36The definition of submodularity given in Definition 4 is equivalent to the pointwise definition given
here; see, e.g., Schrijver (2002).
37The other three cases (p € Q_,; and y € Q;,; p € Q,; and ¢ € Q;,; and ¢, € Q;_,) are analogous.
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Case 3. Suppose that ¢ € ® for some ® € D;(pa\(e,y}> Pe> Py) and ¢ ¢ ® for some

® e Di(payie, v} p<p , pzlgh) In this case, as the preferences of i are fully substitutable,

there exists a unique price pZ, such that there exists ®, ® € D;( pg\{w,,}, p;, pll;igh) such

that ¢ € ® and ¢ ¢ ®; note that Po < p‘p < pglgh. Similarly, let p be the unique

price at which there exists ®, d € D; i(PO\(g, 01} p<p,p¢) such that ¢ € ® and ¢ ¢ ;

high

note that p, < p¢ < p<p . By the deﬁnltlon of the utility function, ¢ € ® for all (ONS

Di(po\fe, d,} Pos P¢; ) forall p, < p¢,, and ¢ ¢ @ for all ® € D;(pq\ (o, 1,/1} Dos P¢ ) for
all py > p(P, similarly, ¢ € ® for all ® € D;(po\(¢,y)» Pe> Py) forall p, < p¢, and ¢ ¢ ® for
all ® € Di(pon(e,yys Pe»> Py) forall p, > pj,.

Since the preferences of i are fully substitutable, pi < p?a Hence,

high high
Vi(pario.ts Pes Py =) = Vi(Partes Pot s Py )

high high
=Vi(parie.w1> Por Py ) = Vi(Parig.» P PJg )

high hig high

+Vi(parien» Ph PYE) = Vilpayiens Pe s py %)
=—Pet Pz; -0
—Pet Pi -0

=Vi(panie,u)s Pe> Py) — (PQ\{<p U P¢,P¢)
+ Vi(pavie, v Pé, py) = Vi(Porie, 1> qulg . Py)

= ViPo(e.01> Pes 1) = V(P> Po Pu);
which is exactly (15).

Now, suppose that the preferences of i are not substitutable. We suppose, moreover,
that the preferences of i fail the first condition of Defintion 2.3 Hence, for some price
vectors p, p' € R% such that |D;(p)| = |D;(p)| =1, po = p,,forallw € Q;_,,and p, > p),
for all w € Q_,;, it must be that for the unique ¥ € D;(p) and ¥’ € D;(p’), we have either
eV :po=p,) LV ;or¥,, £V, . Suppose{wecV  :p,=p,}¢V_; the
latter case is analogous. Let ¢ e ¥_,; \ {w € ¥’ . : p, = pw} Let pgglg be a price for trade

¢ high enough such that ¢ is not demanded at either ( p<p , PO\(g}) OT ( p¢
high

/
’pﬂ\{cp})

Hence, Vi(pe, Pg () —VilPe " > Poyey) =0, while Vi(pg, payey) — Vi(ph® ,pn\m) > 0.
Thus, we see that V] is not submodular.

Proof of Theorem 7

The proof is an adaptation of the proof of Theorem 1 of Sun and Yang (2009) to our
setting. As our model is more general than that of Sun and Yang (2009)—we do not
impose either monotonicity or boundedness on the valuation functions, and we do not
require that the seller values each bundle at 0 and, thus, sells everything that he could
sell—we have to carefully ensure that the Sun and Yang (2009) approach remains valid.

38The case where the preferences of i fail the second condition of Definition 2 is analogous.
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We show first that IDFS and IIFS imply the single improvement property. Fix an
arbitrary price vector p € R? and a set of trades ¥ ¢ D;( p) such that u;(¥) # —oco. Fixa
set of trades B € D;(p). We focus exclusively on the trades in ¥ and E by rendering all
other trades that agent i is involved in irrelevant. To this end, we first define a very high
price II,

= ngﬂi,brt?(?lxl)>—00,{|Ui([Ql; pl) — Ui(1Q2; p1)|} + Lne%if{lp“"} 1,

DOy, u;(Qp)>—o0
and then, starting from p, we construct a preliminary price vector p’ as

Po weVUEorw¢l);

/

Pow= pw+H (L)EQ_”\(\I’UE)
w—I 0weQ,\(PUE).

Observe that ¥ ¢ D;(p’) and E € D;(p'). As ¥ # E, we have to consider two cases (each

with several subcases), which taken together will show that there exists a set of trades

@’ £ ¥ that satisfies conditions (ii) and (iii) of Definition 5 and U;([®'; p]) > U;([¥; p]).
Case 1: £\ ¥ # . Select a trade ¢; € E \ V. Without loss of generality, assume that

agent i is the buyer of £; (the case where i is the seller is completely analogous).
Starting from p’, construct a modified price vector p” as

= :p’w ©eQ\ ((Boi\ (Vo U&)) UWis)oro ¢
P+ we(ELi\ (Yo ULE)) UV

First, since E € D;(p’), &1 € B, and p’§1 = pﬁgll, full substitutability (Definition A.5)
implies that there exists £” € D;(p”) such that £ € E”. Second, observe that following
the price change from p’ to p”, (E”,,\V_;) S {¢é1}and ¥;, CE/ . Thus, E” \V_,; =
{é1}and W;_, € E . We consider three subcases.

Subcase (@): B = " \Vi, #0. Let & € E7 \ V. Starting from p”, construct price

vector p””’ as

| P w €W\ ((Bim \ (Wi, U{£}))UT_, ) orw ¢

¢ —II we(Ein\ (Yin U{&))) VT,
First, since " € D;(p"), &, € E”, and p’ = p’é’, full substitutability (Definition A.6) im-
plies that there exists 2" € D;(p"") such that & € E”. Second, observe that following
the price change from p” to p"”, ¥ C E” and E” \ ¥ C {£1, &}. Thus, ¥\ E” = @ and
E"\ V¥ ={{1, &) or {&).

Since B € D;(p""), we have U;([V; p”']) < U;([E"; p"']). Furthermore, observe that
from the perspective of agent i, the only differences from ¥ to £ are making one new
sale &, i.e., e, &, (V) > e; ¢ (E”) with & € Q;, \ 'V, and (possibly) making one new pur-
chase £,1.e, e;¢ (W) < e; ¢ (E”) with & € O_,; \ P,

Subcase (b): 7 \ V¥, =gandV_;\ E" . # 2. Let y € ¥_,; \ E” . Starting from
p’, construct price Vector p" as

" {p:; © €O\ (B \ Win) U (Wi \ {91))) o @ ¢ O
¢ —1II wE(El%\\Pl%)U(q’%l\{lp})
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First, since E” € D;(p"), ¢ ¢ E”, and pw = p’” full substitutability (Definition A.6) im-
plies that there exists E"” € D;( p”’ ) such that t,lf ¢ E”. Second, observe that following the
price change from p” to p”’, ¥\ E"” C {¢)} and E” \ ¥ C {£1}. Thus, ¥\ E” = {} and
B\ W= (&} or 2.

Since B € D;(p""), we have U;([V; p”']) < U;([E"; p”']). Furthermore, observe that
from agent i’s perspective, the only differences from ¥ to =" are canceling one purchase
y,ie., ey (V) >e; 4 (E") with ¢ € ¥_,;, and (possibly) making one new purchase ¢, i.e.,
e (V) <e gl(:w) with &1 € Q_,;\ V.

Subcase (c): E' =V U {1}, Let p”’ = p” and B = E”. Since E" € D;(p""), we have
U;([¥; p") < U;([E"; p1). Furthermore, from agent i’s perspective, the only difference
from ¥ to E” is making a new purchase &, i.e., e; ¢ (V) < e; ¢ (E”) with £ € Q_,; \ V.

Case2: E\V=gand ¥\ E # @. Select a trade y; € ¥\ E. Without loss of generality,
assume that agent i is a buyer in /1 (the case where i is a seller is completely analogous).

Starting from p’, construct price vector p” as

o :{p’w we W\ (Vo \ {g1}) orw ¢
! ~I1 weW_;\ (¥}

First, since E € D;(p’), ¢1 ¢ E, and pﬁm = p;’,l, full substitutability (Definition A.6) im-
plies that there exists E” € D;(p”) such that ¢; ¢ E”. Second, observe that following the
price change from p’ to p”, " CWand ¥_,;\ E” ; € {¢1}. Thus, ¥_; \ E” , = {1} and
B < ¥. We consider two subcases

Subcase (a): V;, \ B/ | # @. Let y, e ¥;_, \ B/ . Starting from p”, construct price
vector p”’ as

p///_ {p/a/) wEQi\(q}i%\{d’Z}) 01'0)¢Qi
P+ e\ ().

First, since E” € D;(p"), ¢, ¢ E”, and p;,’jz = p:ﬂ”z, full substitutability (Definition A.5)
implies that there exists " € D;(p”’) such that ; ¢ E"”. Second, observe that following
the price change from p” to p”, B” C ¥ and ¥ \ E” C {1, Y»}. Thus, E” \ ¥ = @ and
WA\ E" = {1, 2} or {i2}.

Since B € D;(p""), we have U;([V; p”']) < U;([E"; p"']). Furthermore, observe that
from agent i’s perspective, the only differences from ¥ to £ are canceling one sale s,
ie., e;y,(¥) < ey, (E") with 1 € Q;, \ ¥, and (possibly) canceling one purchase ¢,
ie.,e; ¥ (W) > e;, ¥ (B with 1 e ¥_, ;.

Subcase (b): E” = ¥ \ {#1}. In this subcase, let p” = p” and E” = E”. Since
E"” € D;i(p""), we have U;([V; p”']) < U;([E2"; p"”']). Furthermore, from the perspective
of agent i, the only difference from ¥ to E” is canceling purchase 1, i.e., e; 4, (V) <
ei,lpl(Em) with 1 € Q_,; \ V.

Taking together all the final statements from each subcase of Cases 1 and 2, if we
take &’ = 5", we obtain that we always have a price vector p”’ and the sets ¥ and &’
that satisfy conditions (ii) and (iii) of Definition 5. Moreover, since we always have ® €
Di(p"), Ui(I®'; p1) = Ui([V; p"'D.

Next, we show that U;([®"; p"']) — Ui(['¥; p™1) = 0 implies U;([®"; p]) = Ui([V¥; p)).
First, observe that when taking the difference, the prices of all trades w € ® N¥ cancel
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each other out. Thus, replacing the prices p// with p, for all trades w € &' N ¥ leaves

the difference unchanged. Second, observe that in all previous subcases, the construc-
tion of p”” implies that for all w € (¥ \ &) U (D" \ ¥)), p, = p?/. Combining the two
observations above, U;([®'; p"']) — U;([¥; p'1) = U;([®’; p]) — Ui([V¥; p]) and, therefore,
Ui([®'; p]) = Ui([¥: pD).

We now show that there exists a set of trades ® that satisfies all conditions of Defini-
tion 5. Since ¥ ¢ D;(p), V;(p) > U;([¥; p]). Since i’s utility is continuous in prices, there
exists ¢ > 0 such that V;(q) > U;([V; q]), where ¢ is defined as

_ Pote we(Q\V,)UW,,
o= Po—¢ we(Qi \V,)uv_,,;.

Our arguments above imply that there exists a set of trades ® # ¥ such that
Ui([P; g]) = U;([¥; q]). Using the construction of ¢, we obtain U;([®; p]) — U;([V¥; p]) =
Ui(1D; q]) — Ui([V; q]) + el(W\ @) U (@ \ V)| > Ui([D; q]) — Ui([V; q]) = 0. Thus,
Ui([P; p]) > U;(['Y; p]). This completes the proof that IDFS and IIFS imply the single
improvement property.

We now show that the single improvement property implies full substitutability
(DCFS). More specifically, we will establish that single improvement implies the first
condition of Definition A.4; the proof that the second condition is also satisfied uses
an analogous argument.

Let p e R? and ¥ € D;(p) be arbitrary. It is sufficient to establish that for any p’ € R®
such that pi',l > py forsome ¢ € Q_,; and p/, = p,, for all w € Q\ {¥}, there exists a set of
trades ¥’ € D;(p’) that satisfies the first condition of Definition A.4.

Fix one p’ € R that satisfies the conditions mentioned in the previous paragraph
and let ¢ € Q)_,; be the one trade for which p:// > py. Note that if either y ¢ ¥ or ¥ ¢
D;(p"), there is nothing to show. From now on, assume that s ¢ ¥ and ¥ ¢ D;(p’).

For any & > 0, define a price vector p¢ € R? by setting Py, = py + € and pg, = p,, for
all w e O\ {¢}. Let A=max{e: ¥ € D;(p®)}. Note that A is well defined since i’s utility
function is continuous in prices. Also, given that ¥ ¢ D;(p’), we must have A < pi// — Dy

Next, for any integer n, define a price vector p” € R by setting Py =pry+A+ % and
Pl = pe forall w € Q\ {}. By the definition of A, we must have ¥ ¢ D;(p") foralln > 0.
By the single improvement property, this implies that for all » > 0, there exists a set of
trades ®" such that the following conditions are satisfied: (i) U;([V; p"]) < U;([D"; p"]),
(i) there exists at most one trade w such that e; ,,(¥) < e; ,(P"), and (iii) there exists at
most one trade w such that ¢; ,(¥) > ¢; ,(P").

Note that we must have ¢ ¢ ®" for all n > 1. This follows since for any » > 1 and any
® such that ¢ € @, U;([®; p"]) = Ui([®; p]) — A — L < Ui([¥: p) — A — 1 = Ui([¥; p"])
given that ¥ € D;(p).

Conditions (ii) and (iii) imply that for all » > 0, we must have {w e ¥_,; : p/, = po} =
{fweWV_,;:pl=p,} C CIJ’LZ. and®! CV¥,,.

Since the set of trades is finite, it is without loss of generality to assume that there is
a set of trades ®* € (); and an integer 7 such that ®" = ®* for all n > n. Since i’s utility
function is continuous with respect to prices and p" — pA, we must have U;([D*; pA]) >
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U;(['¥; p%)). Since ¥ € D;(p*), this implies ®* € D;(p®). Since A < p’w — py and V; is
decreasing in the prices of trades for which i is a buyer, we must have V;( P = Vi(p).
Since ¢ ¢ ®*, we have that U;([®*; p']) = U;([®*; p*]) = Vi(p?). Hence, &* € D;(p’) and
setting W’ = ®* yields a set that satisfies the first condition of Definition A.4.

Proof of Theorem 10

We assume throughout that ) = (); (and so X = X;); this is without loss of generality,
as all of the analysis here considers only the sets of contracts demanded by i and so, for
any sets of contracts Y and Z such that Y; = Z;, we have that Y* € C;(Y) if and only if
Y*eCi(2).

Step 1. We show first that full substitutability implies monotone substitutability for
opportunity sets such that the choice correspondence is single-valued. That is, we show
that for all finite sets of contracts Y and Z such that |C;(Y)| = |Ci(Z2)| =1, Y, = Z,;_,,
and Y_,; € Z_,;, for the unique Y* € C;(Y) and the unique Z* € C;(Z), we have that
1Z5 = Y5 2125 |~ YA,

Fix a fully substitutable valuation function u; for agent i. Consider two finite sets of
contracts Y and Z such that |C;(Y)|=|Ci(Z)|=1,Y,. =Z;,,and Y_,; C Z_,;. Assume
that for any w € O, if (0, po) € Yi, and (w, p),) € Yi_,, then p, = p),; this is without
loss of generality, as for a given trade w € (;_,, agent i, as a seller, will only choose a
contract with the highest price available for that trade and, thus, we can ignore all other
contracts involving that trade.

Let Y* € C;(Y) and Z* € C;(Z). Define a modified valuation #; on 7(Z;) for agent i
by setting, for each ¥ C 7(Z;),

(W) =u(V-; U[7(2)\ V], ).
For all feasible W C Z, let
UGy =ai(rW)+ Y po— Y. Do
(0, pu)ElZ\W]i (0,pw)eW;
and let C; denote the choice correspondence over Z associated with U;. By construction,
;i (V) = u;(5;(V)),
where here the object operator ¢ is defined with respect to the underlying set of trades
7(2):
5;i(W) ={o(w):weV_;}Ufo(w):wer(2)\ ¥}
As the preferences of i are fully substitutable, the restriction of those preferences to 7(Z)
is fully substitutable as well.3¥ Thus, the restriction of i’s preferences to 7(Z) is object-
language fully substitutable and so #; satisfies the gross substitutability condition of
Kelso and Crawford (1982) over objects.
Now we must have C;(Y) ={Y* ,U[Z\ Y*];}and Ci(Z) ={Z* ,U[Z\ Z*];~.}. As

we assume quasilinearity, the Law of Aggregate Demand for two-sided markets applies

397Tp see the full substitutability agent i’s preferences under utility function U;, note that the full substi-

tutability of the restriction of i’s preferences to any subset of X follows immediately from the fact that i’s
preferences satisfy the CFS condition.
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to C,- (by Theorem 7 of Hatfield and Milgrom 2005). As Y C Z, this implies that we have
|Z*,ULZ\ Z*¥)i | = |YZ ;U[Z \ Y*];- |; this inequality is equivalent to |Z* | — |Z7 | >
|Y* ;| =Y/, |, whichis precisely the Law of Aggregate Demand. In addition, we have that
Yio \Y ,CZ . \Z*,and Y/ C Z} , as the preferences of i are fully substitutable.
Thus, the preferences of i satisfy the requirements of part (i) of Definition 9 when the
choice correspondence is single-valued.

The proof that i’s preferences satisfy the requirements of part (ii) of Definition 9 is
analogous.

Step 2. We now use Step 1 to show that full substitutability implies monotone-
substitutability.

For this step, let

Ui(W;Y) = u(W)— Y inf{py:(h, pyp) €Y+ Y sup{py: (¥, py) €Y},
pev.,; yev; .,

where we take inf @ = co and sup @ = —oo; that is, 0,-(‘1'; Y) is the utility that i obtains
from participating in the set of trades ¥ and both paying, for each trade in ¥_,;, the
lowest price corresponding to a contract in Y and receiving, for each trade in ¥;_,, the
highest price corresponding to a contractin Y.

We also extend the operator 7 to sets of sets of contracts, so that 7()) = Uyey{T(Y)}
forany Y C p (X).

Finally, it is helpful to define an operator r that, given a set of available contracts IV,
makes each trade in 7(W’) slightly more appealing to i relative to W’ and each trade not
in 7(W’) slightly less appealing to i relative to W'. Let

r(W,W',e)={(0, po—8) € X : (w, po) e W}
U{(w, po+e) eX (0, p,) e [W\W']_}

U{(@, po+8) € X : (0, pu) e W}

U{(@, po—&) € X : (0, po) € [W\W']._}.

The r function here allows us to perturb sets of contracts so as to obtain unique choices,
similar to the methods we used to prove Lemma 1.

OBSERVATION 1. For all sets of contracts W,Y,Z C X such that Y C Z, we have that
r(Y;W,e)Cr(Z;W,e) forall e > 0.

Now, we consider two finite sets of contracts Y and Z such that Y;, = Z;, and
Y. ; € Z_,;. Fix an arbitrary Y* € C;(Y); we need to show that there exists a set Z* €
C;(Z) that satisfies the requirements of part (i) of Definition 9. Let Z* e Ci(r(Z,Y*, e)).

We first show five intermediate results on the effects of our price perturbations,
where we take ¢ > 0 to be sufficiently small and é > 0 to be sufficiently small given .

Factl. Ci(r(Y;Y*, &) ={r(Y*; Y*, &)}.
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Prookr. For any feasible W C Y such that W # y* 40,41
Ui(r(Y* Y*, &) = Ui(r(W; Y*, &) = Uy (Y*) = Us(W) + [Y* © W |e
> |Y* =) W|8
>0,

where the equality follows from the definition of r, the first inequality follows from the
fact that Y*isoptimal at Y (i.e., Y* € C;(Y)), and the second inequality follows from the
fact that W # Y*. Thus, we see that C;(r(Y; Y*, &)) = {r(Y*; Y*, &)}, as desired. O

Fact 2. 7(Ci(r(r(Y; Y*, £); Z*,8))) € 1(Ci(r(Y; Y™, £))).

Proor. Fix an arbitrary ® € 7(C;(r(Y; Y*, ¢))) and an arbitrary B ¢ 7(C;(r(Y; Y*, &))).
For £ small enough, we have that

Ui(CI); r(r(Y; Y*, &); 7*, 8)) — Ui(E; r(r(Y; Y, ¢); 7*, 8))
> Ui((IJ; r(Y;Y*,¢)) — ﬁi(E; r(Y;Y*, &) — | PO E|S
>0,
where the first inequality follows from the definition of r and the second inequality fol-
lows as @ is associated with an optimal set of contracts at r(Y; Y*, ¢), E is not associ-

ated with an optimal set of contracts at r(Y; Y*, &), and § is sufficiently small. Thus, E ¢
T(Ci(r(r(Y; Y*, £); 2%, 8))) and so 7(C;(r(r(Y; Y*, &); £%,8))) S 7(Ci(r(Y; Y*, 8))). O

FacT 3. 7(Ci(r(Z; Y*, €))) C 7(Ci(2)).

Proor. Fixanarbitrary ® € 7(C;(Z)) and an arbitrary E ¢ 7(C;(Z)). For ¢ small enough,
we have that

U,-((b; r(Z;Y* &) — U,-(E; r(Z;Y*, €)Y, &) > Ui(®;2)-Uy(E; Z)— |[®O E|le>0,
where the first inequality follows from the definition of r and the second inequality fol-
lows as ® is associated with an optimal set of contracts at Z, E is not associated with

an optimal set of contracts at Z, and ¢ is sufficiently small. Thus, E ¢ 7(C;(r(Z; Y*, ¢)))
and so 7(Ci(r(Z; Y*, &))) C 7(Ci(Z)). U

Fact 4. 7(Ci(r(r(Z; Y*, &)); Z*, 0))) CT(Ci(r(Z;Y*, g))).

Proor. Fix an arbitrary ® € 7(C;(r(Z; Y*, £))) and an arbitrary E ¢ 7(C;(r(Z; Y*, £))).
For 6 small enough, we have that

01’(‘13; r(r(Z; Y*, s); Z*, 8)) — Ui(E; r(r(Z; Y*, s); Z*, 8))
— Uj

> [}i((b; r(Z;Y*,e)) = Ui(E:r(Z;Y*, &) — [ PO E|S
>0,

40Note that (feasible) subsets of Y and (feasible) subsets of 7(Y; Y*, ¢) are in a one-to-one correspon-
dence.
41Here, we use © to denote the symmetric difference between two sets, i.e, W oW’ = (W\W" ) U(W \W').
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where the first inequality follows from the definition of r and the second inequality
follows as @ is associated with an optimal set of contracts at r(Z; Y*, ), E is not as-
sociated with an optimal set of contracts at r(Z; Y*, ¢), and § is sufficiently small.
Thus, E ¢ 7(C;(r(r(Z; Y*, &); Z*, 8))) and so we have that 7(C;(r(r(Z; Y*, €); Z*, 8))) €
T(Ci(r(Z; Y*, &))). O

FACT 5. Ci(r(r(Z;Y*, &); Z*,8)) = {r(Z*; Z*, 8)).

PROOE. We have that for any feasible W € r(Z; Y*, &) such that W # Z* 42
Ui(r(2*; 2%, 8)) — Ui(r(W; 2%, 8)) = Ui(Z¥) — Uy(W) + | Z* o W |6
>|Z*ewW|s
>0,

where the equality follows from the definition of r, the first inequality follows from the
fact that Z* is optimal at r(Z; Y*, ¢), i.e,, ARS Ci(r(Z;Y*, g)), and the last inequality
follows as W # Z*. Thus C;(r(r(Z; Y*, &); Z*, 8)) = {r(Z*; Z*, 8)}. O

Combining Facts 1 and 2 shows that there is a unique element of the correspon-
dence 7(C;(r(r(Y; Y*, &); Z*,8))) and, since r(r(Y; Y*, ); Z*, 8) is a finite set, there
must, therefore, exist a unique

Y*e Ci(r(r(Y: Y*, &); 7*, 8)).
Fact 5 shows that Z* = r(Z*; 7*, d) is the unique element of C;(r(r(Z; Y*, &); Z*, 0)).
Thus, as [r(r(Y; Y™, e); Z*, 0)]=i Clr(r(Z;Y*, &), Z*, 8)]-; by Observation 1 (as Y_,; C

Z_) and [r(r(Y; Y*, £); Z*,8)li = [r(r(Z; Y*, €); Z*,8)]i. (as Y;. = Z;_,), Step 1 of
the proof implies that

22, = Z = [V = Y2 (16a)
[r(r(Y; Y*, s); 7*, 6)]_)1. \ f’il - [r(r(Z; Y*, .9); 7*, 6)]_)1. \ Zil (16b)
Y, cZzr,. (16¢)

Each contract (w, py) € f/:l. has the property that p,, is the minimal price associated
with w among all prices associated with » by some contract in r(r(Y; Y*, ¢); Z*,8), as
Y* is optimal at r(r(Y; Y*, &); 7%, 8). Similarly, each contract (w, p,) in Zil. has the
property that p, is the minimal price associated with » among all prices associated
with w by some contractin r(r(Z; Y*, ¢); Z*, 8),as Z* is optimal at r(r(Z; Y*, ¢); Z*, ).
Moreover, each contract (w, p,) € f’i*_) has the property that p,, is the maximal price
associated with w among all contracts associated with o inr(r(Y; Y*, ¢); Z*, 5),as Y*is
optimal at r(r(Y; Y*, ¢); 7*,8). Similarly, each contract (w, p,) € Z;; has the property
that p,, is the maximal price associated with  among all contracts associated with w in

42Note that there is a natural one-to-one correspondence between (feasible) subsets of Z, (feasible) sub-
sets of r(Z; Y*, ¢), and (feasible) subsets of r(r(Z; Y*, ¢); Z*, 5).
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r(r(Z: Y*, &); Z*,8), as Z* is optimal at r(r(Z; Y*, ¢); Z*,8). We thus rewrite (16b) and
(16¢) (while maintaining (16a)) as

25| =12 | = | Y2 = Y (172)
[ (0, po) er(r(Y; Y™, ¢); 2%,8) :] | [ (0, po) er(r(Z; Y%, €); 2%,8) 1] ]
¢ 7'(1?11) or - ¢ T(Zil) or
Nw, pu) €r(r(Y; Y*, €); Z*, 8) | | 3w, po) er(r(Z; Y, &); 2%, 5)
i such that p, < pe 1. L such that p, < pe 1.,
(17b)
[ [ (0, po) er(r(Y; Y*, &); 2%, 8) 1] | [ (0, po) er(r(Z; Y%, €); 2%,8) ] ]
we7(Y*,)and ) c we(Z;,)and )
Mo, po) er(r(Y; Y*, &); 2%, 5) | | #(w, po) €r(r(Z; Y*, &); 2, 5)
L such that p, < pg 1. L such that p, > p, 1
(17¢c)

Combinigg Facts 1 and 2 yields that 7(Y*) = T(Y*), implying that |Y* ;| = |f/j) ;| and
|Y | =1Y}, |, and so from (17a)-(17c) we have

Z5 | = |z = Y| = Y (18a)
[ (0, po) er(r(Y; Y*, ¢); 2%,8) ] | [ (0, po) er(r(Z; Y%, €); 2%,8) 1] ]
w¢T(Y:,)or ) - o ¢ T(Zil) or
Nw, pw) er(r(Y; Y, g); Z*, 8) | | 3w, po) er(r(Z; Y, &); 2%, 5)
i such that p, < pe 1. L such that p, < p, 1.,
(18b)
[ [ (0, po) er(r(Y: Y*, 8); 2%, 8) 1] | [ (0, po) er(r(Z; Y%, €); 2%,8) ] ]
we7(Y},)and A - we(Z;,)and A
Mo, po) er(r(Y; Y*, &); Z*, 5) | | #(w, po) €r(r(Z; Y*, &); 27, 5)
i such that p, > p, 1 L such that p, > p, PR
(18c)

Similarly, combining Facts 3-5 yields that there exists Z* € C;(Z) such that 7(Z*) =
7(Z*), implying |Z* ;| =|Z* /| and |Z} | =|Z} |, and so from (18a)—(18c) we have

1Z5| =1z | = Y2 = Y (19a)
i (0, po) €r(r(Y; Y*,a);Z*,S): ] i (0, po) €r(r(Z; Y*,a);Z*,&): ]
w¢T(Y";)or A c w¢T(Z%);)or A
Nw, pu) er(r(Y; Y*, g); Z*, 8) | | 3w, po) er(r(Z; Y, £); 2%, 5)
i such that p, < pg 1. L such that p,, < p 1.,
(19b)
i (@, po) er(r(Y; Y*,s);Z*,B): ] i (0, po) €r(r(Z; Y*,s);Z*,S): ]
we (Y}, )and A - weT(Z:,)and A
Mo, po) er(r(Y; Y*, &); Z*, 5) T | | #(w, po) €r(r(Z; Y*, &); 2%, 5)
i such that p, > p, 1o L such that p,, > p, 1is

(19¢)
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We have by (19¢) that if w € (Y"), then w € 7(Z}_,); moreover, since Y;, = Z; , by
assumption, the set of prices corresponding to a given w € (},_, is the same in Y and Z.
We thus rewrite (19¢) (while maintaining (19a) and (19b)) as

1Z5 | =12 = Y| = Y (20a)
(0, po) €r(r(Y; Y*,s);Z*,S): ] i (0, po) €r(r(Z; Y*,g);Z*,S):
w¢7(Y*,)or c w¢7(Z7,;) or
I(w, po) €r(r(Y; Y*, &); Z*%,6) | |30, po) er(r(Z; Y*, €); 2%, 6)
such that p, < py, 1., L such that p,, < p, L
(20b)
(0,po)eY: ] [ (0,pu)eZ:
w € 7'(5/_'1*_)) and c w e T(Z_;';) and 200)
ﬂ(w’pw)ey ﬂ(wspw)ez
suchthat p, > po) |. . | | suchthat p, > po ) |,
We have by (20b) that if o ¢ (Y2 ), then w ¢ 7(Z*,;); moreover, since Y_,; C Z_,; by

assumption, the set of prices available for a given w € ()_,; is larger in Y than in Z. We
thus rewrite (20b) (while maintaining (20a) and (20c)) as

1Z5 | =1z | = Y| = Y (21a)
[ (0, pw)eY: ] [ (w,pw)ezZ: )]
w¢(Y";)or c w¢T(Z%;)or (21b)
Hw, pu) €Y N Hw, pu) €Z
such that p, < po ) | . suchthat p, < po ) | .
(0, po)eY: || [ (0, p)eZ:
we7(Y},)and - weT(Z:,)and 210
Mo, pu)eY N Mo, pu)eZ
| | suchthat p, > po | |, | | suchthat p, > po| |,

We can rewrite (21a)-(21c) as
25| = | ZE | = Y2 = Y|
\v]elz\ 2,
Thus the preferences of i satisfy the requirements of part (i) of Definition 9.
The proof that the preferences of i satisfy the requirements of part (ii) is analogous.
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