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We consider the problem of allocating objects to a group of agents and how
much agents should pay. Each agent receives at most one object and has non-
quasi-linear preferences. Non-quasi-linear preferences describe environments
where payments influence agents’ abilities to utilize objects or derive benefits
from them. The minimum price Walrasian (MPW) rule is the rule that assigns
a minimum price Walrasian equilibrium allocation to each preference profile. We
establish that the MPW rule is the unique rule satisfying strategy-proofness, effi-
ciency, individual rationality, and no subsidy for losers. Since the outcome of the
MPW rule coincides with that of the simultaneous ascending (SA) auction, our
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1. INTRODUCTION
1.1 Purpose

Since the 1990s, governments in numerous countries have conducted auctions to allo-
cate a variety of objects or assets including spectrum rights, vehicle ownership licenses,
and land. Although auctions sometimes make a large amount of government revenue,
the announced goals of many government auctions are rather to allocate objects “ef-
ficiently,” i.e., to agents who benefit most from them.! Agents who benefit more are
willing to pay higher prices and thus, have a better chance to win the auctions. How-
ever, as mentioned below, large-scale auction payments would influence agents’ abili-
ties to utilize objects or benefit from them, thereby complicating efficient allocations.
This article analyzes rules that allocate auctioned objects efficiently even when pay-
ments are so large that they impair agents’ abilities to utilize them or realize their bene-
fits. We investigate what types of allocation rules can allocate objects efficiently in such
environments.

1.2 Main result

An allocation rule, or simply a rule, is a function that assigns to each preference profile
an allocation, which consists of an assignment of objects and agents’ payments. Each
agent receives one object at most, and has a preference over objects and payments.?
The domain of rules is the class of preference profiles. We assume that preferences sat-
isfy monotonicity,® continuity, and finiteness, which means that, given an assignment,
any change of assigned object is compensated by a finite amount of money. We call
such preferences classical. It is well known that in this model, there is a minimum price
Walrasian equilibrium (MPWE),* and that the allocation associated with the MPWE co-
incides with the outcome of a certain type of auction called the simultaneous ascending
(SA) auction.® Under SA auctions, bids on all objects start simultaneously, and the sale
of any object is not settled as long as new bids are made on some objects. We focus on
the rule that assigns an MPWE allocation to each preference profile. We refer to this rule
as the minimum price Walrasian (MPW) rule.

The MPW rule satisfies four desirable properties. The first is (Pareto) efficiency.
An allocation is efficient if no agent can be made better off without either some other
agents being made worse off or the government’s revenue being reduced.® The second is
strategy-proofness. Note that efficiency is evaluated based on agents’ preferences. Thus,
an efficient allocation cannot be chosen without information about preferences. Since

For example, frequency auctions in the United States were introduced to promote “efficient and inten-
sive use of the electromagnetic spectrum.” See McAfee and McMillan (1996, p. 160).

2Each agent knows his own preference. In this sense, our model is one of private value models.

3More precisely, in this article, we introduce two types of monotonicity assumptions, which we call
money monotonicity and desirability of objects. See Section 2 for the formal definitions.

4See Demange and Gale (1985).

5For example, see Demange et al. (1986).

6In our auction model, efficiency is defined by taking government revenue into account.
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preferences are private information, agents may have an incentive to behave strategi-
cally to influence the final outcome in their favor. Strategy-proofness is an incentive-
compatibility property, which gives a strong incentive for each agent to reveal his true
preference. It says that for each preference profile, in the normal form game induced
by the rule, it is a (weakly) dominant strategy for each agent to reveal his true prefer-
ence. The MPW rule satisfies strategy-proofness’ and chooses an efficient allocation
corresponding to the revealed preferences.

The third property of the MPW rule is individual rationality, which requires that no
agent should be made worse off than if he had received no object and paid nothing. This
property induces voluntary participation. The fourth property is no subsidy for losers.
Under the MPW rule, the governments never subsidize losers. This property prevents
agents who do not need objects from flocking to auctions only to sponge subsidies.

The primary conclusion of this article is that only the minimum price Walrasian rule
satisfies strategy-proofness, efficiency, individual rationality, and no subsidy for losers
(Theorem 2). Since the outcome of the MPW rule coincides with that of the SA auction
(Proposition 1), the result supports SA auctions adopted by many governments.

1.3 Related literature

Holmstrém (1979) establishes a fundamental result relating to our question that applies
when agents’ benefits from auctioned objects are not influenced by their payments, i.e.,
agents have “quasi-linear” preferences. He assumes that preferences are quasi-linear,
and shows that only the Vickrey-Clarke-Groves (VCG)® type allocation rules satisfy
strategy-proofness and efficiency.? His result implies that on the quasi-linear domain,
only the Vickrey rule'? satisfies strategy-proofness, efficiency, individual rationality, and
no subsidy for losers.!! As Marshall (1920) demonstrates, preferences are approximately
quasi-linear if payments for goods we analyze are sufficiently low.!> However, quasi-
linearity is not an appropriate assumption for large-scale auctions. Excessive payments
for the auctioned objects may damage bidders’ budgets to purchase complements for
effective uses of the objects and thus, may influence the benefits from the objects. Alter-
natively, bidders may need to obtain loans to bid high amounts, and typically finan-
cial costs are nonlinear in borrowings, which makes bidders’ preferences on objects
and payments non-quasi-linear.!® In spectrum license auctions and vehicle ownership

“In addition, the MPW rule is group strategy-proof, i.e., by jointly misrepresenting their preferences, no
group of agents should obtain assignments that they prefer.

8See Vickrey (1961), Clarke (1971), and Groves (1973).

9More precisely, Holmstrém (1979) studies public goods models. When agents have quasi-linear prefer-
ences, his result can be applied to the auction model.

103ee Section 6 for the formal definition.

HRecall that the payment of an agent under the VCG rule is decomposed into two parts. The first part
is what is called Vickrey price, the social opportunity cost to allocate him an object; the second part is the
term that is independent of his preference. Individual rationality and no subsidy for losers imply that the
second part is zero. See also Chew and Serizawa (2007).

128ee also Vives (1987) and Hayashi (2013) for mathematical arguments.

13See Saitoh and Serizawa (2008) for numerical examples.
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license auctions, license prices often equal or exceed bidders’ annual revenues. Thus,
bidders’ preferences are non-quasi-linear for such important auctions.!* As contrasted
with Holmstrom (1979), our result applies to such environments.

Saitoh and Serizawa (2008) investigate a problem similar to ours in the case where
the domain includes non-quasi-linear preferences and there are multiple copies of the
same object. They generalize Vickrey rules by employing compensated valuations from
no object and no payment, and characterize the generalized Vickrey rule by strategy-
proofness, efficiency, individual rationality, and no subsidy.'®> We stress that when pref-
erences are not quasi-linear, the heterogeneity of objects makes the MPW rule different
from the generalized Vickrey rule.!®

Although the assumption of quasi-linearity neglects the serious effects of large-scale
auction payments in actual practice, it is difficult to investigate the above question with-
out this assumption. Quasi-linearity simplifies the description of efficient allocations.
More precisely, under quasi-linear preferences, an efficient allocation of objects can be
achieved simply by maximizing the sum of realized benefits from objects (agents’ net
benefits), and hence, is independent of how much agents pay. In this sense, Holmstréom
(1979) characterizes only the payment part of strategy-proof and efficient rules. On the
other hand, without quasi-linearity, efficient allocations of objects do depend on pay-
ments and thus, cannot be simply identified in the same way as in the quasi-linear
case. In this article, we overcome that difficulty. Furthermore, as mentioned earlier,
on non-quasi-linear domains, the MPW rule is different from the generalized Vickrey
rule, and the former outperforms the latter in terms of our desirable properties, i.e.,
strategy-proofness and efficiency are satisfied by the MPW rule, but not by the general-
ized Vickrey rule. Needless to say, Holmstrom’s (1979) results cannot be applied to prove
our results on the non-quasi-linear domain. It is worthwhile to mention that most stan-
dard results of auction theory, such as the revenue equivalence theorem, also depend on
assuming quasi-linearity. Recently, Baisa (2013) studies an auction model where proba-
bilistic allocations are accommodated and he demonstrates that the effect of non-quasi-
linearity makes optimal mechanisms qualitatively different.

Since Hurwicz’s (1972) seminal work, many authors have investigated efficient and
strategy-proof rules in pure exchange economies.!” In pure exchange economies, clas-
sical'® preferences are standard, but no rule is strategy-proof, efficient, and individu-
ally rational on the classical domain. On the other hand, Demange and Gale (1985)
show that, in the model studied in this article, the MPW rule is strategy-proof, efficient,

14 Ausubel and Milgrom (2002) also discuss the importance of the analysis under non-quasi-linear pref-
erences. See Baisa (2013) for more examples of non-quasi-linear preferences.

15Sakai (2008) also obtains a result similar to theirs.

1611 Section 6, we give a detailed discussion on this point by contrasting the MPW rule with the general-
ized Vickrey rule.

17For example, see Zhou (1991), Barbera and Jackson (1995), Schummer (1997), Serizawa (2002), and
Serizawa and Weymark (2003).

181n pure exchange economies, where consumption spaces are some multidimensional Euclidean space,
classical preferences are assumed to satisfy convexity in addition to continuity and monotonicity. Clearly,
the class of such preferences contains non-quasi-linear preferences.



Theoretical Economics 10 (2015) Strategy-proofness and efficiency 449

and individually rational on the classical domain.!® Generalizing the MPW rule to the
situations where price ranges are bounded, Andersson and Svensson (2014) introduce
the minimum rationing price equilibrium rule, and demonstrate that it satisfies (group)
strategy-proofness and a weak variant of efficiency. Miyake (1998) shows that only the
MPW rule satisfies strategy-proofness among Walrasian rules.’® Note that the Walrasian
rules are a small part of the class of allocation rules satisfying efficiency, individual ratio-
nality, and no subsidy for losers. By developing analytical tools different from Miyake’s
(1998),%! we extend his characterization in that we establish the uniqueness of the rules
satisfying the desirable properties without confinement to Walrasian rules.

Many authors have analyzed SA auctions in quasi-linear settings (e.g., Gul and Stac-
chetti 2000, Ausubel and Milgrom 2002, Ausubel 2004, 2006, de Vries et al. 2007, Mishra
and Parkes 2007, Andersson et al. 2013). In non-quasi-linear settings, the MPW rules
differ from the generalized Vickrey rules, and it is the MPWE allocation that coincides
with the outcome of the SA auction. Alaei et al. (2013) construct an alternative algo-
rithm computing MPWE in non-quasi-linear settings. Our result demonstrates that the
SA auction and alternative algorithms analyzed by those authors are more important in
non-quasi-linear settings.

The problems of allocating objects and money have been studied by many authors.
One of the extensively studied problems not referenced above is the one of fair (envy-
free) allocation (Svensson 1983, Maskin 1987, Alkan et al. 1991, Tadenuma and Thom-
son 1991).22 In the context of strategy-proofness, fair allocation rules are investigated
by Tadenuma and Thomson (1995), Sun and Yang (2003), Ohseto (2006), and Svensson
(2004, 2009).23

When Svensson (2004, 2009) characterizes the class of strategy-proof and envy-free
rules, he does not impose no subsidy for losers on rules, but imposes only the nonneg-
ativity of the sum of payments—the requirement that the sum of the agents’ payments
be nonnegative.?* This alternative requirement is mild and natural. However, we em-
phasize that envy-freeness is a strong requirement in his model and in ours. When each
object is assigned to some agent, envy-freeness implies efficiency (Svensson 1983) and
is almost equivalent to Walrasian equilibrium conditions. Given an allocation such that
each object is assigned to some agent, take the price vector such that the price of each
object is the payment of the agent who receives it. Envy-freeness implies that for this

9More precisely, Demange and Gale (1985) study two-sided matching markets that contain our model
as a special case and show that the rules selecting an optimal stable assignment for one side of the market
are group strategy-proof for the agents on that side.

20A Walrasian rule is the rule that assigns a Walrasian equilibrium allocation to each preference profile.

2l1n Appendix B, we discuss why different analytical tools are necessary.

22 Envy-freeness (Foley 1967) is the requirement that no agent should prefer anyone else’s assignment to
his own.

23Some authors also investigate the problem by other fairness axioms. See, for example, Ashlagi and
Serizawa (2012) and Mukherjee (2014) for the axiom of anonymity in welfare, and see Sakai (2013) and
Adachi (2014) for the axiom of weak envy-freeness for equals.

24To be precise, he requires that the sum of the agents’ payments have a lower bound. This requirement
implies that the total subsidy is limited by a prespecified level, but not that the subsidy to an individual
agent is limited.
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price vector, each agent demands the object he receives in the given allocation. Since
we do not impose envy-freeness on rules, our results and the results of Svensson (2004,
2009) are logically independent.

Other authors have investigated the existence of strategy-proof and nonbossy rules.?®
Miyagawa (2001) characterizes the class of strategy-proof, nonbossy, individually ratio-
nal, and onto rules. Svensson and Larsson (2002) characterize the classes of strategy-
proof and nonbossy rules with several additional desirable properties.?® It is well known
that nonbossiness together with strategy-proofness makes the analysis tractable. Since
the MPW rules violate nonbossiness, we do not impose this demanding property and
thus, cannot apply their proof techniques in our proof.

1.4 Organization

The article is organized as follows. Section 2 sets up the model and introduces basic
concepts. Section 3 defines the MPWE and discusses its properties. Section 4 provides
our main result. Section 5 defines the SA auction, and shows that its outcome coincides
with the MPWE. Section 6 introduces the generalized Vickrey rules and contrasts them
with the MPW rules. Section 7 concludes. Most proofs appear in the Appendix. Proofs
omitted from the main paper are given in a supplementary file on the journal website,
http://econtheory.org/supp/1470/supplement.pdf.

2. THE MODEL AND DEFINITIONS

There are n agents and m objects, where 2 < n < oo and 1 < m < co. We denote the set of
agents by N = {1, ..., n} and the set of objects by M = {1, ..., m}. Let L = {0} U M. Each
agent consumes one object at most. We denote the object that agent i € N receives by
x; € L. Object 0 is referred to as the null object, and x; = 0 means that agent i receives no
“real” object. We denote the amount that agent i pays by ¢; € R. For each i € N, agent i’s
consumption set is L x R, and a (consumption) bundle for agent i is a pair z; = (x;, t;) €
L x R. Let 0= (0, 0).

Each agent i has a complete and transitive preference relation R; on L x R. Let P;
and I;, respectively, be the strict relation and the indifference relation associated with
R;. Given a preference R; and a bundle z;, let the upper contour set and lower contour
set of R; at z; be UC(R;, z;) ={z; € L x R:z} R; z;} and LC(R;, z;) = {z; e L x R:z; R; z}},
respectively. For each i € N, agent i’s preference R; satisfies the following properties.

MoNEY MoNoTONICITY. For each x; € L and each #,f € R, if ¢ < ¢, then
(xi, 1) Pi (x;, 1;).

FiNITENESS. For each # € R and each x;,x; € L, there exist #,¢’ € R such that
(x}, t) R; (x;, t;) and (x;, t;) R; (x], t]).
25 Nonbossiness (Satterthwaite and Sonnenschein 1981) is the requirement that when an agent’s prefer-
ences change, if his assignment remains the same, then the chosen allocation should remain the same.
26See also Schummer (2000) for the other analysis of strategy-proof and nonbossy rules.
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ConNTINUITY. Foreach z; e L x R, UC(R;, z;) and LC(R;, z;) both are closed.

Let RF denote the class of money monotonic, finite, and continuous preferences—
the extended domain. Given R; € RF, z; = (x;,t;)) € L x R, and y; € L, we define the
compensating valuation cv;(y;; z;) of y; from z; for R; by (y;, t; + cvi(yi; zi)) I; zi, and we
let CVi(y;; zi) = t; + cvi(yi; zi). We refer to CV ;(y;; z;) as the compensated valuation of y;
from z; for R;. Note that by continuity and finiteness, CV;(y;; z;) exists, and by money
monotonicity, CV;(y;; z;) is unique. The compensated valuation for R/ is denoted by
Ccv..

We introduce another property of preferences.

DESIRABILITY OF OBJECTS. For each x; € M and each t; e R, (x;, t;) P; (0, t;).%7
DEerINITION 1. A preference R; is classical if it satisfies money monotonicity, finiteness,
continuity, and desirability of objects.

Let RC denote the class of classical preferences—the classical domain. Note that
RC CRE.

DerINITION 2. A preference R; is quasi-linear if there is a “valuation function”
v;: L—Ry such that (i) v;(0) = 0, (ii) for each x € M, v;(x) > 0, and (iii) for each z; =
(xi,t;) e L xRand each z; = (x, t)) e L xR, z; R; z} if and only if v;(x;) — t; > v;(x}) — ¢].

Let R denote the class of quasi-linear preferences—the quasi-linear domain. Note
that R¢ C RC.

An object allocation is an n-tuple (x1, ..., x,) € L" such thatforeach i, je N,if x; 20
and i # j, then x; # x;, that is, no two agents receive the same object except when both
receive the null object. Let X be the set of object allocations. A (feasible) allocation

is an n-tuple z = (21, ...,2z4) = (X1, 1), ..., (xn, ty)) € [L x R]" of bundles such that
(x1,...,Xx,) € X. Let Z be the set of feasible allocations. We denote the object allocation
and the agents’ payments at z' € Z by x' = (x}, ..., x;,) and ¢ = (¢}, ..., t;,), respectively.

Let R be a class of preferences such that R € RE. A preference profile is an n-tuple
R=(Ry,...,R) eR". GivenR=(Ry,...,R;) ¢ R" and N’ C N, let Ryy = (R});ecn’ and
R_N' = (Ri)ieN\N'-

An allocation rule, or simply a rule, on R" is a function f from R" to Z. Given a rule
f and a preference profile R € R", we denote agent i’s assigned object under f at R by
f*(R) and denote his payment by ff (R), and we write

fitR) = (ff(R), f{(R)), FRY=(fi(R), ..., fu(R), and [f*(R)=(fj(R))jeN-

We introduce basic properties of rules. The efficiency condition defined below takes
the auctioneer’s preference into account and assumes that he is only interested in his
revenue. An allocation z’ € Z (Pareto-) dominates z € Z for R € R" if

27A preference R; satisfies weak desirability of objects if for each x; € M, (x;,0) P; 0. All the results in this
article still hold if desirability of objects is replaced by weak desirability of objects.
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® Yien ;= Dien ti
(i) foreachie N, z§ R; z;, and
(iii) for some je N, z} P; zj.
An allocation z € Z is (Pareto) efficient for R € R" if there is no feasible allocation that
dominates z for R.

ErriciEncy. Foreach R € R", f(R) is efficient for R.

Individual rationality says that a rule should never select an allocation at which
some agent is worse off than if he had received the null object and paid nothing. No
subsidy says that the payments should always be nonnegative. No subsidy for losers says
that the payments of agents who obtain the null object should always be nonnegative.
No subsidy implies no subsidy for losers.

INDIVIDUAL RATIONALITY. Foreach R e R" and eachie N, f;(R) R; 0.
No suBsIDY. Foreach R € R" and eachie N, f/(R) > 0.
No suBSIDY FOR LOSERS. Foreach ReR" and eachie N, if ff(R) =0, then fl.’(R) > 0.

The two properties below have to do with incentives. First, by misrepresenting his
preferences, no agent should obtain an assignment that he prefers.

STRATEGY-PROOFNESS. For each R € R", each i € N, and each Ri’ € R,
fi(R) R; fi(R],R_).

The second property is stronger: by jointly misrepresenting their preferences, no
group of agents should obtain assignments that they prefer.

GROUP STRATEGY-PROOFNESS. For each R € R" and each N’ C N, there is no R}v, €

RNl such that for each i € N', fi(R)y,, R_n') P; fi(R).28

3. MINIMUM PRICE WALRASIAN EQUILIBRIUM
3.1 Definition of Walrasian equilibria

We define Walrasian equilibrium and minimum price Walrasian equilibrium. Let R C
RE in this section. All results in this section also hold on the classical domain RC.

Let p=(p, ..., p™) € R7 be a price vector. The budget set at prices p is defined as
B(p) ={(x, p*):x e L}, where p* =0if x =0. Givenie N, R; € R, and p € R"!, agent i’s
demand set is defined as D(R;, p) ={x € L:foreachy e L, (x, p*) R; (y, p”)}.

28et | A| denote the cardinality of set A.
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DEerFINITION 3. Let R € R". A pair ((x, 1), p) € Z x R!" is a Walrasian equilibrium for R
if

(WE-i) foreachie N, x; € D(R;, p) and t; = p*i, and

(WE-ii) foreachye M, ifforeachie N, x; # y, then p¥ =0.

Condition (WE-i) says that each agent receives an object he demands and pays its
price. Condition (WE-ii) says that an object’s price is zero if it is not assigned.

Fact 1. Foreach R € R", there is a Walrasian equilibrium for R.

Fact 1 is already known.?® Given R € R", let W (R) be the set of Walrasian equilibria
for R, and let Z(R) and P(R) be the sets of Walrasian equilibrium allocations and prices
for R, respectively, i.e.,

Z(R)={ze Z:forsome p eR", (z, p) e W(R)} and
P(R)={peR}:forsomeze Z, (z, p) e W(R)}.

Next is a first welfare theorem for our model.3°

FacT 2. Let R e R" and z € Z(R). Then z is efficient for R.3!

Fact 3 says that for each preference profile, there is a unique minimum Walrasian
equilibrium price vector. The minimum price Walrasian equilibrium (hereafter MPWE)
is the Walrasian equilibria associated with the minimum price.

Fact 3 (Demange and Gale 1985). Foreach R € R", there is a unique p' € P(R) such that
foreach p e P(R), p' < p.

Let pmin(R) denote this price vector for R.
Given R € R", let Wyin(R) be the set of minimum price Walrasian equilibria for R
and let

Zmin(R) = {Z €Z:(z, pmin(R)) € Wmin(R)}-

2For example, see Alkan and Gale (1990). Our model is a special case of theirs.
30See also Svensson (1983).
31To see this, suppose that z = (z1, ..., z,) is not efficient for R. Then there is z/ = (2}, ..., z,) such that

(D) Yien ;= Xienti
(i) foreachie N, z/ R; z;
(iii) for some j € N, z; Pj zj.

Since z € Z(R), there is a price vector p € R’} such that (z, p) € W(R). Then, by (ii) and (WE-i), for each
i €N, t] < pi. By (iii) and (WE-i), 1< p’i. Thus, Yien t < Yien PYi = Yy ti- This contradicts (i).
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R; R,
object B /
B
: p!
object 4
s i L
: o — L CV1(B; 0
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0=z CV2(4;0) CV3(4;0)  CVi(4:0)

Ficure 1. Illustration of non-quasi-linear preferences and the minimum price Walrasian
equilibrium.

By Facts 1 and 3, for each R € R", the set Zyin(R) is nonempty. Although the correspon-
dence Zy,, is set-valued, it is essentially single-valued, i.e., for each R € R", each pair
z,7 € Zmin(R), and each i € N, z; I; 2.3

As Demange et al. (1986), e.g., show for the quasi-linear domain, and as shown for
our domain (Section 5), the SA auctions achieve the MPWE.

3.2 Ilustration of minimum price Walrasian equilibrium

Figure 1 illustrates an MPWE for three agents, and two objects, say 4 and B. There are
three horizontal lines. The lowest one corresponds to the null object. The middle and
highestlines correspond to the real objects A and B, respectively. The intersection of the
vertical line and each horizontal line denotes the bundle consisting of the correspond-
ing object and no payment. For example, the origin 0 denotes the bundle consisting of
the null object and no payment. For each point z; on one of the three horizontal lines,
the distance from z; to the vertical line denotes payment. For example, z; denotes the
bundle consisting of object A4 and payment p. Indifference between bundles is shown
by a curvy line connecting them. Welfare increases with decreasing payments. Thus, in
Figure 1, agent 1 prefers z; to 0.

Assume that preferences are as depicted in Figure 1. The compensated valuations
from the origin are ranked as CV{(A4;0) > CV3(4;0) > CV,(A;0) and CV(B;0) >

32An allocation 2’ € Z is obtained by an indifferent permutation from z € Z if there is a permutation 7 on
N such that for each i € N, z] = z4(; and z] I; z; (Tadenuma and Thomson 1991). Note that for each pair
2,7 € Zmin(R), 2’ is obtained by an indifferent permutation from z.
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CV,(B;0) > CV3(B;0). In Figure 1, agent 1’s preference is not quasi-linear, but clas-
sical.3® Thus, Figure 1 also illustrates that R¢ C RC.

The MPWE for the preference profile R = (R1, Ry, R3) is as follows: Agent 1 receives
object 4 and pays CV3(A;0), i.e., the price p“ of object A4 is CV3(A; 0). His consump-
tion is z;. Agent 2 receives object B and pays CV(B; z;), i.e., the price p® of object B is
CV1(B; z1). His consumption is z;. Agent 3’s consumption is 0 and is depicted as z3.

Let us see why the allocation z = (z1, 22, z3) is an MPWE for R. First, note that for
each agenti =1, 2, 3, z; is maximal for R; in the budget set {0, (A, 1), (B, pP)}. Thus, z
is a Walrasian equilibrium.

Next, let (p’4, p’B) be a Walrasian equilibrium price vector. We show p'4 > p and
p'B > pB If p4 < pA and p'B < pB, then all agents prefer (A4, p'4) or (B, p'?) to 0, that
is, all three agents demand A or B or both. In that case, one agent cannot receive an
object he demands, contradicting (WE-i) in Definition 3. Thus, p’A > p"‘ or p’B > pB If
p'4 < p4, then p’® > pB, and so both agents 1 and 3 prefer (A4, p'4) to 0 and (B, p'?),
that is, both demand only 4. In that case, agents 1 or 3 cannot receive the object they
demand, contradicting Walrasian equilibrium. Therefore, p'4 > p4. If p’B < pB, both
agents 1 and 2 prefer (B, p'B)to0and (4, p’4), and so agents 1 or 2 cannot receive the
object they demand, contradicting Walrasian equilibrium. Therefore, p’2 > pB. Hence,
(z, p) is the MPWE.

3.3 Overdemanded and underdemanded sets

Next, we introduce the concepts of overdemanded set and underdemanded set (Mishra
and Talman 2010, e.g.), and relate these concepts to Walrasian equilibria.

DEerINITION 4. (i) Aset M’ C M of objects is (weakly) overdemanded at p for R if
[lie N:D(R;, p) S M'}| (=) > M.
(ii) Aset M’ C M of objects is (weakly) underdemanded at p for R if
VxeM', p*>0]= |{ie N:D(R;, p) N M' #2}| (<) < IM'].

In Figure 1, note that {i € N:D(R;, p) € {A}} = 2, {i € N:D(R;, p) C {B}} = {2},
{ie N:D(R;, p) C{A,B}}={1,2},{ie N:D(R;, p) N {A} # @} ={1,3},{ie N:D(R;, p) N
{B} £ @}={1,2}, and {i e N:D(R;, p) N {A, B} # @} ={1,2,3}. Thus, no set is overde-
manded or weakly underdemanded.

Fact 4 and Theorem 1 below are established by Mishra and Talman (2010) for quasi-
linear preferences. Fact 4 is a characterization of Walrasian equilibria by means of the
concepts of overdemanded and underdemanded sets. Their proof also works for Fact 4
in the extended domain.

33Suppose that agent 1’s preference is quasi-linear. Then since CV (B, 0) > CV (A4, 0), agent 1’s com-
pensated valuation CV{(B, z;) of object B from the point z; in Figure 1 must be greater than CV,(B, 0).
However, in Figure 1, agent 1 prefers z; to the point (B, CV,(B, 0)). This is a contradiction.
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Fact 4 (Mishra and Talman 2010). Let R € R". A price vector p is a Walrasian equilib-
rium price vector for R if and only if no set is overdemanded and no set is underdemanded
at p for R.

Theorem 1 is a characterization of the minimum price Walrasian equilibrium by
means of the concepts of overdemanded and weakly underdemanded sets. We em-
phasize, in contrast to Fact 4, that Mishra and Talman’s (2010) proof crucially depends
on quasi-linearity. It relies on the simple fact that when preferences are quasi-linear,
if a set M’ is weakly underdemanded at a Walrasian equilibrium price vector p, then
all the prices of M’ can be slightly lowered by the same amount while maintaining the
Walrasian equilibrium conditions (WE-i) and (WE-ii).3* However, this is not true when
preferences are not quasi-linear. Theorem 1 is a novel result, and is the key to obtaining
Theorem 2 and Proposition 1.

TueoreMm 1. 3° Ler R € R". A price vector p is a minimum Walrasian equilibrium price
vector for R if and only if no set is overdemanded and no set is weakly underdemanded at

p forR.

Corollary 1 says that if the number of objects is greater than or equal to the number
of agents, the price of some objects is 0. It is used to prove Fact 6. Corollary 2 says
that each object whose price is positive is “connected” by agents’ demands to the null
object or to an object with a price of 0. This corollary is used to prove Theorem 2.36
For example, in Figure 1, object B has a positive equilibrium price, agent 1’'s demand
connects objects 4 and B, and agent 3’s demand connects object 4 and the null object.

CoroLLARY 1 (Existence of free object). Letm > n, R € R", and z € Zyjn(R). Then there
isi €N such that p). (R)=0.

COROLLARY 2 (Demand connectedness). 37 Let R € R" and (z, p) € Wyin(R). For each
x € M with p* > 0, there is a sequence {ix}X_, of K distinct agents such that (i) x;, =0 or
p'i =0, (ii) foreach k € {2, ..., K — 1}, x;, #0and pie >0, (iii) Xi, = X, and (iv) for each
kell,...,K—1}, {xik,xikﬂ} gD(Rik,p).

Here, we also introduce a concept of d;-truncation of a preference. This concept is
important to prove Theorem 1. It says that the welfare position of each bundle z; € M xR
is lowered as much as d; in terms of money, but their relative positions are kept.

Given R; € R and d; € R, the d;-truncation of R; is the preference R/ such that for
each z; e M x R, CV(0; z;) = CV;(0; z;) + d;. Given R € R" and d € R", the d-truncation
of R is the preference profile R’ such that for each i € N, R/ is the d;-truncation of R;.

The following remark and fact pertain to truncations. Remark 1(i) and Fact 5 are
used to prove Theorem 1.

34For details, refer to the proof of Lemma 3 in Mishra and Talman (2010).

35Alaei et al. (2013) also establish this result independently by using different proof methods.
36See Lemma 12 for details.

37This structure is discussed by Demange et al. (1986) and Miyake (1998).
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REMARK 1. Let R; € R, d; € R, and R/ be the d;-truncation of R;. Then the following
statements hold:

(i) Foreachz;,z; e M xR, z; R; z; if and only if z; R Z;.
(i) R l’ satisfies money monotonicity, finiteness, and continuity, and so Rl./ e RE.

(i) Forlarge d;, R/ violates desirability of objects.®

Fact 5 (Roth and Sotomayor 1990). Let R € R" and let R’ be a d-truncation of R such
that foreachie N, d; > 0. Then pmin(R') < pmin(R).

4. MAIN RESULTS

In this section, we provide a characterization of the MPWE by means of properties of
rules. Let R € RE.

DEFINITION 5. A rule f on R" is a minimum price Walrasian (MPW) rule if for each
ReR™, f(R) € Zmin(R).

4.1 Properties of the minimum price Walrasian rule

Let g be an MPW rule on R". First, by Fact 2, for each R € R", g(R) is efficient for R.
Let R € R". Then there is a price vector p = (p',..., p") € R" such that for each i e N,
(a) gi(R) € B(p), and (b) for each z; € B(p), gi(R) R; z;. Let i ¢ N. Note that, for each
xeM, p* >0and B(p) ={(0,0), (1, p"), 2, p*), ..., (m, p™)}. Thus, by (@), g'(R) > 0,
and by (b), gi(R) R; 0. Therefore, the MPW rule satisfies efficiency, individual rationality,
and no subsidy.

Fact 6 (Demange and Gale 1985). The minimum price Walrasian rule is group strategy-
proof.

Theorem 1 allows a direct proof (see Appendix B).

4.2 Characterizations

In this subsection, we assume that each agent has a classical preference and the number
of agents exceeds the number of objects. Recall that all results established in Section 3
also hold in this case. Theorem 2 is our main result of this article, a characterization of
the MPW rule.

THEOREM 2. Let R = RC and n > m. A rule f on R" satisfies strategy-proofness, effi-
ciency, individual rationality, and no subsidy for losers if and only if it is a minimum
price Walrasian rule: for each R € R", f(R) € Zpin(R).

38Because of Remark 1(iii), a d;-truncation of a classical preference may not be classical. However, this
does not create any problems in the proofs of this article.
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The proof is given in Appendix B. Since the MPW rules are group strategy-proof,
Theorem 2 implies that only the MPW rules satisfy group strategy-proofness, efficiency,
individual rationality, and no subsidy for losers. Since no subsidy implies no subsidy
for losers, Theorem 2 also implies that only the MPW rules satisfy strategy-proofness,
efficiency, individual rationality, and no subsidy.

4.3 Indispensability of the axioms and assumptions

The “only if” part of Theorem 2 fails if we drop any of the four axioms, as shown by the
following examples.

ExampLE 1 (Dropping strategy-proofness). Let f be the rule that chooses a “maximum”
price Walrasian equilibrium allocation for each preference profile. Then f satisfies the
axioms of Theorem 2 except for strategy-proofness.3? O

ExampLE 2 (Dropping efficiency). Let f be the rule such that for each preference profile,
each agent receives the null object and pays nothing. Then f satisfies the axioms of
Theorem 2 except for efficiency. O

Next, we introduce variants of Walrasian equilibria—those with “entry fees.” Given
an entry fee e¢; € R, let D(R;, p,e;) ={x € L:foreachye L, (x, p* +e;) R; (y, p” + ei)},
where p* =0if x =0. A pair ((x, 1), p) € Z x R™ is a Walrasian equilibrium with entry
fees for R € R" if there is an entry fee vector e = (eq, ..., ;) € R"” such that

(WE-i*) foreachie N, x; € D(R;, p,e;),and t; = p*i + e;, and
(WE-ii) foreachye M,ifforeachie N, x; # y, then p¥ =0.

Note that, similarly to Facts 1, 2, and 3, for each preference profile R € R" and each
e=(eq,...,e,) € R", there is an MPWE with entry fees e, and it is efficient. A rule f is a
minimum price Walrasian rule with entry fees if there is an entry fee vector e € R” and
for each R, f(R) is an MPWE with entry fees e. Then, MPW rules with entry fees are
efficient. Similarly to Fact 6, we can show that they are also group strategy-proof.

ExaMPLE 3 (Dropping individual rationality). Let e = (eq,..., e;) € R” be an entry fee
vector such that for each i € N, ¢; > 0. Then the associated minimum price Walrasian
rule with entry fees satisfies the axioms of Theorem 2 except for individual rationality. ¢

ExaMPLE 4 (Dropping no subsidy for losers). Let e = (ey, ..., ;) € R” be an entry fee
vector such that for each i € N, ¢; < 0. Then the associated minimum price Walrasian
rule with entry fees satisfies the axioms of Theorem 2 except for no subsidy for losers. ¢

39Demange and Gale (1985) also show that for each preference profile, there is a maximum price Wal-
rasian equilibrium. When there is only one object, the maximum price Walrasian equilibrium corresponds
to the first price auction. It is well known that the first price auction is not strategy-proof.
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We further generalize MPW rules with entry fees as follows: a rule f is a minimum
price Walrasian rule with variable entry fees if there is a list {e;(-)};cny of entry fee func-
tions defined on R”, and for each R, f(R) is an MPWE with entry fees {¢;(R)};cn -

MPW rules with variable entry fees are also efficient. Note that if for each i € N,
the entry fee function ¢;(-) depends only on the other agents’ preferences R_;, then the
associated MPW rule with variable entry fees {e;(-)}icy on the quasi-linear domain is
strategy-proof and so, by Holmstrém (1979), it is a rule, called Groves rule.*® However, as
illustrated in Example 5, an MPW rule with variable entry fees {e;(-)};cn is not strategy-
proof on the classical domain even if for each i € N, the entry fee function e;(-) depends
only on the other agents’ preferences R_;. This fact demonstrates the complexity of
analysis on the classical domain.

ExAMPLE 5 (A violation of strategy-proofness of an MPW rule with variable entry fees).
Let N ={1,2} and M = {1}. Let f be the MPW rule with variable entry fees {e;(-)}icn
such that for each Rj, ¢1(R;) =0, and for each Ry, e;(R1) = CV1(1;0). Let R be a pref-
erence profile such that CV(1;0) = 4, cv,(1;(0,4)) =2, and cv,(1;(0,7)) = 1. Then
fi(R) = (1,2). Let R| be such that CVi(1;0) =7. Then fi(R,,R_1) = (1,1). Thus,
AR, R_1) P fi(R). O

One might wonder if the MPW rules with entry fees can be characterized by only
strategy-proofness and efficiency. Our proof of Theorem 2 fails if individual rationality
and no subsidy for losers are dropped. However, we have not found an example of a rule
that satisfies strategy-proofness and efficiency, but is not an MPW rule with entry fees.
Therefore, it is an open question whether the class of MPW rules with entry fees can be
characterized by only strategy-proofness and efficiency.

One might also wonder if the assumption that n > m can be dropped in Theorem 2.
Our proof of Theorem 2 also fails if » < m. However, we have not found an example of a
rule that satisfies the four axioms of Theorem 2, but is not an MPW rule even if n > m is
dropped. Therefore, this question is also open.

5. SIMULTANEOUS ASCENDING AUCTION

We define a class of simultaneous ascending auctions and show that they achieve the
MPWE. Let R € RE, Re R", and p e R™".

DEFINITION 6. A set M’ C M is a minimal overdemanded set at p for R if M’ is overde-
manded at p for R and there is no M” C M’ such that M” is overdemanded at p.

Under a (continuous time) simultaneous ascending auction, there is a constant d >
0, and at each time, each bidder submits his demand at the current price vector and
the prices of the objects in a minimal overdemanded set are raised at a speed at least d.
When there is no overdemanded set, the auction stops. Given a preference profile, a
simultaneous ascending auction generates a “price path.”

403ee Section 6 for the definition of Groves rule.
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DEFINITION 7. A simultaneous ascending (SA) auction is a function 7 from Ry x R’ x
R" to R’ such that the following statements hold:

(i) Given R € R", 7 is integrable with respect to time ¢ € R and price p € R’

(i) There is d > 0 such that for each r € Ry, each p € R, each R € R", and each
xeM,

(ii-a) if x is in a minimal overdemanded set at p, then 7*(¢, p, R) > d
(ii-b) T*(¢, p, R) =0 otherwise.
For each R € R", the price path generated by an SA auction 7 is a function p from R
to R’ such that the following statements hold:
(i) Foreachx e M, p*(0)=0.

(ii) Foreach x e M andeach e R,

t
P = / (s, p(s), R) ds.
0
Proposition 1 says that the outcome of an SA auction coincides with the MPWE.

ProposITION 1. Foreach R € R", the price path generated by any simultaneous ascend-
ing auction converges to the minimum Walrasian equilibrium price in a finite time.

The proof is given in Appendix C. Proposition 1 implies that for each R € R", the
price path p(-) generated by an SA auction has a termination time T such that for each
t>T, p(t) = p(T) = pmin(R), and at the final prices p(T), each agent receives an object
from his demand and pays the final price of the object that he receives.

6. GENERALIZED VICKREY RULE

In this section, we introduce the generalized Vickrey rules and contrast them with the
MPW rules.

6.1 Generalized Vickrey rule

Each quasi-linear preference R; can be defined by means of a valuation function v; : L —
R4, and a preference profile R in the quasi-linear domain corresponds to a valua-
tion profile v(R) = (v1(Ry), ..., vy (Ry)). Given a valuation profile v = (vq, ..., v,), let
(x7(0), ..., x,(V)) € argmMaxy ey Yoivi(xy), o_i(v) = Z#i vj(x;f(v)) and o’ ;(v) =
max(y,,. .x,)eX 2 ji V(X j).‘” On the quasi-linear domain, the Vickrey rules are defined
as follows.

“INote that effectively ¢’ ,(-) is a function of v_;.
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DEeFINITION 8. A rule f on the quasi-linear domain is a Groves rule if (i) for each val-
uation profile v, f*(v) € argmax,,  )ex 2_;vi(x;), and (ii) for each i € N, there is a
function #4; of the other agents’ valuation profile v_; such that for each valuation profile
v, fit(v) = hi(v_;) — o_i(v). AGrovesrule f is a Vickrey rule if foreachi e N, h; = o’ ;.

To generalize Vickrey rules to the classical domain, we need to use some valuation
function v; for each classical preference R;. The compensated valuation CV;(-; 0) from
the origin is defined for each classical preference R; and a generalization of valuation
function, and so is a natural candidate. Given a classical preference R;, let v;(-; R;) be
a function defined as, for each x € L, v;(x; R;) = CV;(x; 0). Given a classical preference
profile R, let v'(R) = (v1(:; R1), ..., un(+; Ry)).

DEerINITION 9. Arule f on the classical domain is a generalized Vickrey rule if for each
classical preference profile R, f*(v'(R)) € argmax,, ) ex 2_;Vi(xi; R;), and for each
ieN, fl(W'(R) =0d";(vV(R)) — o_i(V'(R)).

A classical preference R; is object-blind if for each x,y € M and each ¢ € R,
(x,t) I; (y,t). We call the class of object-blind preferences the object-blind domain.
The object-blind domain is a subset of the classical domain. On the object-blind do-
main, Saitoh and Serizawa (2008) and Sakai (2008) characterize the generalized Vickrey
rules.

Fact 7 (Saitoh and Serizawa 2008, Sakai 2008). Let n > m. A rule on the object-blind
domain satisfies strategy-proofness, efficiency, individual rationality, and no subsidy if
and only if it is a generalized Vickrey rule.*?

On the quasi-linear domain, the classes of Vickrey rules, generalized Vickrey rules,
and MPW rules coincide. Fact 7 suggests that the generalized Vickrey rules are natural
generalizations of the Vickrey rules on the object-blind domain. On the object-blind
domain, the classes of generalized Vickrey rules and MPW rules also coincide. How-
ever, these two classes of rules differ outside the above two domains, as explained in
Section 6.2. Thus, Fact 7 does not imply Theorem 2. Since the object-blind domain is
smaller than the classical domain, Theorem 2 does not imply Fact 7 either. Therefore,
the two results are mathematically independent.

6.2 Generalized Vickrey rule vs. minimum price Walrasian rule

Notice that, in example of Section 3.2 (Figure 1), agent 2’s payment in the MPWE al-
location z cannot be computed from the compensated valuations v;(-; R;), i = 1,2, 3,
from the origin 0. Payments of the MPW rule depend on the compensated valua-
tions from various points. It is worthwhile to mention that for the preference profile
in Figure 1, it is agent 1’s preference R; that determines whether agent 2 or agent 3 re-
ceives a real object in the MPWE allocation. In Figure 1, agent 1 prefers (A, CV3(A4; 0))

421t is straightforward that on the object-blind domain, strategy-proofness, efficiency, individual ratio-
nality, and no subsidy for losers imply no subsidy.
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to (B,CV;,(B;0)), and agent 2 receives a real object. However, if agent 1 prefers
(B, CV,(B;0)) to (A4, CV3(A4;0)), agent 3 instead receives a real object. Object alloca-
tions of the MPW rule also depend on the compensated valuations from various points.
Thus, the MPWE allocation z is not the outcome of the generalized Vickrey rule. Accord-
ingly, the MPW rule does not coincide with the generalized Vickrey rule.*3

One can easily check that the generalized Vickrey rule is neither efficient nor
strategy-proof on the classical domain with heterogeneous objects. To check this
fact, let R; € R¢, Ry € R9, and R; € R be such that CV(A4;0) =9, CV(B;0) = 10,
(A,6) Py (B,5), CV2(A;0) =3, CV,(B;0) =5, CV3(A:0) = 6, and CV3(B; 0) = 2. The
indiffence curves of Figure 1 illustrate those preferences. The outcome of the general-
ized Vickrey rule for R is z = ((B, 5), (0,0), (A4, 4)). Let 2/ = ((A4, 6), (B, 5), (0, —2)). Then
7' Pareto-dominates z, a violation of efficiency. Let R} € R be such that CV/(A4;0) =8
and CV'|(B; 0) = 5. Then under the generalized Vickrey rule, the bundle that agent 1 ob-
tains for (R}, R_1) is (A, 6). Since (A, 6) Py (B, 5), the generalized Vickrey rule violates
strategy-proofness.

The generalized Vickrey rule employs only a small part of the information about
agents’ preferences (i.e., compensated valuations from the origin). On the other hand,
the MPW rule employs other information (i.e., compensated valuations from various
points). As we stated in Section 4, only the MPW rule satisfies strategy-proofness, effi-
ciency, individual rationality, and no subsidy for losers on the domain including non-
quasi-linear preferences. Thus, the information about compensated valuations from
various points is necessary to design rules satisfying the above four properties on this
domain. Proposition 1 states that the SA auction achieves the same outcome as the
MPW rule.

7. CONCLUDING REMARKS

In this article, we mainly focus on the analysis of rules that allocate objects efficiently,
and we show that only the MPW rules are desirable based on the four properties strategy-
proofness, efficiency, individual rationality, and no subsidy for losers. It would be also
important to investigate rules that produce more revenues for the auctioneer. An inter-
esting question relating to this issue is whether there are strategy-proof, efficient, and
individually rational rules that produce greater revenues than the MPW rule for each
preference profile. We hope that the results and techniques developed in this article will
be useful for the study of this research topic.

APPENDIXES: PROOFS

In this appendix, we provide the proofs of all results in the article. In Appendix A, we
prove Theorem 1 and Corollaries 1 and 2. In Appendix B, we give the proofs of the main
results (Fact 6 and Theorem 2). Appendix C gives the proof of Proposition 1. The proofs
of Facts 4 and 5 appear in the supplementary file on the journal website.

“3When agent 1 prefers (B, CV(B; 0)) to (A4, CV3(4; 0)), the MPWE allocation z* = (z}, 23, z3) is z* =
(B, CV2(B: 0)),(0,0), (4, CV1(4; z1))). Thus, unless CV1(4; z7) = CV2(B;0) + CV1(4;0) — CV1(B;0),
the MPWE allocation z* does not coincide with the outcome of the generalized Vickrey rule.
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APPENDIX A: PROOFS FOR SECTION 3 (THEOREM 1, AND COROLLARIES 1 AND 2)

Let R € RE in this section.

LEmMA 1. Let R € R", (z, p) € W(R), and R’ be a d-truncation of R such that for each
ieN withx; #0, d; < —CV;(0; z;), and for each i € N with x; =0, d; > 0. Then (z, p) €
W(R').

Prootr. Since (z, p) € W(R), (z, p) satisfies (WE-i) and (WE-ii) for R. Since (WE-ii) is
independent of preferences, we show only (WE-i) for R’, that is, that for each i € N and
eachyeL, (x;, p*)R/(y,p”). Letie Nandye L.

Case 1. x; #0. If y#0, then by Remark 1(3i), (x;, p*) R/ (y, p¥). If y=0, then by d; <
—CVi(0; ), (xi, p*) R; 0= (y, p”).

Case2. x;=0. Ify=0,thenby (y, p’) =0=(x;, p*), (x;, p*) R} (y, p¥). If y #0, then
by (xi, p*) R; y(y, p’) and d; > 0, (x;, p*) R} (y, p). O

LEMMA 2. Letie N, R; € R, d; € R, and R; be the d;-truncation of R;. Let p,q € R,
xeM,andy e L be such that x € D(R;, p) and y € D(R/, q).

(i) Ifg* < p*andye M, then (y, q”) P; (x, p*) and ¢’ < p’.
(i) If ¢* < p* and d; < —CV(0; (x, p*)), theny e M, (y, ¢”) P; (x, p*), and ¢* < p’.

Proor. (i) Let ¢* < p*and y e M. By y € D(R/, q), (y,¢”) R} y(x,q"). Since R/ is the
d;-truncation of R;, by Remark 1(), (y, ¢¥) R; (x, ¢*). Then

»¢@)YRi (x,q") P (x,p") Ri (y,p)).
q*<p* xeD(R;, p)
Thus, (y, ¢*) P; (x, p¥). Also, (y, ¢*) P; (y, p¥) implies ¢* < p”.
(i) Let ¢* < p* and d; < —CV;(0; (x, p*)). Then CV}(0; (x, p*)) < 0 and so
(x, p*) R} 0. Thus,

».¢) R} (x,q°) P/ (x,p")R]O0.
yeD(R},q) q*<p*

Then (y, ¢¥) P/ 0 implies y € M. Thus, by Lemma 2(i), (y, ¢*) P; (x, p*) and ¢* < p¥. O

Proor oF THEOREM 1. “If.” Assume that no set is overdemanded, and no set is weakly
underdemanded at p for R. Then, by Fact 4, p € P(R). Suppose that there is g € P(R)
such that g < p and g # p. Without loss of generality, assume that for each x € M’, ¢* <
p*,and foreach x ¢ M/, g* = p*, where M'={1,...,m'}and 1 <m’ <m.

Since M’ is not weakly underdemanded at p for R, there is N’ € N such that |[N'| >
IM’| and for each i € N, D(R;, p) "M’ #+ @. Foreach i € N/, let y; € D(R;, p) N M. Since
for each x € M’, ¢* < p*, and for each x ¢ M’, g* = p¥, it follows that for each i € N’ and
each x ¢ M’, (y;, ¢°') P; (yi, p”) R; (x, p*) = (x, g*). Thus, foreach i e N', D(R;, q) S M'.
By [N’| > |M'|, M’ is overdemanded at ¢. Since g € P(R), this contradicts Fact 4.
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“Only if.” Let p = pmin(R). Then, by Fact 4, no set is overdemanded and no set
is underdemanded at p for R. We show that no set is weakly underdemanded at p
for R. Suppose that there is a set M’ that is weakly underdemanded at p for R,
ie., for each x e M’, p* >0, and |{i e N:D(R;, p) N M' £ @}| < |[M’'|. Let N =
{i e N:D(R;, p) " M' # &}. Without loss of generality, assume that M’ is minimal: no
proper subset of M’ is weakly underdemanded at p for R. Since p € P(R), thereisz € Z
such that for each i € N, x; € D(R;, p) and t; = p*i. Since no set is underdemanded at p
for R, |N’| = [M’|. Without loss of generality, let M’ ={1,...,m'}and N' = {1, ..., m'}.

StEP 1. Foreachic N, x;je M'.

Proor. Since foreach x € M’, p* > 0, (WE-ii) implies that for each x € M’, thereis i(x) €
N’ such that x;,) = x. Then, by [N'| = |[M’|, foreachie N, x; e M'. <

For each x € M’, let ¢* = max{CV;(x;z;):j € N\ N'} U {0}. Then, for each x € M’,
q* < p*.4* Let R), ., € R be such that for each x € M’, if ¢* > 0, then CV,, , ;(x; 0) = ¢,
and if ¢* =0, then CV/,, +1(x:0) € (0, p*). We consider the economy E’ with object set
M’ and agentset N” = N’ U {m' + 1}.

Let WM'N"(Ry») and WHJ:;II;’N //(RNH) be the sets of Walrasian and minimum price
Walrasian equilibria of the economy with object set M’ and agent set N” with prefer-
ence Ry», and let PM "N (Ry») and pani;;N "(Ry») be the set of Walrasian prices and the
minimum Walrasian equilibrium price vector of the economy, respectively. Let z,,,.1 =0

and zy» = (zn7, Zm'41)-

STEP 2. We have (zy», pM') € Wrﬁ;’NU(RN/, R,

min
we have pM < pM'. Let M~ = {x € M': p* < p*}. We show M~ = &. Suppose M~ # &.
Let N~ ={ie N:DR;, pM)NnM~ + o).

ProOE. Let (2vr, pM') € Wi ™ (R, Ry, ). Since (2, p) € WM (Ry R, ),

StEP 2.1. Foreachie N—,x; e M.

Proor. Letie N~. Then thereis x € D(R;, pM') NM~. Thus, x € M’ and p* < p*. Since

Gy, pM) € anlvi[r;’N”(RN/,R;n,H), we have ¥; € D(R;, p'). Then, by Lemma 2(ii), ¥; €
M’ and p*i < p*i. Thus, ¥, € M. <

STEP 2.2. Wehave M~ =M', N~ =N',and |M~|=|N"|.

Proor. Since no two agents in N~ receive the same object, Step 2.1 implies M ™| >
IN~|.

4470 see this, suppose that for some x € M’, ¢° > p*. Then there is j € N \ N’ such that (x, p*) R;j zj. Since
xj € D(R}, p), we have x € D(Rj, p). Thus, j € N'. This contradicts j € N \ N'.
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Suppose M~ # M’'. Then since M~ C M’ and M’ is a minimal weakly underde-
manded set at p for R, M~ is not weakly underdemanded at pM" for (Ry/, R, , D
Thus, since for each x e M—, p* > 0, we have |[N~| > [M~| + 1. This contradicts
IM~|>|N~|. Thus, M~ =M.

By the definition of N~, M~ = M’ implies N~ = N’. Since M’ is weakly underde-
manded, we have |[N’| = |M’|. From the above results, M~ | = |[M'|=|N'| = |N"|. <

STEP 2.3. Foreach x € M/, p* > g*.

Proor. Suppose that there is x € M’ such that p* < ¢*. Then ¢* > 0. Note that
by w41 € D(R,, ., pM) and p* < ¢* = CV),,1(x:0), X1 € M'. By M~ = M’ and
N~ = N’ (Step 2.2), Step 2.1 implies that for each i € N’, X; € M’. This contradicts
M| =m'. <

Let(z, p) € ZxR'besuchthatzy' = Zn/, z_n' = z_n7, M = M and pM = p=M'.

STEP 2.4. The pair (z, p) is a Walrasian equilibrium of the original economy, i.e., (z, p) €
W (R).

Proor. By Step 2.3, for each y e M’, p¥ > ¢’. Let h e N\ N'. Then, for each y € L, if
y¢ M’, then

(Zn, pP™) = (xp, p™) Ry (v, p") = O, P,
hgN' x,eD(Ry, p) yeM’

and ify e M/, then

(Fns p™) = (e p™) Ry (v,4")  Run (3, ).
h¢N def. of g¥ @ <py=pY

Thus, foreach h € N\ N, x;, € D(Ry,, p).
Let h e N'. Then, foreach y e L, if y ¢ M’, then

Gp, ) = (Fno P Ry xp ) Ry (xn p™) Ry (0, p") = (3, ),
heN #4eD(Ry,, M) M <pM’ x4 €D(Ry, p) yEM

and if y e M’, then
Gp P = G p) Ry (3 ) = (0, P
heN' XhED(Rh’ﬁM/) yEM/
Thus, for each h € N’, k, € D(Ry, p). Since (z, p) and (zZn», p) satisfy (WE-ii), so does
(z, p). <

BBy M~ c M, ie N:DR;,p) "M~ £ @} C{ie N:DR;,p) "N M # @} =N'. Thus, {ie N :
D(R;, pM'YNM~ # @} ={ie N:D(R;, p) " M~ # &}. Hence,

IN"| = }{ieN/:D(R,-,pM’)nM— #0}={{ieN:DR;, p) "M~ £2}| > M|
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Recall that p = ppnin (R). However, since M~ # &, we have p < p and p # p. Thisis a
contradiction. Thus, M~ = &. This completes the proof of Step 2. <

Step 3. There is a d-truncation R’ of Ry such that CV'(x1;0) < p*! and agent 1 ob-
tains a real object in an MPWE for (R, R:n’-&-l’ Rnnqy), Le., for (Znv, ﬁM/) €
anl\fr;’N//(R/ R R;n’-',-l’ RN/\{l})’ X1 #0.

Prookr. Note that d; needs to be large enough so that CV’,(x1; 0) < p*1, but at the same
time, d; needs to be small enough so that %; # 0, that is, CV/(x1; 0) needs to be close
to p*!. To analyze how CV(x;; 0) needs to be close to p*!, we introduce the concept of
assignment sequence as follows:

Let IT denote the set of permutations of M’ and denote by {x(k)}’,i1 its generic ele-
ment. Given {x(k)}’,:i1 ell, let {i(k)}Zi1 be the permutation of agents in N’ defined by
xiy = x(1), xj2) =x(2), ..., Xjim) = x(m'), and let {t(k)}f(’i1 be a sequence of the pay-
ments of agents in N’ such that #(1) < CV;n,H(x(l); 0), t(2) < CVy1)(x(2); z0(1)), ...,
t(m') < CV 1) (x(m'); zo(m' — 1)), where for each k € {1, ..., m'}, zo(k) = (x(k), t(k)).
We call such a pair {z(k), i(k)}Z’/=1 an assignment sequence.

STEP 3.1. There is an upper bound b < p*!' such that for any assignment sequence
{zo(k), i(k)}’,z“;1 constructed as above and for k with x(k) = x1, t(k) < b.

Proor. Given {x(k)}Zi1 e II, let {zo(k),i(l’c)}f(”/=1 be the assignment sequence
such that (1) = CV/, ,(x(1);0), t(2) = CV1),(x(2); z9(1)), ..., and t(m) =
CVigmw—1)(x(m"); zo(m' — 1)). Since CV/,,_;(x(1); 0) < p*D, the following relation holds
inductively: for each k > 2,

(x(k), t(k)) Tix—1) 20(k —1)  (by def. of £(k))
Pig—1) (x(k = 1), p**=1) by t(k — 1) < p**=1)
Rik—1) (x(k), p*®)  (by x(k — 1) € D(Rix—1), p))

and t(k) < p*®. Note that for any assignment sequence {z;(k), i’(k)}’,:i1 associated
with the same {x(k)}Zil, for each k, t'(k) < t(k) and thus, for k with x(k) = xq,
t'(k) < p*1.

Since the cardinality of I1 is finite (/'!), the conclusion of the above paragraph im-
plies that there is b < p*! such that for any assignment sequence {zy(k), (k)};c”/=1 and for
k with x(k) = x1, t(k) <b. <

STEP 3.2. LetR/1 be a d,-truncation of Ry such thatb < CV’l(x1 ;0) < p*1. Let (zZnv, ﬁM/) €
M/’N// A

Wmin (R/ , R/m’+1’ RN’\{I})- Then X1 7'5 0.

Proor. Suppose that X1 = 0. We use Claim 1 below. It implies that m’ agents (agents 2,

..., m' + 1) receive m’ different objects in M’ \ {x{}. By [M’| = n?/, this is a contradiction.

Thus, proving Claim 1 completes the proof of Step 3.2. <
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CraM 1. Construct the assignment sequences {zo(k), i (k)}f;1 as follows: x(1) = X,y 41,
xiy = x(1), and t(1) = PV, and for each k € {2,...,m'}, x(k) = Xick—1y» Xiky = x(k),
and t(k) = p*®, Then,foreach ke{l,...,m}, x(k) ;é 0, x(k) # x1, and p** < p*(,

Prookr. The proofis by induction.

INDUCTION BASE. First, we show x(1) = x,y.1 # 0. Suppose X,,+1 = 0. Then since

two agents (1 and m’ + 1) in N” receive the null object and |N"| = [M’'| + 1, there is

x € M such that for each h € N”, X, # x. By (WE-ii), p* =0. Since CV,,_(x;0) > 0,

we have (x, ”‘)P/ ,0. This is a contradiction since X,/41 =0 and (Zyv, ﬁM/) €
mln (R/ , :n+1’RN,\{1 ). Thus x(l) ;EO

Note that by Step 1, x(1) # 0 implies that agent i(1) with x;1) = x(1) uniquely exists.
Thus, x(1), i(1), and #(1) are well defined.

Second, by x(1) = £,y 41 € D(R,,, 1, p™), p*D < CV),, 1 (x(1); 0) < p*D.

Third, we show x(1) # x;. Suppose x(1) = x;. Then, by Step 3.1 and the def-
inition of R}, p* =1t(1) < b < CV/l(xl,O), that is, (x1, p*') P/ 0. Thus, by &; =0,
X1 ¢ D(R], f)M ). However, since (Zy», pM e WHIKHN (R, ;n+1’RN’\{1})' this is a con-
tradiction. Therefore, x(1) # x1.

INDUCTION ARGUMENT. Letk € {2,...,m’}. Assume that Claim 1 holds until k£ — 1. Since
x(k — 1) € D(Rik—1y> P)» itk—1) € D(Rik_1y, pM), and p**=D < p**k=D Lemma 2(ii)
implies that x(k) = %;x_1, # 0 and p**) < p*h),

Note that by Step 1, x(k) # 0 implies that agent i(k) with x;x), = x(k) uniquely exists.
Thus, x(k), i(k), and #(k) are well defined.

We can show x(k) # x; similarly to the induction base. If x(k) = xq, then p*
t(k) < b < CV'(x1;0), which implies %; ¢ D(R}, pM'), contradicting (sy», p")
wM (R’ ,

IIllIl

m

R, 1> Rny)-

A

STEP 4. Concluding that no set is weakly underdemanded at p for R.

Note that CV}(x;;0) < p*t (Step 3) implies d; > 0. By (EN//,ﬁM/)
wM N (R}, R, ., Ryn1)), Step 2 and Fact 5 imply that p "< pM'. Note that

mm m'+1°

m

(Z1,p) Ry 0 I (x1,CV)(x1;0)) P (x1, p™).
/%IED(R/IJSM/) def. of R} CV(x1;0)<p*1

By Steps 1 and 3, x; # 0 and %; # 0. By the definition of R| and Remark 1(i),
(%1, p*1) P{ (x1, p™) implies (&1, p*1) Py (x1, p*). Therefore,

(X1, pYY Py (x1, p*) Ry (G, p™).
x1€D(Ry,p)

This implies p*1 < p'i. By the definition of R}, R; is the (—dj)-truncation of R)

and —d; <0 < —CV{(0;2). Thus, Lemma 1 implies p"" € P*"N"(Ry/, R, ).
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However, by Step 2, pM' = pﬁI;N (Ry', Ry 41). Since pM < pM" and p*1 < p%1, this is
a contradiction. O

ProoFr oF COROLLARY 1. Suppose that foreachie N, aniin(R) > 0. Then, foreachie N,
x; #£0.Let M ={x1,...,x,}. Then [M|=|N|. Since (M| =[{ie N:D(R;, p)NM #£ 2}, M
is weakly underdemanded at p for R. This contradicts Theorem 1. O

ProoF oF COROLLARY 2. Let x € M be such that p* > 0. We construct the sequence of
agents in two steps.

Step 1. By (WE-ii) in Definition 3, there is j; € N such that x; = x. By Theorem 1, the
set {x} is demanded at p by at least two agents. Thus, there is j, € N \ {ji} such that
X € D(Rjé, p). Let N; be the set of such agents. If Xj = 0 or pré = 0 for some agent
Jj5 € N2, then let j, = j, and go to Step 2. If X # 0 and pri > 0 for each j), € N, pick
arbitrarily an agent j, € N,.

By Theorem 1, the set {x;, x;,} is demanded at p by at least three agents. Thus, there
is j5 € N\ {j1, j2} such that D(Rjé, p) N{x;j, xj,} # 2. Let N3 be the set of such agents. If

xj,=0or px’é = 0 for some agent j; € N3, then let j3 = j; and go to Step 2. If xj, #0 and

pré > 0 for each jj € N3, pick arbitrarily an agent j3 € N3.

Since m is finite, proceeding inductively, there are K’ < m and a sequence { jk}f/=1 of
K’ distinct agents such that (a) x;,, =0or plik =0, (b)foreachk € {2,...,K'—1},x;, #0
and p“ik >0, (c) xj, = x, and (d) foreach k € {2, ..., K"}, {xj,,..., xj,_,} N D(R;,, p) # 2.
Then go to Step 2.

StEP 2. Letii = jxr. By (z, p) e W(R), x;; € D(R;;, p). By (d), there is iy € {ji, ..., jxr—1}
such that x;, € D(R;;, p). By (z,p) € W(R), x;, € D(R;,, p). By (d), there is i3
{j1> ..., jx—1} such that x;, € D(R;,, p), where k' is such that ji = i>. By (z, p) € W(R),
xi; € D(R;;, p). Proceeding inductively, we have some K such that ix = j;. Then the
sequence {ik}f:1 of K distinct agents satisfies (i), (ii), (iii), and (iv). O

APPENDIX B: PROOFS FOR SECTION 4 (MAIN RESULTS: FACT 6 AND THEOREM 2)

PROOF OF Fact 6. Let R € RE. Let g be an MPW rule on R”. By contradiction,
suppose that there are R € R", N' € N, and R}, € RW' such that for each i € N/,
gi(Ry,, R_n') P; gi(R). Let z = g(R) and 2’ = g(R),, R_y), with associated equilibrium
prices p and p’. Without loss of generality, let N’ = {1,...,n/}. Let MT ={x e M :0 < p*}
and m™ = |[M™"|. Note that if n > m, then n > m*, and if n < m, then by Corollary 1,
mt<n—1<n.

In this paragraph, we show that for each i € N, x] # 0 and p'¥i < p¥i. Letie N'. Note
that

(xj, p*) P (x;,p) R; 0.
Z;-P,'Z,' x;€D(R;, p)
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Thus, x| # 0. Also,

(), P Pi (xi, p*) R (x}, p*i).
x;€D(R;, p)
Thus, (x}, Py P; (x%, p*i) implies that p™i < p¥i.

For each i € N’, since 0 < p™i < p%i, x, € M*. Then if m* < n’, more than m™*
agents receive the objects in M™, which is a contradiction. = Thus, assume
that m* > #n'. By Theorem 1, there is i/ € N \ N’ such that D(R;, p) N
{x],.. . X)) # ? . Without loss of generality, let /' = n’ + 1. By Lemma 2(ii), x/,, , # 0 and
0 < p™w+1 < p*v+1, Thus, Xy € M™. Then, by Theorem 1, thereis i’ ¢ N\ {1,...,n' +1}
such that D(R;», p) N {x}, ..., x;,H} # @. Without loss of generality, let i” = n’ 4+ 2. Thus,
by Lemma 2(ii), x/,_, # 0 and 0 < pn+2 < pw+2. Thus, X),., € M*. Repeat this argu-
ment (m* —n’ + 1) times. Then more than m* agents receive objects in M. This is
impossible. O

Next, we prove Theorem 2. Let R = R¢ and n > m. Let f be a rule on R”. Since the
“if” part of Theorem 2 follows from the discussion in Section 4.1, we only give the proof
of the “only if” part of the theorem.

B.1 Difficulties and overview of the proof of Theorem 2

We explain the difficulties of the proof, compared to the previous works and give an
overview of the proofs.

First, we discuss the difficulties of our proof compared to the literature assuming
quasi-linearity such as Holmstrém (1979). As emphasized in the Introduction, without
quasi-linearity, efficient allocations of objects depend on agents’ payments. Thus, it is
difficult to identify the object allocations of the rules satisfying our desirable properties
without knowing how much agents pay. At the same time, it is also difficult to iden-
tify the payments of the rules satisfying our properties without knowing how objects
are allocated. Therefore, without quasi-linearity, we need to identify simultaneously
the object allocation and payments of the rules. This is similar to solving simultaneous
equations, and is much more difficult than identifying only the payments by assuming
quasi-linearity.

Second, we discuss the difficulties of our proof, compared to Miyake (1998), who
shows that only the MPW rule satisfies strategy-proofness among Walrasian rules. No-
tice that the Walrasian rules are a small part of the class of allocation rules satisfying ef-
ficiency, individual rationality, and no subsidy for losers. Our proofis to investigate how
the four properties restrict the possibility of allocation changes when an agent changes
his preference. If the rule is assumed to be among Walrasian rules as in Miyake (1998),
the possibility of allocation is limited to a small class from the beginning, and so this
investigation is relatively easy. Since we establish the uniqueness of the rules satisfy-
ing the four properties without confinement to Walrasian rules, our proof is much more
difficult.
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Third, we discuss how we overcome the above difficulties. The widely employed
methods to solve simultaneous equations comprise constructing algorithms to reach
the solutions step by step. In our proof, we employ a similar method, that is, we an-
alyze how the above four properties restrict the possibility of allocations step by step.
Lemma 6 states that payments are bounded below by the (m+ 1)th highest compensated
valuations from the origin. Lemmas 9 and 10 restrict the possibility of object allocations
in turn, i.e., Lemma 9 restricts the candidates who obtain a real object; Lemma 10 gives
a sufficient condition that an agent obtains a specific real object. These lemmas enable
us to prove that agents pay at most the minimum Walrasian prices (Proposition 2).

As Corollary 2 states, the MPWE allocation has a structure, called demand connect-
edness. Lemma 12 states that the allocation chosen by the rules satisfying our four
properties has a similar structure for special preference profiles. Lemma 14 states that
if an agent obtains an object but pays less than the minimum Walrasian price, when-
ever the object is connected to the origin by the demands of agents who pay the mini-
mum Walrasian price, there is a Pareto improvement. These lemmas enable us to prove
that agents pay at least the minimum Walrasian prices (Proposition 3 and the proof of
Theorem 2).

Our proof has four parts.

Part 1. The following six lemmas are used in the proof.
First, under individual rationality and no subsidy for losers, whenever an agent re-
ceives the null object, he pays nothing.

LeMwMmA 3 (Zero payment for losers). Let f satisfy individual rationality and no subsidy
for losers. Let R € R" and i € N be such that f*(R) =0. Then fl.’(R) =0.

Under efficiency, individual rationality, and no subsidy for losers, each real object
should be assigned to someone.

LeMmma 4 (No remaining object). Let f satisfy efficiency, individual rationality, and no
subsidy for losers. Let R € R" and x € M. Then thereis i € N such that f*(R) = x.

Given an allocation and a pair {i, j} of agents such that agent i receives a real object
and prefers his assignment at least as desirable as j’s, but j prefers i’s assignment to his
own, if the difference between j’s payment and i’s compensated valuation (CV) of j’s as-
signment of objects from i’s assignment is less than the difference between i’s payment
and j’s CV of i’s assignment of objects from j’s assignment, then a Pareto improvement
is possible.

LeMmma 5 (Sufficient condition for a Pareto improvement to be possible). Let R € R",
i,je N, and z € Z be such that x; # 0, z; R; zj, and z; P; zj. Assume that (a) t; —
CVi(xj: z;) < CVj(x;; zj) — t;. Then thereis z' € Z that Pareto-dominates z at R.

We introduce additional notations. Given R € R", x € M, and z € [L x R]", let
7™ (R) = (7{(R), ..., m,;(R)) be the permutation on N such that CV .xg)(x: zx(r)) <
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e < CVWf(R)(x; wa(R))' For each k € N, let CX(R, x;z) = CVW;(R)(x; Zw;g(R))- That is,
C*(R, x; z) is the kth highest compensated valuation (CV) of x from z. We simply write
CK(R, x; (0,...,0)) as CX(R, x).

Under the four axioms of Theorem 2, if an agent receives x € M, then he pays at least
the (m + 1)th highest CV of x from the origin. Thus, the (m + 1)th highest CV of each
object from 0 is a lower bound for the payment of the agent who obtains the object.

Lemwma 6 (Payment lower bound). Let f satisfy the four axioms of Theorem 2. Let R € R",
i€N,andx eM.If f*(R)=x, then f!(R) > C"*(R, x).

No subsidy is implied by our four axioms.
LeMmA 7 (No subsidy). The four axioms of Theorem 2 imply no subsidy.

Hereafter, we use this implication repeatedly.

Given z; = (x;, ;) € M x R, let Rncv(z;) be the set of preferences R € R such that for
each y € L\ {x;}, CV(y; z;) <0, that is, for each object except for x;, the compensated
valuation of R/ from z; is negative. We refer to the preferences in Rncv(z;) as z;-favoring.

Under strategy-proofness and no subsidy for losers, given R € R”, for each agent
who receives a real object, if the agent’s preference is changed to a preference that is
fi(R)-favoring, then his assignment remains the same.

LEmMA 8 (Invariance property). Let f satisfy strategy-proofness and no subsidy. Let R €
R"and i€ N be such that f¥(R) #0. Let R] € Rncv(fi(R)). Then fi(R/,R_;) = fi(R).

Part 2. The next proposition says that for each preference profile, the allocation cho-
sen by a rule satisfying the four axioms of Theorem 2 should (weakly) dominate the
MPWE allocations from the bidders’ perspectives. This implies that for a rule satisfy-
ing our properties, the agent who receives x € M pays at most the minimum Walrasian
price p*. Thus, Proposition 2 implies stringent upper bounds for payments even without
knowing how objects are allocated.

PROPOSITION 2. 48 Let f satisfy the four axioms of Theorem 2. Let R € R" and z
Win(R). Then, foreachie N, f;(R) R; z;.

We introduce two lemmas to prove Proposition 2. Hereafter, we maintain the as-
sumption that f satisfies the four axioms of Theorem 2. By Lemma 7, f also satisfies no
subsidy.

From Lemma 6, we deduce that if an agent receives x € M, then his CV of x from 0 is
no less than the mth highest CV of x from 0. For each x € M, Lemma 9 restricts who can
obtain x without knowing how much agents pay.

LemmA 9 (Necessary condition for receiving x € M). Let Re R", ie N, and x e M. If
[ (R) =x, then CV(x;0) > C"™(R, x).

46This result also holds for any Walrasian equilibrium allocation z.
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By Lemma 9, assumption (a) of Lemma 10 implies that for any real object other than
x € M, if an agent’s CV from 0 is less than the mth highest, then he never receives a real
object other than x. Together with this assumption, (b) and (c) of Lemma 10 guarantee
that agent i receives x.

Given R € R", let Z'®(R) be the set of individually rational allocations, that is,
Z®(R)={ze Z:foreachie N, z; R; 0}.

LeMmmA 10 (Sufficient condition for receiving x e M). Let Re R", xe M, i€ N, and z €
Z®R(R). Assume that (a) foreach y € M\ {x}, CV;(y;0) < C™(R, y), (b) foreach j € N\ {i},
fi(R)R; zj, and (c) CV(x; 0) > CL(R_;, x; z). Then f(R) = x.

Part3. Given R € R" and z € Zy,in(R), let R!(z) be the set of preferences R; e R such
that for each pair 7, j € N, z; I} zj, that s, all the assignments under z are indifferent. We
refer to the preferences in R/ (z) as z-indifferent.

Proposition 3 says that given (z*, p) € Wpin(R) and a preference profile such that a
group N’ of agents have z*-indifferent preferences, if for any z*-indifferent preferences
of N’ and each x € M, the agent outside N’ who obtains x pays at least p*, then for
each x € M, the agent in N’ who obtains x pays at least p*. Thus, although in a limited
pattern, this proposition implies lower bounds for payments even without knowing how
objects are allocated.

ProposiTION 3. Let R € R", (z*, p) € Wain(R), and N’ C N. Assume that (3-i) for
each Ry € R(z*)V'|, each i e N \ N, and each x € M, if f*(Ry/,R_y') = x, then
fl(Ry',R_y') = p*. Let Ry, € RI(z9)W'. Then, for each i € N' and each x € M, if
fix(R;\/” R_n/) =x, then fit(R;\/” R_n/) = p~.

We introduce four lemmas to prove Proposition 3.

Given (z*, p) € Whin(R), if a group of agents change their preferences to z*-
indifferent preferences, then for the new preference profile, (a) (z*, p) is also an MPWE
and (b) the allocation chosen by the rule f (weakly) dominates z* from the bidders’
viewpoints.

LeMMA 11. Let R € R", (z*,p) € Wpin(R), N' € N, Ry, € RI(z*)WV', and R =
(R, R_N1). Then (a) (z*, p) € Wyin(R') and (b) foreach i e N, f;(R') R] z}.

Given p e R', and R € R", let N(R, p) denote the set of demanders of the real ob-
jects at prices p, thatis, N(R, p)={i e N:D(R;, p) "M # &}.

Lemma 12 states a limited pattern of demand connectedness. Given R € R" and
(z*, p) € Wain(R), when some agents’ preferences are changed to z*-indifferent prefer-
ences, under the assumptions of Lemma 12, the object obtained by some z*-indifferent
agent is connected to the null object by the demands of non-z*-indifferent agents.

LEmMMa 12. Let R € R" and (z*, p) € Win(R). Let N' € N with 1 < |N'|, Ry, € R (z)V',
R =Ry, R_N),and N" = N(R, p)\ N'. Assume that (12-i) for eachi € N\ N', and each
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x €M, if ff(R')=x, then f{(R) = p*, and (12-ii) for each j € N', fjx(R/) #0.4” Then there
is a sequence {ik}f:1 of K distinct agents such that

) K=2

(i) fi(R)=0
(iii) foreachk e {2,...,K}, i’f((R’) #0

(iv) foreachke{l,...,K—1}, iy e N"andig € N’

(v) foreachke{l,...,K —1}, { L?Z(R/), Y (R} S D(R;,, p).

if+1
When an agent i receives x € M and his CV of the null object from his assignment is
negative, for each agent j # i, if j’s CV of x from 0 is greater than the difference between
what i pays and i’s CV of the null object from his assignment, then j receives a real object.

LemMMA 13. Let Re R", i€ N, and x € M be such that f}*(R) = x and CV ;(0; f;(R)) < 0.
Let j € N\ {i}. Assume that (13-i) fit(R) —CV;i(0; fi(R)) < CVj(x:0). Then fj?‘(R) #0.

Given a preference profile such that an object x obtained by an agent j who pays less
than p* is connected to the null object by the demands of the agents who pay prices p, if
p~ is greater than the difference between what j pays and his CV of the null object from
his assignment, then a Pareto improvement is possible.

LEMMA 14. Let R € R" and (z*, p) € Wyin(R). For each i e N, let x; = f}'(R). Assume
that there is a sequence {ik}llleofK distinct agents such that (a)2 <K <m+1, (b) x;, =0,
(¢) foreach k € {1,...,K — 1}, {x,, xk+1} € D(R;,, p) and [k (R) = p*i, and (d) f[K(R) <
prix and [K(R) — CV i (0; fix (R)) < p'ik. Then there is z’ € Z that Pareto-dominates
f(R) at R.

Part 4. By applying the above lemmas and propositions, we complete the proof of
Theorem 2.

Let R € R" and (z*, p) € Wpin(R). Let R’ € R" be a profile of z*-indifferent prefer-
ences. Then, for each x € M, the (m + 1)th highest CV of x from the origin is equal to p*.
Thus, by Lemma 6, for each x € M, the agent who obtains x pays at least p*. We replace
the preferences in R’ by the original preferences in R one by one, and inductively show
that for each x € M, the agent who obtains x pays at least p*.

Step 1. We replace the preference R; in R’ of agent i € N by his original preference R;.
Then if agent i obtains x at the new profile (R;, R’ ,), then fl.’(Ri, R’ ) > p*. For oth-
erwise, since R/ is z*-indifferent, f;(R;, R" ;) P/ fi(R’), contradicting strategy-proofness.
Then, by Proposition 3, for each x € M, the remaining agent who obtains x pays also at
least p~.

47 Assumption (12-ii) implies |[N'| < m.
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STEP 2. We replace the preference R} in (R;, R’_,) of agent j # i by his original prefer-
ence R;. Thenif agent i obtains x at the new profile (R; ;, R" i j), then f[ (Rij, R i j) > p*.
For otherwise, since R/ is z*-indifferent, Step 1 implies f;(R;;, R" i j) P! fi(Rj,R" j),
contradicting strategy-proofness. Similarly, if agent j obtains x at (R;;, R’ ; Pl then
fjf (Rij,R" l.’j) > p*. Then, by Proposition 3, for each x € M, the remaining agent who
obtains x pays also at least p~*.

Proceeding inductively, we conclude that at R, for each x € M, the agent who obtains
x pays at least p*. Then, from Proposition 2, we deduce that each agent is assigned an
object in his demand set at prices p and pays its price.*® Thus, (WE-i) in Definition 3
holds. Since R = R¢ and n > m, for each x € M, p* > 0. By Lemma 4, each real object
is assigned to someone. Thus, (WE-ii) in Definition 3 also holds. Since p = pyin(R), we
have f(R) € Wnin(R).

B.2 Formal proofs of lemmas and propositions for Theorem 2

Part 1

Proor ofF LEMmMA 3. By no subsidy for losers, fl.’ (R) > 0. By individual rationality,
f{(R) <0. Thus, f/(R) =0. O

ProoF oF LEMMA 4. By contradiction, suppose that for each i € N, f¥(R) # x. Then, by
n > m, there is j € N such that fj?‘(R) = (0. By Lemma 3, fj.’(R) =0. Let 2’ € Z be defined
by setting z} = (x,0) and for each i € N \ {j}, z; = fi(R). Then, since (x, 0) P; (0,0), we
have z;. P; fj(R). Note thatforeach i e N\ {j}, z/ I; fi(R) and )",y t: = >_;cn f}(R). Thus,
z' Pareto-dominates f(R) at R, which contradicts efficiency. O

PROOF OF LEMMA 5. Let d = t; — CV(x}; z;) and let 2’ € Z be defined by setting z; =
(xj,tj—d), z} = (x;, t; +d), and for each k € N\ {i, j}, z}, = zx. By z; = (xj, CV(x}; i),
Z; Ii Zj. By (a) and Z;- = (xi, t; + tj' — CV,'()C]'; zi)), Z} Pj (x;, CVj(xi; Zj)) Ij Zj. For each
ke N\{i,j}, zj Ik zk and Yy oy = tj—d +ti+d + 3 44 itk = Y_ken tk- Thus, 2’ Pareto-
dominates z at R. O

Proor oF LEMmMA 6. First, for each y € M and each i € N, (y,0) P; (0,0). Thus, for
each y e M, C"*!(R,y) > 0. To the contrary, suppose that ff(R) =x and f/(R) <
C™*tY(R, x). Let R! e RC be such that for each y e M, 0 < CV(y; 0) < C"*(R, y) and
fI(R) < CV(x;0). Let y' = f*(R/,R_;). Then, by strategy-proofness, f/(R/,R_;) <
CV(y'; fi(R)). Since CV(0; fi(R)) < 0, no subsidy for losers implies y’ # 0.

Since |{j € N\ {i}:CV;(y’;0) > C"™t (R, y)}| = m, there is j € N \ {i} such that
CV;(y;0)> C"*(R,y') and ff(R],R-;) =0. By Lemma3, f{(R], R—;) =0.

Let zi = (0, CV(0; fi(R], R_})), z;. = (y,CVi(y:0)), and for each k # i,j, z; =
fk(R/,R_;). Then z;I] fi(R], R_;), and foreach k # i, j, z; I fx (R}, R_;). By CV;(y’; 0) >

48To see this, leti € N and y = f*(R). By Proposition 2, f/(R) < CV,(y; z}). By x} € D(R;, p), CVi(y; z}) <
p¥, where p¥ =0if y=0.Ify =0, pY =0= f/(R). If y #£0, p’ < f/(R). Thus, by f/(R) <CV;(y: z}) < p’ <
fLR), CVi(y; zF) = p¥ = f{(R). Then f;(R) I; z}. Since x} € D(R;, p), for each z; € B(p), fi(R) I; z} R, z}. By
fI(R)=p*, ff(R) =y € D(R;, p).
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CVi(y';0), Z; P; fi(R], R—). By R} € RC, CV}(0; f(R], R-1)) = f (R}, R—i) = CV(}/; 0).
Thus, # + t; = CV(0: fi(R],R_)) + CVi(y:0) = f/(R/,R_;). By f}(RZ-,R—i) =0,
Y ken t = 2 ken fi (R}, R_;). Thus, 2’ Pareto-dominates f(R/, R_;) at (R}, R_;), which
contradicts efficiency. O

ProOOF OF LEMMA 7. Let f satisfy the four axioms of Theorem2 on R”. Let R € R",i € N,
and x = f(R). If x =0, Lemma 7 follows from no subsidy for losers. Thus, suppose that
x #0. Then, by Lemma 6, f/(R) > C"™t (R, x). Since for each y € M and each i € N,
(y,0) P; (0,0), for each y e M, C"*1(R, y) > 0. Thus, f/(R) > 0. O

ProoFr oF LEmmaA 8. First, we show f*(R/,R_;) = f*(R). Suppose not. Let x =
fF(R/,R_)). By strategy-proofness, fi(R/,R_;) R fi(R) and so f/(R/,R_;) <
CV'i(x; fi(R)). Since R} € Rcv(fi(R)), CVi(x; fi(R)) < 0. Thus, f/(R/,R_;) <0, con-
tradicting no subsidy.

Next, we show f/(R/, R_;) = f!(R). Suppose that f/(R/, R_;) < f/(R). (The opposite
case can be treated symmetrically) Then fi(R;, R_;) P; f;(R), contradicting strategy-
proofness. O

Part 2: Proof of Proposition 2

Proor oF LEMMA 9. By contradiction, suppose that f*(R) = x and CV;(x;0) <
C"™(R,x). Then, by Lemma 6, C"t(R,x) < fl.’(R). By individual rationality,
fI(R) < CVi(x;0). Then, by CV;(x;0) < C"*\(R,x), f/(R) = CV(x;0). Since
{j e N:CV(x;0) > C"™(R, x)}| = m, there is j € N \ {i} such that CV;(x;0) > C"(R, x)
and fjx(R) = 0. By Lemma 3, f].t(R) = 0. Then, by CV,(0; fi(R)) =0 and f/(R) =
CVi(x;0) < C™(R, x) < CVj(x; 0), fI(R) — CVi(0; fi(R)) < CVj(x; f;(R)) — f!(R). Note
that f;(R) I; f;(R) and f;(R) P; fj(R). Thus, by x # 0 and Lemma 5, there is z’ € Z that
Pareto-dominates f(R) at R, which contradicts efficiency. O

Proor oF LEmMMA 10. (Figure 2.) By contradiction, suppose that f*(R) # x. Then,
by Lemma 4, there is j € N \ {i} such that f]?f(R) = x. By (b) and (c), fj’(R) <
CVj(x;zj) < CVi(x;0). Since z € Z®(R), for each y € M, CVi(y;zj) < CV;(y;0). Let
R;- € Rncv(fj(R)) be such that (i) —CV}(O; fi(R)) < CVi(x;0) — fj’(R) and (ii) for each
y € M\ {x}, CVj(y;0) = CV(y;0). Then, by Lemma 8, fi(R},R_}) = f;(R). Since
fjx(R’., R_j)=ux, ff(R;,R_}) #x.

Next, we show f*(R’,R_j) ¢ M \ {x}. Suppose there is y € M \ {x} such that
(R, R_j) =y. By (ii), Cm(R;-,Rfj,Y) = C"(R,y). By (@), CV;(y;0) < C"(R,R_}, y),
which contradicts Lemma 9. Thus, fix(R;., R_j)=0. By Lemma 3, f/(R;, R_j) =0. Then,
by (i) and f;(R’, R_;) = fj(R), f{(R},R_}) — CV}(O; fi(R, R_j)) < CVi(x; fi(R;-, R_j)) —
fjf(R’.,R_j). Note that fj(R, R_) PJ./fi(R’.,R_j) and fj(R},R_j) P; f,-(R},R_j). Byx#0
and Lemma 5, there is z’ € Z that Pareto-dominates f (R, R_;) at (R, R_;), which con-
tradicts efficiency. U
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; 5 CYR_j, x:2) 5
—CV'(0; fi(R)) w
CV(x:0) — fI(R)

F1GURE 2. Illustration of the proof of Lemma 10.

ProoFr ofr ProrosITION 2. We only show f;(R) Ry z1, since the other agents can be
treated in the same way. If x; = 0, then z; = 0 and so, by individual rationality,
fi(R) R; z1. Thus, assume that x| # 0. Let N* = {j € N :x; # 0}. Note that [IN*| =m.

By contradiction, suppose that z; P; fi(R). We prove Claim 2 by induction. Part (iv)
of Claim 2 induces a contradiction by the finiteness of N*.

CraiM 2. Foreach k > 0, there exist a set N (k + 1) of k + 1 distinct agents, say N(k + 1) =

1,...,k+1}, and R§V(k+1) € RFY such that
() zi41 Py fir1(Ry ) R-N (k)

(ii) foreach je N(k +1)andeachye M \ {x;},

CV}()’; 0) < Cn(R/{l"n,j_l}, R_q,..j-1,¥)

.....

(iii) 1 < CViq (113 0) < CV e (k13 fiert (Riy gy R-N (i)
(iv) N(k+1)CNT,

where N(k)={1, ..., k}.

Figure 3 illustrates (i), (ii), and (iii) for k = 1.
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(R, R_1) = faRYy 1) R-N (k)

object
X3 = 3
Xo=2
x1=1 -
7
7
payment
0

CVa(x2; f2(R}, R_1))

FiGgure 3. Illustration of (i), (ii), and (iii) in the proof of Proposition 2 for £ = 1.

PRrOOF.

STeEP 1. Let k =0 and N(1) = {1}. By z; P; fi(R), (i) holds and so #; < CV{(x1; fi(R)).
Note that for each y € M, C"(R,y) > 0. Thus, there is R] € R such that (ii) for each
yeM\ {x}, CV/] (y;0) < C"(R, y), and (iii) #; < CV/] (x1;0) < CV(x1; fi(R)).

Note that {1} € N*. Suppose {1} = N*. Since [N*| =m, m = 1. Thus, by x; # 0,
for each j € N\ {1}, z; = 0. Since z € W(R), for each j € N \ {1}, z; R; z; and so
CV(x1;0) < t;. Thus, by (iii), CHR_|,x1;2) <t < CV’l(xl; 0). By individual rational-
ity, for each j € N\ {1}, fj(R|,R_1) Rj 0 = z;. Since z € Z®(R", R_;), Lemma 10 im-
plies f*(R/, R_1) = x;. By individual rationality, f]t(R/ ,R_1) < CV/(x1;0). However, by
(iii), ff(R’ ,R_1) < CV(x1; fi(R)). Thus, fi(R,,R_1) P fi(R), contradicting strategy-
proofness. Thus, (iv) {1} C N*T.

STEP 2 (INDUCTION ARGUMENT). Let k > 1. As induction hypothesis, assume that there
exist a set N(k) 2 N(1) of k distinct agents, say N (k) ={1,..., k}, and R?V(k) € R¥ such
that

(i-K) zk Prc fie (R oy, iy RN (k1)

(ii-k) foreach j € N(k) and eachy € M\ {x;}, CV}(y; 0) < C”(Ril’m’j_l}, R_q,..j-11> )
(iii-k) tr < CV(xk: 0) < CVi(xies fie(Rly oy R-N o))
(iv-k) N(k) S N'*.

By (iv-k), Nt \ N (k) # @. The proof has two steps.
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STeP 2.1. Thereisie NT\ N(k) such that z; P; fi(RMky R_Nk))-

ProOF. By contradiction, suppose that for each j € N*\ N (k), fj(R;V(k), R_ny) Rj zj.

First, we show that f,f(Rg\,(k), R_N(k)) = xi. By (ii-k), for each y € M\ {x.},

CVy(y;0) < Cn(R}/(k)\{k}, R_Noniky> V)
= Cn_l(ka(k)a R—N(k)’ }’)
< C"(Riy(xy> R-N(ky» ¥)-

Let z/ € Z be defined by setting for each j € N\ N(k), z;. = zj, and for each j e N(k),

Z;=0. Then 7' ¢ ZIR(RMk), R_N(k))- By the supposition of Step 2.1, for each j € N\

N k), fj(R;\,(k), R_nw)Rjzj= z}. By individual rationality, for each j € N(k)U(N\NT),
fiRy ey R-N) Rj 0=z},

Since z € W(R), for each j € N\ N(k), CV j(xy; z;.) = CVj(xk; zj) < t. By (ii-k), for
each j e N(k)\ {k},

CV'i(xk; Z}) =CVj(xx;0) < C"(Ry i—1p Rt 1) X)) < CH(R, xg) <ty

.....

Thus, by (iii-k), C' (R} 1)\ 5y R-Nekys Xk 2) <t < CV ) (xx3 0).
Since the assumptions of Lemma 10 hold for (R;v(k),R,N(k)) as above,
Lemma 10 implies that f/f(R;v(k),R_N(k)) = X. By individual rationality,
f,é(R;\,(k),R_N(k)) < CV}.(xk;0). However, (iii-k) implies that f,é(R}v(k),R_N(k)) <
Cvk(xk;fk(R}V(k)\{k}’R—N(k)\{k}))- o
Thus,  fi(Ry > R-Niy) Pr JkRly g k) R-Nikony)» - contradicting  strategy-
proofness. <

STEP 2.2. We complete the proof of Claim 2.

Proor. Without loss of generality,leti=k+1and N(k+1)=N(k) U {k + 1}.

Then N(k + 1) 2 N(k), and (i) follows from z; P; fl-(R}\,(k),R,N(k)). By (i), tr41 <
CViy1(Xpat; fk+1(R§v(k)’ R_N(k)))- Also, foreach y e M, C”(R;v(k), R_N(k),y) > 0. Thus,
there is R}, ; € R such that

tir1 < CViyy (6115 0) < CV it (Xker 1 frr1 (Riy oy R-N i)

and for each y € M \ {xx41}, CV) (3:0) < C”(R?V(k),R_N(k),y). Let R
(R;v( k) R;C 1) Then (ii) and (iii) follow from (ii-k).

By (iv-k) and {k + 1} C N+, N(k + 1) C N*.

Finally, we show (iv): N(k+1) C NT. Supposethat N(k+1) =N"'. Then |N(k+1)| =
INt| =m. Thus, foreach je N\ N(k+1), z; =0.

By (ii), foreach y e M \ {xx 11},

k+1) =

CVi1 (3:0) < C"(Riy(xy» R-N(k)» )
= C" ' (Ryk1)» RoN(k+1)> )

< C"(Ry(rs1)» R-Nk+1)5 Y)-



Theoretical Economics 10 (2015) Strategy-proofness and efficiency 479

/

Let 2/ € Z be defined by setting for each j € N, z; = 0. Then =z €

ZR(R, R
( N(k+1)’ —N(k-‘rl))-
By individual rationality, for each j € N \ {k + 1}, fj(R}v(kH),R—N(kH)) Rj0= z}.

Since z € W(R), for each j e N\ N(k + 1), CV j(xj41; z}) = CVj(Xk41; zj) < tiy1. By (i),
foreach je N(k+ 1)\ {k+ 1},

CVi(xky13 2) = CV (k413 0) < CM(RYyjoqys Reqrjm1ps X)) < C(R, X)) < i1

Thus, by (i), CVj,  (xk11:0) > fxp1 = CI(RM,C),R_N(HD,ka;z’), and the

assumptions of Lemma 10 hold‘ fo.r. (R;\,(k ﬂ),R_N(kﬂ)). By Lemma 10,
f,f+/1(R;v(k+1), R_N(k+1)) = Xk+1- By“1.11d1\/.1dua-l rationality, fl£+1(R§V(k+1)’ R_N(k+1)) <
CVi1 (X415 0). However, (iii) implies that f/€+1(R§v(k+1)>R—N(k+1)) <

CV i1 (k13 a1 (Rly (1) R-Nr))-
Thus, fk+1(R}v(k+1),R_N(k+1)) P fk+1(R}v(k),R_N(k)), contradicting strategy-
proofness. O

Part 3: Proof of Proposition 3

Proor orF LEMMA 11. First, we show (a). Let M’ € M. Since z* € Zyjn (R), by Theorem 1,
() |{i e N:D(R;, p) € M'}| < |M’| and (i) |{i € N: D(R;, p) N M’ # @}| > |M|. Note that
foreachie N’, D(R/, p) = L and foreach j e N\N', D(R, p) = D(R;, p). Thus, for each
ieN',D(R/, p) £ M’ and D(R], p) N M’ # . Then

{ie N:D(R/,p) S M'}| < [lie N:D(R;, p) S M'}| < IM’'| and
{ie N:DR],p)NM' #a}| > |{ie N:D(R;, p)NM' # 2} > IM'].

That is, no set is overdemanded or weakly underdemanded at p for R’. Thus, (a) follows
from Theorem 1. Then (b) follows from Proposition 2. O

ProOF OF LEMMA 12.

STeEP 1. We show that for each j ¢ N(R, p) UN’, f]?‘(R’) =0.
Suppose that for some j ¢ N(R, p)UN’, x = fjx(R’) #0. By D(R;., p) =0, individual
rationality implies fj? (R") < CV(x;0) < p*. This contradicts (12-i).

Step 2. Letz’ = (x', ') be such that foreachi e N', x; = f*(R') and t; = px;, and for each
ie N\N/', z; = fi(R'). We show 2’ € Z;,(R").

First, we show that z’ satisfies (WE-i) in Definition 3 for R’. Note that by R}, €
RI(z*)V'l, for eachi € N’ and each z/ € B(p), 2,1/ z/'. Thus, for eachi € N’, x} € D(R, p).
By the definition of z/, for each i e N/, t; = p*i. Therefore, it is sufficient to prove
that for each i € N \ N’, f*(R') € D(R;, p) and f/(R') = p’, where y = f*(R’). Let
ie N\N'and y = f*(R'). By (z*, p) € Wnin(R), Ry, € RY(z*)N'l, and by Lemma 11(b),
fHR) < CVi(y; z¥). By xf € D(R;, p), CV(y; zF) < p¥, where p¥ =0if y =0. If y =0, by
Lemma 3, f/(R') =0= p’. If y # 0, by (12-i), p¥ < f/(R"). Then, by f/(R") < CV(y; z]) <
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P’ < fIR), CVi(y; z}) = p¥ = fI(R'). Thus, fi(R') I; z¥. By xf € D(R;, p), for each
z! € B(p), fi(R") I; z} R; z]. Then, by f/(R') = p?, f{(R") € D(R;, p).
Next, we show that z’ satisfies (WE-ii) in Definition 3. Since R = R¢ and n > m, for
each x e M, p* > 0. By Lemma 4, for each x € M, there is i € N such that x} = f*(R') = x.
Thus, (2, p) € W(R'). By (2%, p) € Win(R), Ry, € RI(z*)V'], and Lemma 11(a), p =
Pmin(R). Hence, 2’ € Z,in (R).

STEP 3. Let M’ = {x € M :for some j € N’,fjx(R/) = x}. By (12-ii)) and 1 < |N'|, M’ # @.
Let x € M’. Since R = R¢ and n > m, for each y € M, p¥ > 0. Then, by Step 2 and Corol-
lary 2, there is a sequence {zk} _, of K’ distinct agents such that (i) x; =0or p i = 0,
(ii) for each k € {2,. -1}, x; ;é 0 and p it > 0, (iii) x; o =% and (iv) for each
ke{l,...,K' -1}, {xlk, s 1}_ e ", p). Since for eachyeM p’ >0, thenx =0.
By (12-11), i1 ¢ N'. By Step 1, for each k ef{l,....,K'},ipe NUN'. Note that by ix/ e N/,
{k:iy e N'} £ @. Let K =min{k:i; € N'}. Then, foreachke{1,...,K —1}, iy € N” and
ix € N'. Thus, the sequence {ik}f=1 satisfies (i), (ii), (iii), (iv), and (v) of Lemma 12. O

Proor ofF LEMMA 13. Suppose that fx(R) = 0. By Lemma 3, f (R) =0. By (13-),
fI(R) = CVi(0: fi(R)) < CVj(x; fj(R)) — ft(R) and fz(R) Pj fi(R). BY CVi(0; fi(R)) <0,
ﬁ(R) P; f;(R). Then, by x ;é 0 and Lemma 5, there is z’ € Z that Pareto-dominates f(R)
at R, which contradicts efficiency. O

Proor oF LEMMA 14. Let 2’ € Z be defined by setting z;K = (0, CV i (0; fix (R))), z;Kil =
(Xig» l.’K(R) CV i (0; fix (R))) for each k € {1,...,K — 1}, z;k = fi,,(R), and for each
ieN\{ik}k v z; = fi(R). (See Figure 4.)

We show that z' Pareto-dominates f(R) at R. By the definition of CV;, (0; fi, (R)),
z Iiy fix (R). Also,

Z;K—l PiK,l (xiKa pXiK) Il'K,l f‘iK,l (R)

def. of z,’.K71 and (d) (c)

Foreach k € {1,...,K —2}, by (c) and zgk = fira (R, z;k I;, fi,(R). Note that

K-2
Y 17 =CVip (0; fig (R)) + ff, (R) = CV iy (0; flK<R>>+Z LR+ Y R
ieN IEN\{ix}K_,
K-1
=fl.R+D fLR+ > fIR
k=2 ieN\{igK,
=Y fl(R) by ).
ieN
Thus, 2z’ Pareto-dominates f(R) at R. O

PrRoOOF OF PrROPOSITION 3. Let R’ = (RN,, _n). Without loss of generality, let N’ =
{1,2,...,n'}. We only show that if f"(R") = x € M, then f{(R’) > p* since we can treat
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FIGURE 4. Illustration of z’ in Lemma 14 for K =4.

similarly the other agents in N'. Let f{(R’) = x € M. By contradiction, suppose that
fUR) < p*.Let N"=N(R, p)\ N'.
We derive a contradiction in two steps.

STEP 1. Thereis Ry € R! (z*)V'| such that the following statements hold:
(a) Foreachic N’ andeach z;=(y,t) e M x Rwitht < p¥, —CV;(0; z;) < p¥ —t.
(b) Forsomejc N’, fj"(RNr,R’_N,) =y#£0 andfj’(RN/,R/_N/) < pY.
Proor. We replace the preference R/ of each agent i in N’ with R;, inductively. Since
ff(R)=x#0and f1 (R) < p*, thereis R € R!(z*) N Rncv(fi(R')) such that
for each z; = (y, 1) e M x Rwith t < p¥, —CV(0; z1) < p¥ — t.

Then, by Lemma 8, fi(R,R ) = fi(R)). Since ff(R) =x # 0 and f/(R") < p,
ff(R1,R_ ) =x#0and f{(R,R" ) < p~.

INDUCTION ARGUMENT. Lets < |N’| —1. Asinduction hypothesis, assume that there are
S C N’ and Rg € R (z*)S! such that |§| = s.

(3-a) Foreachie Sandeachz =(y,t)eM x Rwitht < p¥, —CV;(0; z;) < p¥ —t.
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(3-b) Forsome js €S, fjf(RS,R’_S) =y, #0and fj.’S(RS,R/_S) < p¥.

Then, by (3-a), (3-b), and Lemma 13, for each i € N/, fix(RS, R/_S) # 0. Thus, (12-ii)
of Lemma 12 holds for (Rg, RLS). By (3-i) of Proposition 3, (12-i) of Lemma 12 holds
for (Rs, R’ ¢). Thus, by Lemma 12, there is a sequence {ik}f=1 of K distinct agents
such that (i) 2 < K, (ii) fl?l‘(RS,R/_S) =0, (iii) for each k € {2,...,K}, f,i(R&R/_S) #0,
(iv)foreach k € {1,...,K — 1}, iy e N" and ix € N/, and (v) foreach k € {1,..., K — 1},
(f}i (Rs, RLg), fi; (Rs, R_)} S D(R; , p).

We show fl.’K(RS,R/_S) < pYik, where X;, = fi(Rs,R_g). I ik = Js, f,-;(RS,R’_S) <
p’ix follows from (3-b). Thus, let ix # j;. By Lemma 11(b), ffK(Rs, R ) < prik. By con-
tradiction, suppose that fl’K (Rs,R"_¢) = p“ix. Then we construct a sequence of agents
satisfying the assumption of Lemma 14 by adding agent j; to the above sequence {ik}f:1
as the (K + 1)th agent. Thus, there is an allocation 2’ that Pareto-dominates f(Rg, R’ ()
at (Rg, R ¢)- This contradicts efficiency. Thus, fl’K (Rs, R §) < p)_"'K.

Next, we show ix ¢ S. By contradiction, suppose that ix € S. Then, by fitK (Rs, R_¢) <
prix, the above sequence {ik}},(K:1 satisfies the assumptions of Lemma 14. Thus, there is
an allocation z’ that Pareto-dominates f(R) at R, which contradicts efficiency. Thus,
ix ¢ Sandsoix e N'\ S.

Let jo1 =ix and 8’ =S U {js11}. Then, by ix ¢ S, |S'| =s+ 1, and f]?;l (RS,R’_S) =
ys+1 # 0 and f;m (Rs, R’ ) < p¥+1. Note that fjiﬂ (Rs, R’ §) < p*+! implies that there is
Rj,, € R1(z*) N Rncv(fi,., (Rs, R_g)) such that

foreachz; , =(y,t)e M x Rwitht < p¥, —CV (0 zj,,,) < p* — 1.
Thus, by (3-a),
for each i € §' and each z; = (y,t) e M x Rwitht < p¥, —CV;(0; z;) < p’ — t.

By Lemma 8, fjsjl(RS/,R/_y) = finr (R&R/_S)._ ]
Since f]f.;.] (RS’_IQLS) = Vo+1 7é 0 and f]?s-H (RS, RLS) < pYS+1, we have f]{:_H (RS’, RLS/) =
Ys+1 # 0 and f;erl (RS/, R/—S’) < pys+1 . 4

StEP 2. Concluding that f{(R') > p*.

By (a) and (b) of Step 1, and Lemma 13, for each i € N/, fl?‘(R’N/, R’ ) #0. Then it
follows from (3-i) of Proposition 3 that (12-i) and (12-ii) of Lemma 12 hold for the pro-
file (Ry', R" n7)- Thus, by Lemma 12, there is a sequence {ik}][f:1 of K distinct agents
such that (i) 2 < X, (i) f; (Rn', R _\) =0, (iii) foreach k € {2, ..., K}, i (Rn', R ) #0,
(iv) foreach k € {1,...,K — 1}, iy € N” and igx € N/, and (v) foreach k €{1,...,K — 1},
{ t?]i (Ry', R’ N fi (RNr,R’_N,)} C D(R;.k,p). Therefore, similarly to Step 1, we can

- k+1
show igx ¢ N’, which contradicts ix € N'. O
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APPENDIX C: PROOF FOR SECTION 5 (PROPOSITION 1)

PROOF OF PrROPOSITION 1. Let R € R and R € R”. Consider the simultaneous ascend-
ing (SA) auction defined in Section 5. By the definition of the auction, the price path p(-)
is nondecreasing with respect to time. For each x € M, let p* > C!(R, x). Then, for each
x € M,each p™*,and each i € N, x ¢ D(R;, (p*, p~™)). This implies that each x € M is
not in a minimal overdemanded set whenever its price is p*. Thus, the price path p(.) is
bounded above by p, that is, for each time s € R, p(s) < p. Note that prices are raised
at a speed at least d > 0. Thus, there is a price vector p* such that the price path p(-)
converges to p* in a finite time.

Let T be the termination time of the SA auction. We show that the final price
P(T) = pmin(R). By the definition of the SA auction, no overdemanded set exists at the
price p(T). If no weakly underdemanded set exists at p(7T'), then the desired conclusion
follows from Theorem 1. Thus, we show that no weakly underdemanded set exists at
p(T). The proofis in two steps.

SteP 1. Lettime s’ € (0, T]. Assume that there is a set M’ that is weakly underdemanded
at p(s’). Let N'={i e N:D(R;, p(s')) " M' # &}. Then (1-a) |N'| > 2 and (1-b) there exist
times” € (0,s"yand M" C M’ suchthat N" ={i e N:D(R;, p(s"))NM" # @} C N and M"
is underdemanded at p(s").

Proor. Since M’ is weakly underdemanded at p(s’), for each x € M’, p*(s’) > 0 and
IN'| < |M’|. For each i e N, let x; € D(R;, p(s")) and z; = (x;.,pxﬁ'(s’)). Note that
for each i € N \ N' and each x e M’, CV;(x: z)) < p*(s'). For each x e M’, let ¢* =
max{CV;(x; z;):ie€ N \ N’} U {0}. Let e > 0 be such that for each x e M’, ¢* < p*(s') —e =
p*. Let s” = max{s € R, :for some x € M’, p*(s) < p*}. Then there is x’ € M’ such that
dpx/(s”)/ds > 0and px/(s”) = px,. By dpx/(s”)/ds > 0, there is a minimal overdemanded
set M at p(s”) that includes x'.

Let M' =M N M and M” EM\M/. Then ) M" UM’ =M and M" "M’ = &. By
x' e M, (i) M’ + @. Let

N'=lie N:D(R;, p(s")) "M # @ and D(R;, p(s")) € M},

andlet N = (i e N:D(R;, p(s")) € M"}. Then, by (i), we have (iii) N" N N’ = @.
Note that for each x € M" and each i e N\ N', CV(x: z)) < ¢* < p* < p*(s"), and for
each x e M’, p*(s”) < p*(s’). Thus, for each i € N \ N’ and each x ¢ M’,

(xj, pi(s")) R; (xppisN=z R (x,q") P (x,p"(s").
px;' (S”)fpx; (s") CVi(XlZ;)qu q*<p*(s")

By M’ € M’, this implies that (iv) for each i e N \ N’, D(R;, p(s")) "M’ = @. Thus, N =
{ie N:D(R;, p(s”))ﬂM’ =@ and D(R;, p(s")) C M} and (v) N’ € N’. The former implies
vi) N"UN’={i e N:D(R;, p(s")) € M}.
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Note that

IN"|+|N'| = {ie N:D(R;, p(+")) S M}| (by (iii) and (vi)
> |M| (since M is overdemanded at p(s"))

= |M"|+ M| by (@).

Since (i) and (ii) imply M” C M, and since M is a minimal overdemanded set at p(s”),
M is not overdemanded at p(s”), that s, IN”| <|M"|. Thus, by IN"|+|N'| > |M"|+ M|,
we have (vii) |[N'| > [M].

Notice that 1 < [M’| < |N'| < [N’|. Thus, (1-a) holds.

(ii) (vii) W)

Next, we establish (1-b). Let M” = M’ \ M’. Since M’ C M',*® M" # @. By (ii),
M” C M’. First, we show that N” € N’ \ N/, that is, for each i e N”, ie N’, and i ¢ N'.
Leti € N”. Then D(R;, p(s")) N M" # @. By (iv), this implies i € N'. Since M =MnM
implies M” = M’ \ M, D(R;, p(s")) N M" # & implies D(R;, p(s")) \ M #+ . Since
N’ C{jeN:D(Rj, p(s")) € M}, this implies i ¢ N'. Therefore, N" € N"\ N'.

Since (ii) and (vii) imply |N’| > |M’| > 1, we have |]\7’| >2,and so N” C N’. Finally, it
follows from the inequalities below that M” is underdemanded at p(s”).

IN"| <IN'| = N'| " (by (V)
<|N'|—|M'| (by (vii)
< M| M| (by|N'| < |M])
=|M"| (byM’ =M \M). <

STEP 2. There is no weakly underdemanded set at p(T).

Proor. By contradiction, suppose that there is a set M; that is weakly underdemanded
at p(T). Let Ny ={i e N:D(R;, p(T)) N M| # @}. Then, by Step 1, |[N1| > 2, and there
exist time s; < T and M, C M; such that Ny = {i € N:D(R;, p(s1)) N My # &} C Ny
and M, is underdemanded at p(s;). Since M, is underdemanded at p(s;), Step 1
also implies that |[N;| > 2, and there exist time s, < s; and M3 C M; such that N3 =
{ie N:D(R;, p(s3))NM3 # @} C Ny and M3 is underdemanded at p(s;). Proceeding with
this argument inductively, we obtains a sequence {Ny} C N; such that for each k > 2,
INk| < |Ni_1] and |Ng| > 2. However, since N is finite and for each k& > 2, Ny C Ny, this
is a contradiction. 0
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