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Preface

The dissertation brings together three papers that were written during my PhD studies,
each dealing with a specific robust mechanism design problem. The objective of this preface
is to discuss briefly the term “robust mechanism design” used in literature, and to outline
the framework of the three papers.

The mechanism design literature has been a great success during the last thirty years;
however since the very beginning of the theoretic development, it has been argued the the
mechanisms working in theory are not “robust”—i.e. they are too sensitive to fine details that
will not be available to the designer in practice. Robust mechanism design responds to the
concerns from various aspects, and to different degrees. In all of the papers collected here,
a completely prior-free approach is adopted, that is, both prior-free solution concepts and
prior-free objective functions are imposed. The mechanisms obtained are hence immune to
uncertainties about private information held by each agent.

In an environment where common value is assumed (Chapter 1), ex-post implementabil-
ity is imposed as the solution concept; in the other environments where private value is
assumed (Chapter 2 and 3), dominant-strategy implementability, a.k.a. strategy-proof, is
imposed. The objective set up in the first two chapters is worst-case guarantee, and in the
last chapter Pareto efficiency.

Due to the fundamental work of Bergemann and Morris[9], it is known that the two
strong solution concepts are exactly what are required for a well-defined “robustness to
private information” in each setting respectively. The worst-case guarantee, in which a ratio
that compares the absolute gain (or loss) to some reference point is concerned, is imposed in
a seemly “ad hoc” way. This “maxmin-ratio” objective, however, is a well established and
widely used criterion. (See Chapter 1 and 2 for more discussion). While a decision-theory-
based justification is still absent and would be very welcomed, its merit as an objective lies

largely in its intrinsic simplicity and desirability.



Abstract

Chapter 1: Under the average common value function, we select almost uniquely the
mechanism that gives the seller the largest portion of the true value in the worst situation
among all the direct mechanisms that are feasible, ex-post implementable and individually

rational.

Chapter 2: Strategy-proof, budget balanced, anonymous, envy-free linear mechanisms
assign p identical objects to n agents. The efficiency loss is the largest ratio of surplus loss

to efficient surplus, over all profiles of non-negative valuations. The smallest efficiency loss

n—-p
nZ—n

each of the p — 1 agents with the highest valuation, a large probability to the agent with

is uniquely achieved by the following simple allocation rule: assigns one object to

the pth highest valuation, and the remaining probability to the agent with the (p + 1)th
highest valuation. When “envy freeness” is replaced by the weaker condition “voluntary

participation”, the optimal mechanism differs only when p is much less than n.

Chapter 3: One group is to be selected among a set of agents. Agents have preferences
over the size of the group if they are selected; and preferences over size as well as the
“stand-outside” option are single-peaked. We take a mechanism design approach and search
for group selection mechanisms that are efficient, strategy-proof and individually rational.
Two classes of such mechanisms are presented. The proposing mechanism allows agents
to either maintain or shrink the group size following a fixed priority, and is characterized
by group strategy-proofness. The voting mechanism enlarges the group size in each voting
round, and achieves at least half of the maximum group size compatible with individual

rationality.
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Chapter 1

Maxmin mechanism in a simple common

value auction

1.1 Introduction

Auction mechanisms have been widely used in selling goods and services; one of the most
commonly used formats is the sealed bid first price auction. In this format, bidders simul-
taneously submit bids, and the one with the highest bids wins and pays her bid. When the
object being sold is of common value to all the bidders, there is a well-documented phe-
nomenon called “winner’s curse”: the winner is tend to be the one who over-estimates the
true value. Though “winner’s curse” is not supposed to happen in the equilibrium, the liter-
ature on common value auctions found that bidders have difficulty learning to avoid it (see
[38] for a comprehensive discussions).

“Winner’s curse” can turn out to be a curse for the auctioneer. Consider a government
auctioning oil fields. It is quite possible that the winning buyer, suffering from the winner’s
curse, will eventually go bankrupt and leave a huge mess for the government. Instead of
maximizing the revenue from the auction, the government may be more interested in avoid-
ing the risk caused by winner’ curse, while obtaining a reasonably high share of the value
generated by the oil fields.

One auction format that many organizations have been using to achieve these goals is
the average bidding auction. In its most standard format, the winner is the one who bids
closest to the average bid and the price is the average bid. The naive argument is that the
average bid is likely to be close to the true value. However, there is no guarantee that agents
will truthfully submit their estimation. In fact, bidders have incentive to all submit identical
bids, and a continuum of Nash equilibria in which all bidder submit the same low-enough
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bid exists.

While the effectiveness of the average bidding auction are still being debated (see [2],
[19], [21], [25]), we think it is worthwhile carrying out a mechanism design directly. The
objective of the auctioneer is to maximize the worst share of value, under the restriction
that the mechanism is truth-reporting and bidders never lose money. More specifically, the
true value of the object for each bidder is v, unknown to everybody ex-ante. Each agent
i€ {l,2,---,n} gets a private signal s; and v = % The worst share is defined to be the
smallest ratio of the revenue to the true value of the object, over all the non-negative signal
vectors. Note that by using the worst share, we avoid distribution assumptions of the signal
profiles, and make sure that the auctioneer gets something (as long as the worst share is
positive) under any signal profiles.

We show that the seller can achieve the largest worst share using the simple Maxmin
mechanism. The Maxmin mechanism randomly assigns the object to one agent and charges

j#i!

the agent i who gets the object a price % It is easy to see that this mechanism is ex-post

implementable and individually rational; and the seller will get % of the true value v under
any signal profiles. In fact, ”T_l is the largest worst share that can be achieved by any ex-post
implementable and individually rational mechanism, and is achieved (almost) uniquely by
the Maxmin mechanism.

One disadvantage of the Maxmin mechanism is the lack of strict incentive for truth-
telling: agents get the same outcomes irrespective of their own reports. An easy way to

modify it is to randomly assign the object to an agent with the first mth highest signals,

m—1

where m is an integer between 1 and n; and the worst share under such mechanism is -

We have to trade worst share for incentive.

literature review

The literature on (pure) common value auction largely focus on the Mineral Right Model
[64]. In this model the true value of the object is a random variable V. Given a realization
v of V, each agent i gets private signal s; generated from the distribution F(s;|v), and the
signals are usually assumed to be mutually independent. [46] shows that it is possible for
the auctioneer to extract almost all the surplus in this setting. A simple and special case is
the following: suppose the bidders can construct unbiased estimated z(s;) of v from their
signal s; and s; is independent of s, given v, then the mechanism assigning the object to
i and charging her z(j) extracts all the rents. A more detailed review on auctions with
interdependent value can be found in [42].

Our paper takes the true value to be the average of all the signals, as in several other
papers ([10], [27], [14], [40], [34]). We offer some justification for the average value func-
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tion form. Suppose that for each bidder the true value of the object is v, a parameter that is
unknown to everybody. Each agenti € {1,--- ,n} gets a private signal s; that is a realization
of a random variable S; with E(S;) = v. There are different ways to estimate v, depending on
the specific assumptions on the distributions of {S;: i = 1,2,--- ,n}. We argue that a focal
point is the Ordinary Least Square (OLS) estimation, i.e., V = % Y'?'s;. Hence the assumption
under the average value function is that all the agents, as well as the seller, agree on that
true value is nothing more than the most reasonable estimation, and take OLS estimation to
be that reasonable estimation. Note that the data generating process here is modeled based
on the classical approach in statistical inference, while the Mineral Right Model follows
Bayesian inference.

We use the worst case analysis to find desirable mechanisms. This approach has been
successfully applied in mechanism design with private value. (See [41], [29], [50], [28].)
However, its application in common value case is not known to us. Common value assump-
tion makes it possible to guarantee the seller a fixed portion of the true value of the object,
which is not possible in the private value setting no matter how many copies of the objects
are being sold (see [28]).

We could also set the objective to be the well-established revenue maximization, as
in [54]. If we assume that {S;: i = 1,2,--- ,n} are mutually independent and identically
distributed according to some regular distribution function G(-), then the mechanism that
maximize the seller’s expected revenue is found in [54]: if no bid is higher than the reser-
vation price, then the seller keeps the object; otherwise the bidder with the highest bid wins

+ ) . )
M%s(k), whichever is higher, where S(k) 18 the

and pays either the reservation price or
kth highest signal. The worst share is zero in this mechanism.

This paper is organized as the following. In section 1.2 we set up the model and give
the axioms we impose on the mechanisms. In section 1.3 we select the Maxmin mecha-
nism, the mechanism that has the best performance in the worse case when revenue share is

concerned. Section 1.4 concludes.

1.2 Setting and Axioms

An indivisible object is to be sold to at most one of n agents, where # is fixed; the value of
the object is the same among agents. Denote the set of agents by I = {1,2,--- ,n}; agents
are risk neutral. Each agent i € I has a private signal (individual estimation) s; € S; = R
about the value of the object. Let s € § = R’ be a signal profile. The notation s_; stands for
the vector obtained form s by deleting s;, and (§;;s_;) stands for the signal profile obtained

from s by replacing the signal s; with §;. For any s, the true value of the object for each agent
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is the average of s, i.e., v(s) = %Z?:l s;. The object has no value for the seller if it is not
sold. Note that (1) we only restrict signals to be non-negative and do not specify probability
distribution of the signal space; (2) No efficiency issue occurs in this common value setting
as long as the object is sold.

We focus on direct mechanisms, that is, agents report their own signals and the allocation

only depends on the reported profile of signals.

Definition 1.1. A direct mechanism f is a pair (a, t) such that

a:S—[0,1]", t:S—R",

for each s € S, 4;(s) is the probability that agent i gets the object and #;(s) is her expected

payment.

Assuming risk neutral preference, agent i’s expected utility under u is a;(s) - v(s) — #;(s)

for any s € S. We define some standard axioms for direct mechanisms.

Definition 1.2. A direct mechanism p = (a, t) is feasible if

Zai(s) <1, Vses.

icl

This is simply saying that the seller has only one object to sell.

Definition 1.3. A direct mechanism p = (a, t) is ex-post implementable if

a(s)-v(s) —ti(s) > ai(Si;s—i) - v(s) — t;(§i35-;),
Viel, Vs e S Vs €8;.

A direct mechanism is ex-post implementable if each agent has no incentive to misreport

his or her signal when she is assured that other agents report truthfully.

Definition 1.4. A direct mechanism u = (a, t) is individually rational if

ai(s)-v(s)—ti(s) >0, VielVseS.

Let .# be the class of direct mechanisms that are feasible, ex-post implementable and

individually rational. We give a standard characterization of .# by the following lemma.

Lemma 1.1. A direct mechanism i = (a, t) is in A iff foralli € I, forall s € S, ¥ jcrai(si) <

1; foralli€ I, forall s_; € Rﬁ_l, ai(si;s—;) is non-decreasing in s;; and



1.3 Maxmin mechanism 5

1 /s
t,-(s,-;s_,-) = al‘(S,';S_i) .v(s) — Z/() ai(xi;s_i)dxi -I—h,'(s_l'),

where h; : ]R’fl —Rand hi(s—;) <O0forallic€l, all s_; € ]R’f[l.

Proof. We omit the proof, which is an easy modification of the proof of Lemma 2 in [54].
O

Note 1. (1) any seller who likes more revenue than less will simply set /;(s_;) = 0 for all
iel, als_ ;e ]Rf’[], so we will ignore the h;(-) part of any u € .# from now on; (2)
ti(siss—i) > 0if hi(s—;) = 0, that is, the seller will get non-negative expected revenue from

each agent and hence non-negative expected revenue under L.

1.3 Maxmin mechanism

Our goal in this section is to find the mechanisms within .Z that give the seller the largest
portion of the true value under the worst situation, when expected revenue is concerned.

First we introduce some notation. For any mechanism p1 € .#, for any s € S, let <7 (s) be
the revenue the seller gets under 4 when the signal profile is s. Note that for a give s, 27, (s)
is a random variable whose outcomes are not specified if y is a randomized mechanism;
however, the expected revenue is known for sure: E[.o7}; (s)] = ¥, #i(s). For any mechanism
U € 4, we define worst share Q(1) to be the minimum portion of the true value that the
seller gets among all signal profiles, that is, Q() = infscs, E[4,(s)] /v(s), where S, =
S\{0}. Note that in order to define Q(u), we take out the zero profile, in which case any
mechanism in . gives the seller zero revenue.

Using lemma 1.1, our problem can be written as the following:

E
sup inf e8]
a() €5+ v(s)

(1.1)

ai(s) >0 Vi, Vs
s-t. 4 Yierai(s) <1 Vs
ai(si;s—;) non—decreasingw.r.t.s; Vi,Vs_;

where

Bl (9) = Larls) v(5)—, L [ ailois-i)d

icl iel
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First Note that for any u € .#, 0 < E[#,(s)] < Licsai(s) - v(s) < v(s) for all s € S,
hence 0 < Q(u) <1.

Lemma 1.2. Forany u = (a,t) € A,
n
Q(u) < sup Y ai(s)— sup a(s);
SESL =1 iel,seS+
if Lierai(s) =1 forall s € Sy, then Q(p) =1 —sup;es seq, ai(s).

Proof. See Appendix. [

Corollary 1.1. For any mechanism p € #, Q(u) < =

Proof. For any mechanism y = (a,t) € 4, if a;(s) > % for some s and 7, since supcg, Y ai(s) <

1, we have that

if a;(s) < }l for all s and i, we have supcg, Y7 ai(s) <

) < sup Y ails)— sup_ails)

SES+ =1 iel,seSt

<n- sup ai(s)— sup a;s)
i€l seS, i€l seS,

n—1

=(n—1)- sup ai(s) <
ielseS,

Therefore Q(u) < =1L O
Now we give the definition of the Maxmin mechanism.

Definition 1.5. The Maxmin mechanism u* = (a*,*) is the following:

1 1 .
ai(s) = o = ;Z.sj, Viel,VseS.
J#i
Note that u* € .#. As stated by Theorem 1.1, it is the “almost” unique solution of
problem 1.1, i.e., it is the “almost” unique mechanism in .7 that guarantees the seller ”;nl

of the true value in any signal profile, which justifies its name.

Theorem 1.1. Q(u*) = "%l;for any L = (a,t) € A such that a(s) # a*(s) for some s € S/+,
where S/+ ={seSy:dJi,jelstis# jands;-s; > 0}, we have Q(1) < Q(u*),
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Proof. See Appendix. 0

Note 2. (1)Forany u € .#,Q(u) = % only if u coincides with u* in almost every signal
profiles, more precisely, in every signal profile with at least two positive arguments. We
allow some flexibility in the allocation rule when the signal profile has only one positive
argument; see the proof for detailed description. However since that is highly knife edge
case, we conclude that Maxmin mechanism is the “almost” unique solution of problem 1.1.

(2) For the second part of the Theorem, if we assume that Y ;c;a;(s) = 1 forany s € S,
then it is much easier to prove since we know in any solution g;(s) < % foralliel,seS,.
However, it is not clear at all why Y ;c;a;(s) = 1 for any s € S must hold in any solution.
By induction on the number of zero arguments in signal profiles, we show a slightly more
general result first, which gives both upper bounds and lower bounds of a;(s) for each i € I,
s € §+. These bounds converge to % when Q(ut) approaches to %; hence our Theorem
is proved. However, the lower bounds reduce to non-negative restrictions quickly when
decreasing Q(u) from ”n;l and hence we do not know much about what a mechanism in .#
with Q(u) less than "n;l must look like. On the other hand, if the mechanism always sells
the object, we have an explicit expression of Q(u ), which is the second part of Lemma 1.2.

1.4 Discussion and conclusion

Now consider the outcomes of the Maxmin mechanism. Since #;(-) is the average payment
for agent i, there are many ways to assign payments for outcomes in which he or she wins or
loses respectively. A natural way is to let agent i pay %Z j+i$j when he or she wins, and pay
0 when loses. As a result, if the worst outcome of the mechanism for the seller is realized,
that is, agent with the highest signal gets the object, the seller will end up getting %Z?:z S(i)s
where s(1),(2), "+ ,8(») 1s @ reordering of 51,52, , s, With sy > 5(2) > -+ > (). Fixed
S(2)s " S(n)> %Z;‘:Z s(i)/v(s) goes to zero as s(;) goes to infinity; hence the Maxmin mech-
anism with this natural payment schedule does not guarantee the seller a (positive) fixed
portion of the true value in all realizations of the lottery in assigning the object and for all
s € S4+. A second thought may yield a payment schedule that works: since the expected pay-
ment of agent i is n—lz Y. j+isj forall i € I, we could ask each agent to pay this same amount
no matter he or she wins or loses; as a result, the seller will get % -v(s) for sure. The draw-
back with this payment schedule is that agents will get negative utilities if they lose, which
is of high probability. In fact we could further avoid this undesirability. Since the expected
utility of agent i is n% - s;, we could ask each agent to pay (or receive) certain amounts in
different outcomes so that he or she gets this same utility no matter he or she wins or loses;

as a result, the seller will get ”n;l -v(s) for sure. This works because we are in the common
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value world, i.e., no matter which agent wins, the total surplus to be divided between the
seller and agents is the same. Therefore if each agent gets the same utility in each outcome
of the lottery, the seller will also get the same revenue in each outcome of the lottery.

We conclude our paper with possible extensions. First note that the procurement model
in which a buyer is buying an object from a set of bidders can not be treated similarly when
worst case analysis is applied. The difference is largely due to the signal space R” , which
is bounded below but not above. In an auction, the lower bound makes it possible to define
the Maxmin mechanism, and the lack of upper bound makes the situation that one agent
gets a very, very high signal the biggest concern. In a procurement, however, we cannot
define a parallel mechanism due to the lack of upper bound, and the lower bound restrict the
exploitation of the extreme case.

Second, other forms of value functions also arise naturally in reality. One possible
extension is the weighted average, with the weight of each agent a common prior, i.e.,
v(s) = oysy+ -+ + sy, where @ > 0 for all i € I and Y ;c; 0 = 1. This does not change
our analysis since we could ask each agent i € [ to report his or her adjusted signal a;s;;
another extension also takes the form of weighted average, with the weights a common prior;
however the weights are given to the order statistics, that is, v(s) = Bis() + -+ BuS(n)
where (1), -+ ,5(,) is a reordering of s1,- -+, s, with s(1) = -+ = 5(), Bi > 0forallieand
Y ic1 Bi = 1. Functions like Max, Min, Median, Average are all special cases. It is interesting
to see whether the random allocation rule is still uniquely optimal in our worst case analysis

with such function forms.

1.5 Appendix

1.5.1 Proof of Lemma 1.2.

Proof. The first part:

For any u = (a,t) € .4, suppose for the sake of contradiction, there exists i € I such
that a;(s) = L+ > sup.cs, Yieyai(z) —Q(u) for some s = (s;35—;) . Since (a, ) is ex-post
implementable, a;(z;;5—;) > % Vz; > si. Let § = (8i55—;) = (A - s535-;), where A > 1, then

?:1 f(f"ai(xi;ii)dxi S %(QL — 1) -si+2j¢ifgjaj(xj;§,j)dxj
?:] S - /I'Si‘i‘z—isj '

The last expression goes to % when A goes to infinity. Therefore, there exist § = (A -

si;s—;) with A large enough that
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Y Jo ai(xis§-)dx; > sup iai(z) —0(u).

n <.
i=175i 2€SL i1

That is

Sy /( x> ( supza, V() = Q(1) - v(3).

n=J/0 2€8y =

Therefore
Ele/(5)) = Y ai(5) ; / ailxi
j i= l
(sup Za, L 1”/ a;i(x;;s

2€8y i=
< Q1) -v(S).
We get Q(u) > E[<7(5)]/v(5), contradicting with the definition of Q(u).
The second part:
If Y;c;ai(s) =1 for any s € S, we know from the first statement that Q(u) < 1 —
SUPjes ses, @i(s). We show that Q(ft) > 1 —sup;e; e, ails). Forall s € Sy,

>v(s) ==Y si- sup a(s)
icl iel,seS,

v(s)- (1= sup ai(s))

i€l seSy

Therefore we have Q(@) > 1 —supj¢; seg, ai(s). O

1.5.2 Proof of Theorem 1.1.

Proof. Q(u*) = ”%1 is easy to see. We show the second part by proving a slightly more
general result.

Forany s € Sy, let |s| =#{i €I : 5; > 0}, i.e., |s| is the number of positive arguments in
s.LetSy={se€S;:|s|=k}fork=1,2,--- n,ie., Sgis the set of signal profiles that have
k positive arguments. Forany u € .Z, let X, = {a;(s): i €1l,s € S} fork=1,2,--- ,n. For

any ¢ € R, We write X}, > c if each element in X}, is no less than c¢; X; < c if each element in
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X 1s no greater than c.
We show that for any k =2,3,--- ,n,

bt 28 < <1 o)

where b=Q(u)—(n—1)-(1—-Q(u)). Note that if Q(u) = %, then b =0 and ,11 = %(_“1) <
X, <1-0(u)= rl; for k =2,---,n, which is the second part of Theorem 2;
First by Lemma 2, X; < 1—Q(u) forany k=1,2,--- ,n.
Consider profile s = (0,---,0,s,), where s, > 0. Then E[.7(s)]/v(s) equals
1 [
ai(O,---,O,sn)—l—an(O,---,O,Sn)——-/o an(0, -+ ,0,3,)dx, /5,

1<i<n—1 n

Since {a,(0,---,0,5,) — [5" an(0,--- ,0;x,)dx, /s, } — 0 as s, — 0, under the condition

“equal treatments of equal signals'”, we have
a0, 0.5 > 25 4es 0, Vidn (12)
n
Now consider profile s = (0,---,0,s,-1,5,), Where s,_1, s, > 0. Fix any s,_1 > 0, by

the non-decreasing property of a;, a,—1(0,---,0,5,-1,8,) > % as s, — 0.

Then E[<7 (s)]/v(s) is

Zai(()? T ,O,Sn_] 7Sn)

iel

f(;n—1 anfl(oy e ,O,anl,sn)dxnfl + f(;n an(()’ - ,O,Snfl,xn)dxn
Sp—1+Sn .

As s, — 0,

f(k;nfl an—l(()?.“ ,O,xn—l,sn)dxn—l +f5" an(07-.~ 707Sn—laxn>dxn > Q(lu“)

Sp—1+ S, n

Since E[<7(s)]/v(s) > O(u) and Xo < 1 —Q(u), we have for all i € I,

ai(0,-++,0,5,-1,8,) > O(u)— (n—1)-(1 —Q(u))—i—%, ass, — 0.

Especially, a, (0, ,0,5,_1,5,) > Q(1t) — (n—1)-(1— Q1)) + L — p 1 QW) 555,

!'This symmetry condition is needed for 1.2. However, if Q(u) = "n;l, this condition is not needed for the
conclusion that ¢;(0,-,0,s,) > % for all i # n since we must have a;(0,-,0,s,) < % by Lemma 2.
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Therefore by the non-decreasing property of a,, we have

o(u)

an(O,"wO,Snfl,Sn)Zb+ Vs, > 0.
n
By varying s,,—1, we get that
an(07"' a07sn—17sn) > b+ M Vsn—1,5, > 0.
n
Changing the rule of n — 1 and n, we get that
an—l(oa"' aovsn—lysn) 2b+ Q(u) Vs,,_l,sn > 0.
n
Now reconsider profile s = (0,---,0,s,_1,5,), Where s,_1, s, > 0. We have

(‘;n—l ap—1 (07 U 707xn—lasn)dxn—l + fgn an(oa e 707sn—17xl1)dxn > b+ Q(‘U)
Sp—1+Sn - n o
Therefore for alli € 1,
o(u) o(u)

ai(0,,0,5n-1,50) 2 QW) = (n = 1) - (1 = QW) + (b+ =) = 2b+ = —.

n

By the same argument, a;(s) > 2b+ QW) forall i e I,s € S,. Hence X, > 2b+ %

n
Now consider profile s = (0,---,0,s,-2,5,—1,5,) Where s,_2, s,—1, s, > 0. By the non-

decreasing property of a;, we have a;(0,- -+ ,0,5,-2,8,-1,8,) > 2b+ % fori=n—2,n—1

and n. Using the same logic, we must have for all i € 1,

0 Q
ai(0,-+ ysp—2,8n—1,82) > Q(U) — (n—1)- (1 —-0(u)) + (2b+ %) =3b+ %
Hence X3 > 3b+ %

Continue with signal profile from Xy, ---,Xs and using the same argument, we could
showthathZk-b—i—%foranyk:27...’n_ ]

Note 3. (1) There is some flexibility in the allocation rule for s € S;. Consider s = (0,---,0, ;)
with s, > 0. If we let a;(s) = % for all i # n, since Yl hi(s) = =1 .y(s), an(-) could be any
function that is non-decreasing w.r.t. s, and no greater than %; however, if ,(s) > 0 in at
least some s,, we could reduce g;(s) from % slightly for i # n and still achieve % of v(s).

This is why we do not have a simple necessary condition for the solution of problem (3.1)
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on S;. However, when expected revenue is concerned, the solution that cannot be improved
for each s € S is to set g;(s) = % for all i # n and a,(s) = % for not all but some s, > 0.
2)b<0if Q(u) < % Hence as k increases, the lower bound on Xj gets smaller.
In fact, if Q(u) < ;lfi_ni)l, all these inequalities on X; for k = 2,--- ,n simply reduce to
non-negative constraints.




Chapter 2

Budget balanced and almost efficient
assignment of multiple objects

2.1 Introduction

Uniform randomization (lottery) is common practice in assignment. When everyone has
equal claim, lottery is appealing in that it is simple and fair. However, it is also notably
inefficient, since people usually appreciate the same thing to different extent. If quasi-linear
preferences are assumed and money transfers are allowed, there is an easy way to improve
on efficiency while keeping the favorable aspects of the lottery: suppose one object is to be
assigned to n agents and v; € R is agent i’s private valuation; write v, to be the kth highest
valuation. Let agent with v, get the object with probability ”%1 and pay %v*z, agent with
v, get the object with probability % and pay nothing, all other agents receive %v*z. It is easy
to check that this mechanism is strategy-proof, budget balanced, anonymous, envy-free, and

each agent i gets at least %vi: nice properties apparently shared by the lottery. When (ex-
1

ante) surplus is concerned, the current mechanism loses v, at most; the lottery, however,

loses "n;lv*] in the worst case.

We define worse efficiency loss or simply efficiency loss to be the largest ratio of sur-
plus loss to the efficient surplus, over all profiles of non-negative valuations'. We show
that the above mechanism is the unique one to achieve the smallest efficiency loss among
all strategy-proof, budget balanced, anonymous, envy-free linear mechanisms. By linear
mechanism, we mean mechanism whose allocation rule can be represented by a vector
(ay,az,--- ,a,), where gy is the probability that agent with the kth highest valuation gets

an object.

The worst case analysis has been applied to different settings, see the introduction of [49] for a brief
survey.
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In general, if p identical mechanisms are to be assigned to n agents (p < n) and each
agents demands at most one, then the optimal mechanism gives one object to each of the
p — 1 agents with the highest evaluations, a large probability to the agent with the pth highest
valuation, and the remaining probability to the agent with the (p + 1)th highest valuation.
The optimal efficiency loss is 7.
as “randomly picking one agent to be the residual claimer of the pivotal mechanism run

Note that for p = 1, the optimal mechanism is the same

among the other agents (proposed in [26])”; for p > 1, the two are different.

We also find out the optimal efficiency loss when “envy freeness” is replaced by “volun-
tary participation”, a weaker requirement in our setting. It turns out the above mechanism
remains optimal when p is larger than p(n), a threshold less than 5. For p no greater than
p(n), an optimal voluntary mechanism will assign an equally small probability to a group
of agents (rather than just one agent) following the agent with the pth highest valuation, and
the optimal efficiency loss is bounded away from 52

n-—n"
To solve for the optimal efficiency loss, we first characterize the whole class of anony-

mous, strategy-proof, and budget balanced linear mechanisms. This class, to our best knowl-
edge, appears the first time in literature. It turns out that in order to be budge balanced, the
coordinates of the allocation vector only need to satisfy one linear equality. As showed in
the paper, when budget balance is a hard constraint, this class is a nice starting point for

further exploration.

literature review

When allocating objects among a group of agents, allocation efficiency requires to assign the
objects to the agents with the highest valuations; however it is well know that no truth-telling
mechanism can be allocation efficient and budget balanced at the same time. Different
approaches exist in encountering the impossibility.

Several papers enforce allocation efficiency and explore the idea of redistributing VCG
payments while respecting incentives. (See [15], [49] [31]). [49] and [31] find indepen-
dently the VCG mechanisms that minimize (relative) budget surplus. In particular, [49]
points out that if participation is voluntary, no VCG mechanism guarantees that budget sur-
plus remains relatively small when p is close to n; and in the most dramatic p =n — 1 case,
we may lose all the welfare if all budget surplus has to be burned.

In [30], [51], [23], etc., welfare loss is defined to be the sum of efficient allocation loss
and budget surplus. [30] compute the optimal (relative) efficiency loss in the restricted class
of linear mechanisms. [51] explores the trade-offs between k-fairness (a concept of equity
first proposed by [58]) and the optimal efficiency loss in the general class of (deterministic)
strategy-proof mechanism. [23] deals with a similar problem as in [30], in a Bayesian
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setting, for two agents. Interestingly, they find out that under a mild distribution assumption,
an optimal deterministic mechanism will be budget balanced.

Note that in all the papers mentioned above (except [23]), efficiency loss is defined
relative to the efficient surplus. Even if the worst efficiency loss, which is a ratio, is close to
zero, it is still possible that a huge amount of money will be burn if agents have high enough
valuations. While uniform randomization (lottery) is wildly used, one rarely observes in
reality allocations accompanied by burning money: mis-allocation seems to be more easily
tolerated for whatever reason. Our paper, inspired by the lottery, enforce budget balance as
a hard constraint and search for mechanisms that behave well in efficiency. Building on the
linear mechanism proposed in [30], we characterize the class of all budget balanced linear
mechanisms, and solve our optimization problems analytically. The optimal mechanism we
obtain share all the good aspects of the lottery (except for the “money-free” property), and
is hoped to be an easy alternative. Additionally, to compare with [51], we are able to bound
the efficiency loss of optimal voluntary mechanism by switching to a different problem,

[32] enforces budget balance in a pubic good provision setting. Budget balance is
achieved based on the idea proposed in [26]. That is, one agent is excluded at random
and is made the residual claimant of the payments collected by a VCG mechanism in the
market with only the remaining agents. In a public good provision setting with exclusion,
[36] studies the efficiency and fairness properties of the equal cost sharing with maximal
participation mechanism (the mechanism is budget balanced) and find out conditions in
which the mechanism is optimal. In a cost-sharing setting, [53], [37] discuss the trade-
off between budget balance and allocation efficiency for (group) strategyproof cost sharing
mechanisms. In a bilateral trading setting, two classic papers ([55], [33]) also enforce budget
balance: the former characterizes mechanisms that are Bayesian-Nash incentive compati-
ble, interim individually rational and budget balanced; the latter characterizes mechanisms
that are dominant strategy incentive compatible, ex-post individually rational and budget

balanced.

2.2 Setting

p identical objects are to be assigned to n agents; and 1 < p < n. Each agenti e N =
{1,---,n} demands at most one object and has a private valuation v; € R for the object.
For any profile of valuations v € RY, for any i € N, v_; stands for the vector obtained from
v by deleting v;, and (V',v_;) stands for the valuation profile obtained from v by replacing v;
with V.

We consider direct mechanisms, that is, agents report their own valuations and the allo-
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cation only depend on the reported valuation profile.

Definition 2.1. A direct mechanism is a pair (o,¢) such that

o:RY —0,1]", ¢:RY - R"

for any v € RY, for any i € N, 0;(v) is the probability that i gets an object and #;(v) is her

payment.

Assuming risk neutral preference, agent i’s utility under (o,1) is u;(v) = 6;(v) -v; —t;(v)
for each v.

A direct mechanism (0,t) is feasible if }; 0;(v) < p for any v; is strategy-proof if for
any i, for any v, vi, v_;, ui(vi,v—;) > u;(vi,v_;); is anonymous if ¢(-) and #(-) are both
symmetric in all its variables; is budget balanced if Y ;t;(v) = 0 for any v; is envy-free if
o;(v) -vi—t;(v) > 0j(v) - vi —t;(v) for any i, j, and for any v; is voluntary (or satisfies the
constraint of voluntary participation) if for any i, for any v, u;(v) > 0.

We further restrict our attention to /inear mechanism whose allocation rule can be rep-
resented by a vector (aj,as,- -+ ,a,) € [0,1]", where a; is the probability of getting an object
for the agent with the /th highest valuation. The formal definition is given below.

Forany ve R, letr;(v) ={leN:|[{jeN:v;>v} <l <n—|{j e N:v; >v}}.
That is, r;(v) is agent i’s set of rankings.

Definition 2.2. A direct mechanism (o,7) is a linear mechanism if there exists {a;}}_,, with

a; € 10, 1] constant for each /, such that c;(v) = Zlﬁ'& V)‘ for any i, any v.

Now we write a linear mechanism as ({a;};¢). Let .# be the set of linear mechanisms

that are feasible, strategy-proof and anonymous.

Lemma 2.1. A linear mechanism ({a;};t) is in .# if and only if

ap < a1 <---<ay;

Y/ ,a; < p; and for any i, any v,

11(v) = Gi(v)vi — /O”o,(x,, v — h(v_;)

where 6;(v) = Zl‘ z )| " and h(-) is a symmetric function from R""! to R.

Proof. See [30] for the proof of the a, < a,_1 < --- < aj part ; the proof of the remaining
part is omitted. L
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Now we use ({a;};h) to refer to a mechanismin .Z. Let ¥ = {ve R, :v; > vy >--- >
vpandvy > 0}. For any x € Rf’[l, let x.p, x40, - 1 X(n—1) be a reordering of xy,x2,- -+, X,

With Xy 2> X0 2 - 2 Xy (1)
Lemma 2.2. A mechanism ({a;};h) € . is budget balanced iff for all x € R, h(x) =
ZZ;% OrXsi for some {Sk}z;% that satisfy the following system of linear equations:

k6 + (n—k—1) - 61 = k(ax — ax+1) (2.1)
forall 0 <k <n-—1, where & = 6, = ap =0.
Proof. By Lemma 2.1, we have that for all v € 7/,

i=1

||
1M=
T M:

1 (2.2)

i-(aj—aiy1)vigr — Zh
1

7

~.

We show in the appendix (Lemma 2.6) that };#;(v) = 0 for all v € ¥ implies that A(-)
takes a “linear” form. That is, for any x € R’fl,
h(_X') = 61x>k1 + 62X*2 +-- 4 5,,71)6*(”,1).

Since for any v € 7,

Z Z l—l 11+(n—i)5,~)v,~ ,
i=1 i=1

with 8y = 6, = 0, it is easy to see that };#;(v) = 0 for all v € 7 if and only if the system
of linear equations (2.1) holds. ]

Remark 2.1. The system of linear equations (2.1) have n — 1 unknowns {3;(}2;% and n equa-
tions. By straightforward calculation (see Lemma 2.7 in the appendix for details) the linear

system has a solution if and only if the following constraint on {g,;}}_, holds:

Y (1) ya =0, (2.3)
=1

Whereyl:‘51”_’22+<€l”_’12f0rn>2andl:2,---,n—l,and}q:}/nzl.

Let .#" be the set of budget balanced mechanisms in .#. Now we use ({a;};{&}) to
refer to a mechanism in .#”. The worst efficiency loss, or simply the efficiency loss for any
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mechanism ({a;};{&}) € .4 is the largest ratio of surplus loss to efficient surplus, over
all profiles of non-negative valuations:

Yi_1a v
max{l - ==—— 2.4
ve“//{ f:] % } 24)
Lemma 2.3. Foranya; > a; > --- > a, > 0,
p a n
izt _ iy im1 AV 2.5)
p ve? Yo Vi
Proof. For any v € ¥, for any i, j, we have
(ai—aj)(vi—vj) Z 0.
That is
aivit+av; > aivj+a;v;.
Adding up all pairs of (i, j), we have
plavi+ava+---+apvp) > (a1 +ax+---+ap)(vi+va+---+vp).
Therefore for any v, we have
Yiciavi o Xispdvi Zlgpal‘ 2.6)
Yi<pVi — Xi<pVi P
If we take vi =vy =---=v, >0,and vy 1| = v, = -+ = v, = 0, we have that (2.6)
hold with equality. Therefore we have (2.5). [

Remark 2.2. By Lemma 2.3 and the definition of efficiency loss, we see that minimizing
efficiency loss within .#" is equivalent to maximizing Y., a; of ({a;},{8}) € .#°.

Lemma 2.4. A mechanism ({a;};{8}) € A" is envy-free iff & > 0 forall 1 <k <n—1.

Proof. First we show the “only if” part. Suppose v;.1 > v; > v;y1 > v;19, then by Lemma
2.1 and Lemma 2.2, we have

1=ty = (g —ap1)vigr — 0 (Vig1 —vi) = 6vi + (ag — a1 — §)viy1.

Envy-freeness says that a; . 1v;.1 —t;+1 > a;vi+1 — ;. And a; > a;1. Therefore we have

1 —ti41 > (aj—ape1)vipr > 0.
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Therefore we must have &; > 0; otherwise #; — ;1 > 0 will fail for v; >> v, 4.
Now we show the “if” part. Suppose & > 0 for all 1 < k < n— 1, then according to
2.1,

n—k—1
ag — ) — O = T‘SIH—I > 0.

Suppose vi11 >v; >v; >v;; (hence i < 7)?, then

j—1 j=2

ti—tj=Y (ar—a1)vier +6vi— Y (8 — 81)vis1 — §j-1v;
I=i I=i
-2
= v+ Z (al — a4 — o+ 61+1)v1+1 + (aj_1 —aj— 5j_1)vj
=i
Since a; — a;4 —614—61_,.1 > a;—ap — 0 >0foranyi<I[< j—2and aj—1—aj—
0j—1 > 0 for any j, we have that

j—2
ti—tj < &v;+ Z(al — a4 —5;+51+1)v,~—|—(aj_1 —aj— 5]'_1)\/,' = (ai—aj)v,-,
=i

and
j—2
1 —1j > 5,'Vj+ Z(al—al+1 —5;—1—61+1)vj—|—(aj_1 —aj—Sj_l)vj = (ai—aj)vj.
=i

Therefore no envy occurs between i and j. [

Lemma 2.5. A mechanism ({a;};{8}) € 4" is voluntary iff for all 1 <k <n—1,

k
Y 8 >0. (2.7)
j=1

Proof. First note that a mechanism ({a;};/) € .# is voluntary iff 4(x) > 0 for all x € R .
Hence a mechanism ({a;};{8}) € .#" is voluntary iff ¥}_| §x. > O for all x € R} .
This condition holds iff ZIJ‘-: 1 5j >0foralll <k<n-1. O]

Remark 2.3. A mechanism is envy-free implies that it is voluntary, but not visa verse.

2We omit in the proof the case when ties exist.
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2.3 Optimal envy-free mechanism

Let .#? be the set of envy-free mechanisms in .Z°.

Definition 2.3. The Optimal Envy-free (OE) mechanism ({a; }; {0/ }) is the following:

aj =1foralll <p,ay zl—a;:(:ll;—f,)f,al*:Oforalll>p+l;
5;:0forallk<pandk>p+1,3;:—(22_217, ;H:—(’;Zlep.

It is easy to check that the OE mechanism is in .#”. Note that if p = 1, we have that
*

af = "1 and a5 = 1, the mechanism pointed out in the introduction.

Proposition 2.1. For any v € RY, the OE mechanism guarantees at least %’ -v; for each

agent i.

*_

Proof. Without loss of generality assume vi > v, > --- > v,,. Note that we have a > a; 1

n—p—1 * .
6, ="L=6,,,>0by2.1. Since

p p p p

ut =i (1= vy — (@ =y = 8 )vpr 2 [1 = (1=a}) = (af —ap — 8y = 2o, VI < p,

*

Up

* * * * * * * * _

apvp — (@ —ay ) —0))vpy1 > [ay, — (a, —apy = 6,) vy = = vp,
* % * * * 4

Upi1 = Api1Vprl +0,Vp > (@)1 + 6, )Vpr1 = n b

uf = 83+ 85, vt = (85 + 85 v = Z v V> p+1,
we are done. O]

Theorem 2.1. The OF mechanism is the unique mechanism that achieves the smallest effi-

ciency loss in M.

Proof. Suppose there exists another mechanism ({a;};{8}) € .#? that achieves the same

or smaller worst efficiency loss, then by Lemma 2.3 we must have a, > a;, app1 < a; 1
* *

and ap —apy1 > a,—ay,.

Since (p+1)8p41+ (n—p—2)8p12 = (p+1)(aps1 — api2), and 812 > 0= 6,5,

* * *
p+1° p+2» We must have 6,1 < 67 .

Since (p—1)6p—1+(n—p)dy = (p—1)(ap-1—ap),and 6,1 20=35; |, a,-1 <1=
ay_y.ap > ay, we have that 6, < §;. However since pé, + (n—p—1)641 = p(ap—ap-1),

api1<a api2>20=a

* . * ok * St
and 0, < 5p, ap —Apy1 > dp—da, ., , We must have 6,41 > 5p+1- Contradiction! O

n—p
n?—n"

Therefore the smallest efficiency loss L¢(n, p) in .47 is
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Example 2.1. The OE mechanism forn =4, p = 2.

* *x 2 % __ 1 * () o} * | | .
ai=1,a; =3, a3 =3, aj = 0; since 6] =0, 65 = ¢, 03 = 3, the payment functions

(under the assumption that vi > vy > v3 > vy4) are

; (1 +1 +1 )— (1 +1 ) = 1 +1
1=(3v2t3v3tava) —(gvstgva) =gvatevs
, 1 +1 (1 +1 ) 1
2—3\/’3 3\/4 6v3 3V4 - 6V3
, 1 (1 +1 ) 1

=—vs— (= v =—-
3 3 4 6V2 3 4 6V2

1 1

Iy = _6V2_§V3

One can check that Y}, #; = 0 for all v. The smallest efficiency loss L if é.

2.4 Optimal voluntary mechanism

%n72 cgn72
Let .#? be the set of voluntary mechanisms in .Z”. Let ¢(n, p,s) = % For p <
|5 ], lets*(n, p) =min{s§:§ ¢ AgMAX oy . n2p ) ¢(n,p,s)}. Let p(n) =max{p < 5] :

s*(n, p) # 0} if the set is non-empty; p(n) = 0 otherwise.
Definition 2.4. The Optimal Voluntary (OV) mechanism ({af};{{}) is the following:
if p > p(n), then ({a7};{5¢}) = ({a }: {5 });

if p < p(n), then

o __ a° 1) _ __ 0 1) _ _ 0 _
ap = ap—1 = =1, Api1 = " = App1425* >0, Apioyosc = =04y = 0,
O(n,p,s*)+6) 5
(n,p,s*)+C, 5 +6, 7"

ap=1—(1+25")ap1 = and {&7} is the solution of (2.1).

It is easy to check that {af} satisfies the budget balance constraint (2.3). The following
proposition shows that the OV mechanism differs with the OE mechanism if and only if
p < p(n).

Proposition 2.2. (1) Suppose s*(n,p) > 0 for some p, then s*(n,p’) > 0 for all p’ < p.

(2) 5% < p(n) < |5].

Proof. See appendix. [

Example 2.2. The OV mechanism for n = 15, p = 3. (Note that s*(15,3) = 1.)

0 _ 0 _ 0 6 _ _ 1
ap =a; = 1‘13 7,45 = as ag = 57, 43

=---=afs = 0; and since 6] = 65 =0
0y=06)=--=06{,=0,0y = 42, o) = 134,50 —% 560 = %, the payment functions (under

the assumption that vy > vy > --- > vy5) are
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One can check that ) #; = 0 for any v. Since Z;‘Zl 31” >0foralll <k<n-—1, the
mechanism is voluntary. And the efficiency loss is % ~ 0.0476. We show below that the
the OV mechanism is voluntary for any p < n, and it achieves the smallest efficiency loss

among mechanisms in ./Z?.

Proposition 2.3. The OV mechanism is voluntary.

Proof. We only need to show it for p < p(n). According to (2.1), we have 6{ = --- = 6;_1 =
0,55+2+2s*(p) =---=07 ;=0;and (65,87 1, -+, 87,1, ) are of the signs (+,+, —,+,—, -
Furthermore, since p+1+42s*(p) < | 5]+ 1, we have [S5] > [6), ;| > -+ > [6), 1,5, ac-
cording to (2.1). Hence Z;‘ 610 >0foralll <k<n-—1. OJ

Theorem 2.2. The OV mechanism achieves the optimal efficiency loss in ///f .

Proof. The very long proof in the appendix is divided into three parts: first we find out the
mechanism that achieve the smallest efficiency loss in .#?, by very careful perturbations.
Second we show that the optimal mechanism in .#” is voluntary iff p < n—i(p) (hence it
is the same as the OV mechanism for p < n—7i(p)). Finally we show that for p > n—r7(p),
the OV mechanism is optimal in ./, using the Duality Theorem. [

Now we look at the smallest efficiency loss L' (n, p) in .#".
For p > p(n)

for p < jp(n)

7+7

—,+).
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L(n,p) =

)

1 G,

P 2 2, G s
n— n— P— p+2s

Fix n, if p > p(n), then L"(n, p) is decreasing with respect to p. However, the monotone

properties of L"(n, p) otherwise remains an open question, though we do see a pattern in the

examples below.

Example 2.3. Optimal worst efficiency forn =35, 15,25, and p=1,--- ,n—1.

1

n=5
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In each graph the green line is L"(n, p), and the blue line is L°(n, p). (When n =5, the

two lines coincide.) And the yellow point is the largest L"(n, p) as p changes from 1 to

n— 1, and it is also the point where p = p(n) + 1.

In the first and the fourth graphs, the red line represents the smallest efficiency loss with

voluntary participation in [49]. For n =5, it is above L". In fact, one can check that this

domination holds for all n < 5. For n > 5, however, no domination occurs. As showed in

the fourth graph, the OV mechanism does worse when p is much smaller than n, but much

better when p is close to n.
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2.5 Appendix

2.5.1 Lemma 2.6 and its proof

Lemma 2.6. Suppose a symmetric function h : Rf’[l — R satisfies the following functional
equation: for any (xi,xp,+ ,Xx,) € ¥,

Y h(x_) = ilixi,
i i=2

where A; > 0 forall i > 2, then h(z) = 01241+ 02242+ - - -+5n_1z*(n_1)f0rs0me (81, ,0p—1) €
R where (241,242, - »Z4n—1) is a reordering of (21,22, - ,2n) Such that 7,1 > 740 > -+ >

Zx(n—1)-

Proof. We show it by induction. Since

Maxy + A3x3 + -+ Ay = h(x2,x3,+ -, Xn)
+h(xp, X3, ,xp)
+ h(x1,x2, ,Xp—1)
taking x; = --- = x, = 0, we have h(0,0,---,0) = 0. Taking x; >x, =--- =x, =0,
we have h(x1,0,---,0) = 0 £ §1x;. Now suppose h(x1,x2, -+, X, 0, ,0) = 8{x1 + Spxp +
<-4 Oxy for x1 > xp > -+ > x> 0, we show that A(xy,x2, -+, Xg, X410, -+ ,0) = 6]'x +
8)x -+ O x + & g1
Since

Apxp + Asxs + -+ Lxg + A1 xkr = h(x2,x3, -, Xkr1,0,,0)
+ h(xy,x3, -+, Xk 1,0,--+,0)
. ,
+h(x1,x2,- - ,xk,0,---,0)
+(n—k—1)h(x,x0, X, Xgr 1,0, ,0)

It is easy to see that a(x1,x2,- -, Xk, Xk41,0,...,0) = 011 + ;%2 4+ - &/ xx + & | X1
[
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2.5.2 Lemma 2.7 and its proof

Lemma 2.7. The system of linear equations (2.1) of {81,062, -+ ,8,—1} has a solution if and
only if the constraint (2.3) on {a;} holds.

Proof. The system of linear equations (2.1) have n — 1 unknowns and n equations.
We show the “only if” part. According to the first n — 1 equations of the system, we
have

n—2
Op—1 = (—l)nil . H?Li-al + (—1)"72 . (Hli—l— Hl,) ~az + (—1)"73 . (Hli-i— H)'l) -as
P . . . .

2
oo+ (=D A+ M) @z + (—1) - Ay @y
i=1

(2.8)

where A; = "—— il . Note that [T" | A, =6~ 2 =%, 2 =T 2=
According to the last equation of the system, we have 0
6n—l =dp—1 —dpn. (29)

Combining (2.8) and (2.9), we have (2.3).
Now the “if” part is easy to see.

2.5.3 Proof for Proposition 2.2

Proof. (1) Suppose that s*(n, p) > 0, we show that s*(n,p’) >0 for p’ = p—1.
Since s* > 0, we have that ¢ (n, p,s*) > ¢(n, p,0), that is, Cfl’fﬂzs* ‘5"’2 > ZS(%I’,“’2 +
(51;’__12). We show below that ¢ (n,p — 1,5*) > ¢(n,p — 1,0), that is, Cf" 12+2s* %1;1__]2 >

2s(<51f__12 + ‘5;‘_‘22 ). Note that

n—2 n—2 __ p—l—ZS* n—2 p n—2
(gpflJrZs*_(gpfl_n_z_p_25*+1 p+2s*_n_2_p_|_1(gp .
p+2s* 2 ’

> Cpag—Cp

n—2—p—25*—|—1( p+2s )
and
—1
(51;;_—12_’_%11—2 _ p %“‘24- P %n_lz

P2 p—2—p41 7 n—2—(p—1)+1 7~

p+2s” 2 ) '
C)T+E"

n—2—p—2s* —l—l( pfl)
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We are done.
(2) First note that

n—2 n—2 n—2 n—2 n—2 n— n— n—2
(G = € inte 1) T (Cpiaen) = Criagsn) T+ (G5 =€) + (€52 +6)77)

25+ 1

(p(n?p?S) -

_ . X n—2 n—2 n—2
Let 5(n,p) =min{s:s € argmaxse{1,2,~-~,L"*?PJ}(%IH—ZS _(gp—O—Z(s—l))}' Suppose (%), 5 —

%5_2)/2 > ‘5;‘_2 —1—‘55__2, thatis p < 232, then s*(n, p) = 3(n, p); suppose (‘5;‘;22 —%I’}_z)/Z <

‘515"2 +CKI§‘:2, that is, p > "3;5, then s* = 0 or §(n,p). Therefore we have that p(n) >
223 1 =18 Ttis easy to see that p(n) < [4].

[
2.5.4 Proof of Theorem 2.2
2.5.4.1 Optimal mechanism in ./#"”
We first solve the following problem:
p
max Y a (2.10)
{a };l: 11=1
such that
Y ja<p, 0<a,< <apy<a<1;
and (2.3).

For p > [ 5], let s*(n, p) = s*(n,n— p).

Definition 2.5. {;}! , is called the Optimal Budget balanced (OB) solution if:
(1) for p < |31,

al:...:ap_l:17ap+1:...:ap+1+2s*>O7ap+2_‘_25*:...:an:0’

O(n.p,s* )+ 3

O(nps)+E) 3+6 T

ap=1—(1+25")ap1 =

(2) for p > 3],

ay=--=dap-1-2» =1l,ap 20 =--=0ap>0,ap10="--=0a, =0,
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con—2
Kp_l

-2 -2
¢(n7n7pvs*)+%ﬂ;l +%ﬂ;—]

apr1 = (1+25%)(1—ap) =

We write the OB solution as {a? }' ;. Note that the OB solution coincides with the
allocation part of the OV mechanism {af} for p < n—7(p).

Lemma 2.8. {a?}?zl is an optimal solution of the problem (2.10).3
Proof. The very long proof is left in the next section 2.5.4.2. [

Remark 2.4. Since the optimal solution {a?} is the allocation part of the optimal mechanism
in ., we look at it more carefully.

When p < |7/, the OB solution assigns one object to each of the (p — 1) agents with
the highest valuations, and a substantial portion to the agent with the pth highest valuation.
The remaining portion will be distributed to a group of agent immediately behind, and each
receives an equal slice. The size of this “equal-group” depends on p and n.

When p > |5, the OB solution assigns a slight portion to the agent with (p + 1)th
highest valuation, and an equally substantial portion to each agent in a group immediately
before her, and one object to each of the agent before the group. Again the size of the
“equal-group” depends on p and n.

Interestingly, the solution of the p > | 5] case can be constructed directly using the p <
|5 | case: first rank agents from the lowest valuation to the highest valuation and “distribute”
n—p < |5] “null objects” to agents according to the OB solution (Hence agents with the
lower valuations are the ones receiving “null objects”); then assign each agent 1 minus the
portion of the “null object”. Formally, let {b? i, be the OB solution of the problem (2.10)
with p replaced by n — p. Then we have fori =1,--- ,n, af’ =1 —bl‘f+1_i.
allocating p objects as efficiently as possible is equivalent to allocating n — p “null-objects”

Intuitively,

as efficiently as possible.

Mathematically, the above Lemma reduces the original complicated maximization prob-
lem (2.10) to a small one: choosing s to maximize @ (n, p,s). Since 1 + 2s is the size of the
“equal-group”, so by choosing s we are determining the optimal size of the “equal-group”.
We know from Proposition 2.2 that when p(n) < p < n— p(n), s*(n,p) = 0; that is, the

“equal-group” reduces to a singleton.

2.5.4.2 Proof for Lemma 2.8

Proof. We could write an optimal solution as:

31f $*(n, p) is a singleton, then {ag) }*_, is the optimal solution. If $*(n, p) contains more than one elements,
then the optimal solutions all have the same structure and differ only in the size of the “equal-group”.
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((l],(lz,-.. ,an) = (1,17 717al+1,"' ;anfm;(),"' ’0>

with 1 > a;,1 > a,—,;, > 0. Note that [ is the number of agents who get one object; m
is the number of agents who get zero object; and n —m — [ is the number of agents who
get part of an object. We know that [ € {1,2,---,p— 1} (since first best is impossible),

me {1,2,--- ,n— 1} (since zero vector is obviously not an optimal solution) and / +m < n.
Letk=|5].
Casel: p <k.

Step 1: We show that in any optimal solution,) ! , a; = p.

Suppose not, increase a;1,a;12 by &1 and &, respectively, where &, = ;Z—E g <
&41- (Since [ +1 < p <k, we have %11 < %42). We can take &, | small enough so that all
constraints still hold and the value of the objective function increases.

Step 2: We show that ag o = ajy3 =---=a, =0.

Suppose not, consider a,—,, and a,_,,—;. Decrease a,—, and a,_,,—1 by &,—,, and
&€ _m_1, Where &, _,,, = % “E—m—1> E—m—1. (Since n —m > k+2, We have %,_,—1 >
Yo—m-) What we get is still an optimal solution since all the constraints still hold and the
the value of the objective function does not change. However we now have }!' a; < p,
contradicting step 1.

Step 3: We show that n —m — p is odd, that is, the size of the tail group is an odd number.

First we know that a,,1 # 0. Otherwise we will have }' | a; = Zle a; < p, contra-
dicting step 1. Now suppose a, 1 > ap42 > 0 and n—m — p is even. We could decrease
Apit,-** ,an—m €ach by €, p,, increase a, ;11 by &_,,41 and increase a;1,- -+ ,a, each by
gy such that &, = (& m(Yiom =+ Ypr1) — En-mr1Yo-mr1)/(Yp — Y1+ (=1)P'y141).
Note that we can choose &,_,, and &,_,,41 properly so that €, < [&,—m(n—m—p) —&,_pm11]/(p—
[). (Take &1 =0, if €, < &_pn(n —m—p)/(p —1), then we are done; if not, since
€, < 0 1if we take &, ;11 = &, there exists some &, 1 < &, such that 0 < g, <
€—m(n—m—p)/(p—1) by continuity.) Hence the reduction is greater than the increase.
And all the constraints still hold and the objective function increases.

Step 4: We show thata, > a, .

Since d} =ay=---= a;_l =1l,d,=1- %, a;H = % (it is easy to check that
1 < ap), 0 =a, 3+ =a, =0 is a feasible solution, any optimal solution {a;} that

1s different has to increase al’n ,

cannot be achieved if a, = a,, 1 since we then have to increase a

and decrease @} +--- + a;_l by a less or equal margin. This

/
p

Step 5: We show that if [Y—p — Yn—m—1+ - — Vp+2 + Vpt+1]/(n —m — p) < Ypi1, then
n—m—p=1.

/ .
and a D simultaneously.
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Suppose [Yo—m — Yo-m—1+" "= Ypr2+ Vps1]/(n—m—p) <Ppi1,ifapi2 > api3 > >
an—m > 0, we could increase a1 (since a, > ap+1) by €1, decrease a2, ,a,—;, €ach
by &—m, Where &, = Yp+1€p+1/[Ya—m — Ya—m—1 + -+ — Yp+2), and keep all constraints
hold. Now we have that &,_,,- (n—m—p—1) > €,11, that is, reduction is larger than
increase. However we have now Y\ ;a; < p, contradicting step 1; hence we must have
n—m—p=1.

Step 6: We show that if [%,—m — Yn—m—1+ - — Yp+2 + Yp+1]/(n —m— p) > ¥,41, then
n—m—p=1+2s(n,p) for some s'(n, p) € S*(n, p).

Now suppose n—m — p > 1+ 2s'(n, p) for all s'(n,p) € $*(n, p)We could decrease

Ap 1425 (n,p)+1> Dpt 1425 (n,p) 425 ** "> An—m each by &, ,, and increase a, 1, api2, api3, -,
Ap 1425 (n,p) €Ch by €, 1,where €, = {[n—m—p—1-25(n, p)|[Ys-m — Yr—m—1+-+
Yo+1425 (n,p)+2 — Yp—O—l-i—s’(n,p)—}—l]gnfm}/{[l +2S/(nap)] [Yp+l+2s’(n,p) — Vp+1+25(n,p) T = Y2t

Yp+1) }, and keep all constraints hold. Now we have €, - [1+25'(n, p)] < €4m-[n—m—p—
1 —25'(n, p)], that is, reduction is larger than increase. Therefore we have now Y| a; < p,
contradicting step 1; hence we must have n—m— p < 1+2s'(n, p). Using similar argument,
we can conclude that n —m — p > 1+ 2s'(n, p). Therefore we have n—m—p =1+25'(n, p).

Step 7: We show that if [Y—p — Yoem—1 + - — Yp+2 + Yp+1)/(n —m—p) > Y541, and
s'(n,p)=m—m—p—1)/2,thenapi| =ap2 ="+ = Ap4-1425' (n,p)-

7a) First we show that a,2; = ap42541 forall 1 <s <s'(n,p).

If not, we reduce a, 2, by € and reduce a,_,, by €', where € = ¥, 12,6/ V—m < €. We
can make € small enough so that all the constraints still hold and the value of the objective
function does not change. We have now that }_!' ; a; < p, contradicting step 1.

7b) Then we show that ap2 = dp43-++ = dpy145(np)-

Now suppose that @,y 112511 = p 1142542 > Api1125+3 = Ap4 142544 for some § < s'(n, p) —
2, then we could reduce both ap 12511 and apy12512 by €, increase both a,y 142543
and ap142514 by €', where € = [V 110514 — Ypr142503)€ /[ Vo 142502 — Ypr142501] > €
(Note that ¥, 1425+4 — Vp+1425+3 > Yp142542 — Ypt+1425+1 since § < s'(n, p) —2.) All con-
straint still hold and we now have Y\ ; a; < p, contradicting step 1; hence we must have

Ap+2 = Ap+3 - = Ap1 1425 (n,p)-

7c¢) Finally we show that a, 1 = a,».

If apy1 > api2, we could reduce a,q 1 by €,11 and increase a2, -+ ,a,—, €ach by
En—m, Where &, = Vpr1€p11/[Yo—m — Yn—m—1 + - - — Yp+2), and keep all constraints hold.

Now we have that €,_,,- (n—m—p—1) < €p+1, that is, reduction is larger than increase.
Therefore we have now Y7, a; < p, contradicting step 1; Hence we have a, 1 = a, .

Step 8: We show that/ =p—1,ie.a1=a,=---=a, 1 =1.
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Using the results from the above steps, we can write (2.3) as

where C = (Yy—m — Yo—m—1++*— Vps2+ Yp41) and C; = C+ (= 1)P "'y, fori=1,--- , p.
Note that C; < C), for all i < p. And notice we have Zle a; < p.

Suppose I < p— 1. We could increase a;41 by &1 and decrease a,, by €, (since a, > 0)
such that g, = Cé—;l < g41 and Zle a; < p still holds. Now all the constraints still hold and
the objective function increases. Hence we must have a; = --- = a,_1 = 1 in any optimal
solution.

Case2: p > k.

Step 1: We show that Y, a; = p

If I < k—1, the same argument in Step 1 of Case 1 applies. We get ' | a; = p. Now
we assume [ > k— 1.

la) We first show thata,,» =--- =a, =0;and p+1—1/is even.

Suppose a2 > 0. If n—m—1is even, then we decrease both a,,_,, and a,,_,,—1 (note that
[+1 < p) by &,_, and increase a; | by om 1=V o < £, (since Yit1 = Yo—m—1 >

Yi+1

Yn—m) ; if n—m—11s odd, then we decrease a,,_, by €,_,, and increase a; | by 7;’,;’: e <

€—m (since Y11 > Yo—m). All the constraints still hold but the objective function increases.

So we must have a1, =---=a, =0; and if p+1—11is odd, we must also have a,, | = 0.
1b) We then show that p+ 1 — 1 is even.

If for the sake of contradiction p+1—11is odd, since ap1 =api2 =+ =a, =0, we
have Y a, = Zle < p. We first show that a,_1 = ap, ap_3 =a,_2, -+, aj41 = aj42.
Suppose a;_ 1125 > ajyog for some 1 < s < (p—1)/2, then we can increase a;;1, @12, " -,
aj—1425 by €, and increase a; 2, by €' = (Y41 — Y2+ -+ Yi—1425) (25 — 1)€/ Y425, Where
€ is small enough such all the constraints still hold. However the value of the objective
function increases. Contradiction!

Now the budget balanced constraint becomes (Y11 — ¥Yi12)aii1 + (Vo3 — Yiva)aiiz +
ot (Yoot = Yp)ap—1 =Y — Y1 + Y2 — Yi—3 + -+ (= 1)/~ 1. The left side is less than
‘51"_2 — %p”__zz (take a;+1 = aj43 = --- = ap—1 = 1), and less than the right side, which is
%1”:12. Contradiction! Therefore p+ 1 —1 is even.

lc) We now show that }'?' ; @; = p. First note that in any optimal solution we have
ap > ap1, which can be proved using the same argument in Step 5 of Case 1. Suppose

f:] %+1—Y;/;i?r"'—7p £>
€, where ¢ is small enough such that all constraints still hold. But the value of the objective

a; < p, we can increase a; 41, -+ ,dp each by € and increase a,; | by

function increases. Contradiction!
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Step 2: We finish the proof for case 2 by showing that solving for some p > k is essen-
tially the same as solving for n — p.

Let b; = 1 —a, 41—, our problem can be written as

Max(p, p, .. b3 (b1 +b2 4 +by_p) (2.12)

S.t.

’Ylbn_'}@bnfl +- (_l)n_lynbl =0

Note that %, = 1, ¥»—1 = 5, - - - ; the budget constraint can be written as

Nbi = br+ -+ (=1)" by =0

Now we have the same problem as in Case 1 since n — p < k. This symmetry comes
from the fact that if we are going to allocate p objects as efficient as possible, it is the
same as allocating n — p “non-objects” as efficient as possible. And notice we must show
Y' a; = p in both cases to conclude that the two cases are essentially the same. Suppose
(by,by,- -+ ,by,) is an optimal solution as described in Case 1 for the problem (2.12), then
(1—by,1 —by_1,--+,1—0>by) is an optimal solution of the original problem (2.10).

]
2.5.4.3 When voluntary participation holds
Now we look at the problem with voluntary participation:
p
max Y a (2.13)

{arh:{a}) 1=
such that

and (2.1), (2.7).
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Proposition 2.4. OB solution is part of a feasible solution to the problem (2.13) if and only
if p<n—p(n).

Proof. Let {8} be the solution of (2.1) for {a;} = {a?}. We only need to show that Y §, >
Oforallk=1,2,---,n—1 does not hold if p > n— p(n).

According to (2.1), we have &) = -+ =8, _yp(p) =0,8p12="+-= 8, =0; and (§
are of the signs (+,—,+,—,---,+,—,+,+). And

1820+ ()| < 16p 120 (p) | <822 (py| <+ <|Bp| < [Bpt1]-

Since |8, _o(p)| < |8p41—2r(p)|s We know that Y& >0forallk=1,2,---,n—1 does
not hold.
[

2.5.4.4 Optimal voluntary mechanism for p > n— p(n).

We show that for p > p(n), the OV mechanism (solution) is an optimal solution for the
problem (2.13).

We first prove the following lemma.

Lemma 2.9. For p > p(n), there exists an optimal solution {ay,--- ,a,;61, -+ ,0p—1} Of
problem (2.13) such that apy> = a,13 =---=a, =0, and Opyo = 6y 3 =--- = 6,1 =0.

Proof. If p =n— 1, then the statement holds obviously. Now assume p < n— 1. Suppose
we have an optimal solution {a;}, where j = max{i:a; >0} > p+2. Then we reduce both
aj_1 and a; by €;_1 and &; respectively, with €; =a; and €;_| = %ej < g;. Then all the
constraints of problem (2.10) still hold and the value of objective function remains the same.
We check that VP constraint (2.7) still holds. Since ay,---,a;_» remain the same, so does
02,-+,8;_5. And 0j41,--,8,—1 also remain to be 0. We only need to pay attention to the

changes of 4;_; and §; . Since

(J=2)8j2+(n—j+1)8;1=(—2)(aj2—aj1)
=181+ (n=))8=(—-1Dlaj1-a))
Joj = jaj
it is easy to see that 1) §; decreases by €; = a; and becomes zero; 2) §;_; increases.
Since VP constraint (2.7) holds originally, it still holds under such changes of §; and J;_.

Hence we get another optimal solution in which a; = 0. We can use the same trick to reduce

all a2, apy3, -+, aj1 to zero and get an optimal solution as required. 0

p—2*(p) """ »0p, Opt1.
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By the above Lemma, it is enough to show that the truncated OV solution, which is

({a;’}fill A6 fill ), is an optimal solution for the following truncated problem:

max (ar+ar+---+ap)
(611702,"' 7a[7+1;817627"' 76p7517+1)

S.t.

g
+
—~
S
|
\S]
N—
I
—
2
|
)

[\
~—

p&+(n—p—1)-8r1=p-(ap—ap1)
(p+1)-6pp1=(p+1) app1
6 >0
01+86>0
01+0+03>0

O+ 0+ +0p41>0

We rewrite the problem:
Let

(2.14)
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f & 100 --- 00 &
) 0+ & 110 --- 00 &
13 B O+ 03+ O B 111 - 00 04
th—1 O+6+-+06, r1r1-- 10 Op
| 1 ] _52+63+---+5,,+6p+1_ EER N RN N _3p+1_
and
(x|l [a—-a]l [t =1 0 0 0 [ a ]
% a) —das 0 1 -1 -+ 0 0 aj
% asz —day 0 0 1 - 0 0 as
= ap—apii 00 0 - 1 —1| | a
% | apr | {00 0 - 0 1| |ap
Hence
_ p
Cll+az+~~+ap—x1+X2+~-~+xp+mxp+1
and

ajtay+--+ap+ap1 =x1+x2+ - +Xp +Xpy1.

First we take care of the constraint 0 < ap, 1 <a, < --- < ay < 1, which can be written
as the following:

1 0 0 0O O aj 1
-1 1 0 0O O a 0
0o -1 1 0O O as 0
) . <
: 0 0 :
0O 0 O -1 1 ap 0
0O 0 O 0 -1 Apt1 0

This is equivalent to
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(1 0 0 o o [1 =1 o0
1 1 0 o o [0 1 -1
0 —1 1 o o] [0 o 1
: 0 O :
0 0 0 1 1] o 0o o
0 0 0 o —1| [0 0o o0
That is

(111 1 1]

1 0 0 - 0 0

0 -1 0 0 0

0O o0 0 0 -1 0
0 0 0 0 0 -1

Next we take care of the BB constraint:

Since
(=2 0 0 0 0
2 n=3 0 0 0
0 3 n—4 ... 0 0
0 0 0 p n—p—1
0 0 0 0 p+l
we have
(=2 0 0 0 o | [1 00
2 n-=3 0 0 0 110
0 3 n—4 0 0 111
0 0 0 p n—p—1 1 11
0 0 0 0 p+1 111

IN

- ol oy M

Xp

S|

Xp+1
| p+1

X1
X2

X3

[Xp+1]

IN

X1
X2

X3

[ Xp+1]
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That is

-2 0 0 0 0 0 0 S
1 X1
5-n n—=3 0 0 0 0 0
5] p)
-3 7—-n n—4 0 0 0 0
13 X3
0 —4 9—n n-5 0 0 0 =
; : : : : : : o
O 0 0 0 - —p 2ptl-n n—p—1 ”tl *p
X
0 0 0 0 - 0 —(p+1) p+1 | LI L
(2.15)
Therefore, our problem (2.14) can be written as the following:
max (X1 +x2 4 X+ —L—xpi1) (2.16)
(tl 7t27“'7t]7;x1 7x27'“7x[7+1) p+ 1
S.t.
th()a VJZI,,p
x; >0, Vi=1,---,p+1
Xitx++xp+xp01 < p
XG4 <
and (2.15).

Note that the feasible solution of this problem which corresponds to the OV solution of
the problem (2.13) is the following:

0_..._,0 _p
X ==X, 2=
o _plp—1)n—-p) o 2p(n—p), o _ pp+1)(n—p)
T T ) ’xp_p[l_m]’xp“_ nn—1) - (2.17)
o 0 _n~no0 _pp=1) 4 pn-1)
==t =00 = nn—1) = nn—1)

Let A = [Al, AZ} , where
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0 0 0 0 0 | 0 0
0 0 0 0 0 | 0 0
n—2 0 0 0 0 | 0 0
5—n n—-3 0 0 0 | 0 0
1 -3 7—-n n—4 0 0 | 0 0
A=
0 -4 9-—n n->5 0 | 0 0
s |
0 0 0 0 2p—1—-n | n—p 0
0 0 0 0 —p | 2p+1—n n—p—1
| 0 0 0 0 0 | —(p+1) p+1
11 1 11 1]
1 1 1 1 1
13 3 I -
-1 0 O | 0 0 0
o -1 0 - | 0 0 0
A2=|0 O -1 -~ | 0O 0 ©
. 3 . | :
0O O O | -1 0 0
0O 0 O | 0 -1 0
|0 0 O | 0 0 —1]
T
b:[p 100 0 0]
» 17
c:[oo---0011..-11m].
We can write the dual problem as
. T
min b’ -y (2.18)

y:(yl V250t 7y[7+3)
S.t.

yT‘AZcT

1 Zoa)’ZZO
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Now we show that (2.17) is an optimal solution of the original problem (2.16) by duality
theorem. That is, we will ﬁnd a feasible vector y of the dual problem (2.18) such that
bl y=x{+xy - 429 PRETEE p+1
Since tg l,tg, g X g, g +1 > 0, by the Complementary Slackness Theorem, if such a'y
exists, we must have

yT ’ (Al(pfl)7A1p7A2(p71)aA2p7A2p+1> = (cr(rp_l)7cgacr(r2p_1)7c§pvcgp+l7)7

where My, is the kth column of the matrix M, for M = A! A2 cT.

That is
0 0 n—p 2p+1—n —(p+1)] [y ] [o0]
0 O 0 n—p—1 p+1 h) 0
1
1 pTl —1 0 O . yp+1 = 1
1 % 0 -1 0 Ypi2 1
L= S 0 —1 | D] [
Solving it we get i i
_ . n—
Y1 n
p(pn—l)
y2 n—1
_pr
Yp+1| = n(n—1)
__n=p_
Yp+2 ( n(n)—(l) )
n—p—1)(n—p
_Yp—|—3_ | (p+D)n(n—1) |
Now we check that b? -y = x9 +x9 -+ PRETaE p+1 That is,
p_o _pin—p) plp-1)
PYI+YZ—XI+ + + _,_1 p+1 n + n—l :

The remaining work is to show that the above (y; V2.V p+1:Yp+2.Yp+3) 18 part of a feasible
solution of the problem (2.18). Since y;,y> > 0, we only need to show that given the value
of Y1,¥2,Yp+1,Yp+2:Yp+3 yTA > ¢7 has a feasible solution. That is
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y3 yit+y2—1
V4 )’14‘%_1
ys 1
< y1+py%5—1 ,
Yp—2 yl"‘l%_l
Yp—1 it -1
| Yp | _y1+[%—#_
and
(n—2 0 0 0 0 0 0 i
- -7 |5—n n—=3 0 0 0 0 0
Y3 3 T7-n n—4 0 0 0 0
4 0 —4 9-n n-5 0 0 0
s : . .
Vo2 0 0 0 0 2p—5—n n—p+2 0
O 0 0 0 —(p=2) 2p-3-n n—p+1
Yool o 0 0 0 0 (p—1) 2p—1-n
L P ] O 0 0 0 0 0 —p
Lo 0 0 o0 0 0 0 |
- 0 - T
0
> 0
0
(p_1>yp+l
| PYp+2 — (2p—1 _n)yP—H_
Lety3:y4:---:yp,3:y1+py725—1.Notethatsinceyl—i-y;z:landyl,y2>0,we

haveyi +y; —1>y;+53 —1>--- >y +py%5—1 > 0. We only need to find y,—2,y—1,¥p
such that

Yp-2 yrl—%—l
Yp-t| S| i+l
Y2 _p

Yp Vit 55~ 500
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and

(n=p+2)yp4+2p—=3-—n)y, 3+(—=p+1)yp2>(p—1)yps1

(n=p+ 1)y, 3+Q2p—1=n)y, 2+ (=p)yp-1 = pypr2—2p—1—n)y,

Taking y, <<y,—1 << yp—2 << 0, the above inequality system is satisfied.
Hence (y1,y2,Yp+1,Yp+2.Yp+3) is part of a feasible solution. The proof is completed.



Chapter 3

Group selection under single-peaked
preference: a mechanism design
approach

3.1 Introduction

Human beings are social animals, yet to varying degrees: some more gregarious, some more
solitary. It is therefore no surprise that they have different ideas about the optimal group size
when sharing a facility or taking a common task. Our paper is about how to select the group
among people with different preferences over group size.

This issue of selecting a group is barely new in real life; however, the current literature
on group formation focus mainly on the strategic interactions among agents and the decen-
tralized formation of coalitions.! Our paper takes a mechanism design approach, which has
been successfully adopted in matching and school choice, and works in a novel setting that

2 in which a set

is becoming increasingly relevant with the rise of the “open source project
of volunteers are attracted to contribute. One remarkable example is the “Wikiproject™ of
Wikipedia, that is, a group of contributors who work together as a team to assess articles’
importance and quality in a specific topic area. Having a group assembling mechanism that
takes the size preference seriously is of special importance.

In general, when people share a facility, such as students sharing a study room, guests

ISee [11] for a recent survey, see [22] for more exhaustive surveys and see [60] for a recent monograph on
coalition formation.

2See https://en.wikipedia.org/wiki/Open-source_movement for more information. Prime examples of
open-source products include Mozilla Firefox, Google Chromium, Android.

3See https://en.wikipedia.org/wiki/WikiProject for more information.
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sharing a swimming pool, size effect mainly comes from two sources: comradeship effect
on the positive side, congestion effect on the negative side. The trade-off is the same for
everyone; the optimum differs. When people take a shared task, such as volunteers devel-
oping a software, coauthors working on a joint paper, an additional source of size effect
appears: individual contribution and individual cost. Both decrease as the group grows and
again the balance differs. Though identities of companions often matter, size effect may
dominate in situations when agents in the group do not interact with others much, or when
cooperation and interaction happen among strangers, which becomes common in societies
more and more connected by smart-phones.

The above situations share the following formal structure: a group is to be selected
among a set NV of agents; each agent i € N has strict preference R; over the size of the group
if i is a member of the group, and over the “stand-outside” option. We say that i is in a group
of size zero in the latter case. Furthermore preferences are assumed to be single-peaked over
the set S = {0,1,--- ,n} of sizes.*

We impose three standard designing constraints on group selection mechanisms. First,
efficiency, i.e., the allocation can not be Pareto improved for each preference profile. Sec-
ond, individual rationality, also known as voluntary participation, acknowledging the fact
that agents cannot be forced to stay in the group. Third, the mechanisms must be robust to
manipulations: we require strategy-proof mechanisms.’

In our model, these three criteria are compatible: two classes of desirable (direct) mech-
anisms are proposed, each with additional nice properties.

In the “Proposing in turn” mechanism, agents are ordered in a queue to make choices
one by one. Observing the current group size, which is determined by the agents before
her, an agent either walks away or joins the group; if she joins the group, she either ends
the process (hence excluding all agents behind her), or continues and waits for new agents
to join. The mechanism makes sure that the final group size does not exceed her peak. For
instance, the first agent joins the group with peak 4, the second agent joins the group with
peak 3, the third agent walks away, and the fourth agent joins with a peak larger than 3 (the
specific number is irrelevant), then the process ends.

Our first result reads as follows: the “proposing in turn” mechanism is efficient, individ-
ually rational and group-strategyproof; conversely, if we generalize the mechanism slightly
by allowing for more complicated priority, in which agents could have different successors

depending on whether or not she joins the group, then the generalized class is characterized

4See [4, 12, 45] for single-peaked preferences over the group size. However, size 0, which did not appear
in their papers, plays an important role in ours. See appendix for more discussions.

5See [48] and [5] for general introductions to the axioms. For applications on specific settings, see [1],
[61], [3], [44], [39], [43], [52] etc.
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by efficiency, individual rationality and group strategy-proofness.

The mechanism can also be interpreted as follows: starting with the grand coalition and
following the priority, each agent has the power to either maintain or shrink the current group
size. Therefore the resulting group size may be much smaller than the maximum group size
compatible with individual rationality, which is a legitimate concern in many situations. Our
second mechanism, though more complicated, brings us closer to the maximum group size.

To describe this “Voting on ascending-size” mechanism, we start with an intuitive yet
flawed procedure, and revise it only later. The intuitive procedure mimics the usual ascend-
ing auction, in which agents “bid” on group size. In each round k (k > 1), agents are asked
to vote on group size k and only agents who say “yes” continue to vote in any future rounds.
If the number g; of agents who vote “yes” is strictly larger than &, round k + 1 begins; oth-
erwise the procedure stops and the final outcome is the following: if g; = k, then a group
with size k forms, containing all the g, agents who vote “yes” to size k; if g; < k, then a
group with size kK — 1 forms, selecting among the g;_(note that g;_; > k — 1) agents who
vote “yes” to size k — 1 by a fixed ordering o of agents.

If agents say “yes” to size k when size k is preferred to size 0, the above procedure will
lead to a group with the maximum group size. The problem is that agents have incentive to
misreport, which can be easily illustrated by an example with two agents. Suppose there are
two agents {a,b} and 6 = (a,b). Suppose both agents vote “yes” in round 1. In round 2,
if both vote “yes” for group size 2, then {a,b} is the final group; otherwise {a} is the final
group. When size 1 is better than size 2, agent a will vote “no” for size 2 even if she prefers
size 2 to size 0.

Our “voting on ascending-size” mechanism offers the right incentive by ending the “auc-
tion” earlier in certain situations. In each round k, agents are asked to vote for size k, and
then to compare size k — 1 to size k. Eve if g; > k, a group of size k — 1 will form when a
coalition of agents preferring size k — 1 to size k can collectively misreport at round k (vote
“no” to size k instead of the true answer “yes”) and join a size k — 1 group; otherwise a
group of size k will form if g; = k, and round k + 1 will start if g; > k.

In the above two agents example, whenever a can benefit by voting “no” to size 2 instead
of her honest answer “yes”, she can get the same benefit by truthfully answering the two
questions (vote “yes” for size 2 and then say size 1 is preferred to size 2); thus the incentive
problem in the original procedure is removed. This is not an accident, but a key feature
of the mechanism that provides agents with the right incentive. The reader will find in
the paper a more detailed description of the incentive problem, which becomes thornier
as the number of agents increases, and will have a better understanding of this particular

design (say, why consider a coalition?), whose validity relies crucially on the single-peaked
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preference assumption. The mechanism is efficient, individually rational, and weakly group
strategy-proof; it enlarges the group size in each round and guarantees at least one-half of
the maximum group size.

The remaining paper is organized as follows. We end the introduction by a literature
review. In section 3.2 we introduce the setting and the main criteria for group selection
mechanisms. In section 3.3 we first describe the “proposing in turn” mechanism and show
that it is efficient, strategy-proof and individually rational; then we generalize the priority,
define the proposing mechanism associated with a priority tree, and characterize the mech-
anism by group strategy-proofness. Section 3.4 focuses on the “voting on ascending-size”
mechanism: we first show that it is efficient, strategy-proof and individually rational, and
then discuss its properties on group size. Section 3.5 concludes. The appendix contains a

discussion on extensions of preference domain and all omitted proofs.

3.1.1 Relation to the literature

Our paper is related to [35] and [45]. In all three paper, a club (group) is to be formed
among a set of agents, and agents care about the club size. The difference is, in their
paper an alternative consumed collectively by the club has to be decided along with the
membership, while in our paper we assume hedonic club® and focus solely on the effect of
club size. In [35], agents have single-peaked preference over the alternatives (position on
an interval); the size effect is assumed to be either pure “cost-sharing" (larger size is always
preferred to smaller size), or pure congestion (smaller size is always preferred to larger
size), or that there exists common optimal size among agents. A fundamental result is that
in all three cases efficient and strategy-proof mechanisms must fix the club size and not
allow it to vary with agents’ preferences; and if there is heterogeneity in agents’ preference
over the optimal size, then only dictatorial mechanisms satisfy strategy-proofness, Pareto
efficiency and outsider independence (a partial non-bossiness condition). In [45], agents
have arbitrary preference over the alternatives, and for each alternative, they always prefer
the set of users becomes larger. They show that no efficient and stable (no agents can be
forced to be a user and no agent who wants to be a user can be excluded) mechanisms
can be Nash-implemented, and propose instead a two-stage sequential mechanism whose
unique sub-game perfect equilibrium outcome is efficient and stable. Our paper, on the

contrary, yields positive results by looking solely at the effect of group size and assuming

5We borrow the term “hedonic” from the literature on “hedonic games”, see [12] for the definition. Just as
hedonic game is a hedonic reduction of more general cooperative games, in which an alternative is consumed
by each coalition, our setting is a hedonic reduction of the more general one-club formation problem discussed
in these two paper.



3.2 Setting 45

single-peaked preferences over sizes.

Our paper is also related to [20], in which they propose an ascending auction-like mech-
anism for selecting the club and sharing among the club members the cost of the club good.
If we fix the cost sharing mechanism to be the average cost sharing mechanism and do not
allow money transfer among agents, then the preferences of agents can be described as over
group sizes, and their mechanism reduces to a group selection mechanism (see appendix for
more discussions). Though largely complicated by the potential manipulations induced by
tie-breaking, our “voting on ascending size” mechanism is partly inspired by their auction-
like mechanism and still bears similar spirit.

It is interesting to note that although single-peaked preference is essential for our positive
results, the way it works is quite novel. As a result, our mechanisms are very different
from the well known mechanisms associated with single-peaked preferences. That is, the
generalized median voting mechanism and its variations in the public choice setting (see
[47], [6], [7], etc.) and the uniform mechanism in the private goods division setting (see
[62], [18], [39]). A recent paper by [52] treated a general collective decision problem where
preferences are single-peaked over one-dimensional allocation space, including the above
two settings as two special cases. The mechanism proposed there equalizes in the leximin
sense individual gains from an arbitrary benchmark allocation. Again our mechanisms work
differently. Since our setting is neither purely public nor purely private, our results further

confirm the salience of single-peaked preferences in strategy-proof mechanism design.’

3.2 Setting

Given a set of agents N, with |[N| =n > 2, a subset G of N will be selected. If agent i belongs
to G, i is in a group of size |G|. If agent i does not belong to G, for convenience we say that
i is in a group of size zero. Each agent only cares about the size of the group she belongs
to and the preference over sizes is strict. That is, the preference R; of agent i is a reflexive,
transitive, complete and anti-symmetric binary relation® over the set S = {0, 1,--- ,n}. The
associated strict relation is denoted by P;; we write kPl if kR;l and k # I. Let R = {R;}ien
be a preference profile; R_; be a preference profile of all the agents except for i; and for any
M C N, let Ry be a preference profile of all agents in M, and R_j; be a preference profile
for all the agents in N\M. let % be the set of all preference profiles.

For each R;, denote by T'(R;) the upper contour set of size zero, i.e., T(R;) = {k € S:

7For the salience of single-peaked preferences in public choice setting, see [16], [17].
8Reflexive: for all k € S, kR;k; transitive: for all k,l,h € S, kR;l and [R;h imply kR;h; complete: for all
k,l € S, kR;l or IR;k; and anti-symmetric: for all k,l € S, kR;l and [R;k imply k = [.
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kR;0}; denote by #(R;) the largest element in T'(R;), i.e. the largest size that is not worse
than size zero; denote by p(R;) the most preferred group size. A preference R; is single
peaked if for any k,l € S, k <1 < p(R;) implies [Pk, and k > [ > p(R;) implies [P;k. Note
that for any single-peaked preference R;, T'(R;) is a integer interval, i.e, T(R;) = {0,--- ,k}
for some k = ¢(R;) > 0. Let & be the set of all preference profiles {R;};cy such that R; is
single-peaked for each i.

A group selection (direct) mechanism f is a set-valued functional f : Z — 2V, where
X C U is the set of all admissible preference profiles. Note that f(R) = {0} is allowed.’
We write f;(R) =0ifi ¢ f(R), and f;(R) =|f(R)| if i € f(R). Unless stated otherwise, we
take Z = Z.

Definition 3.1. (Efficiency)

A group selection mechanism f is efficient (Eff) if for any R, there dose not exist G C N
such that G as a chosen group Pareto dominates f(R), i.e., for all i € G, |G|R;f;(R), for all
i ¢ G, OR;fi(R), and for some j € G, |G|P;f;(R) or for some j ¢ G, OP;f;(R).

Definition 3.2. (Individual rationality)
A group selection mechanism f is individually rational (IR) if for all R, i € N, f;(R)R,0.

Definition 3.3. (Strategy-proofness)
A group selection mechanism f is strategy-proof (SP) if forall R, i € N, and R}, fi(R)R; f;(R},R_;).

We present below two simple priority mechanisms; each fails a criterion.
Let X(N) be the set of permutations of N, and ¢ = (01, -+, 0,) € L(N) be a permutation
(ordering) of agents, in which o; is the ith ranked agent.

Example 3.1. (A priority mechanism)
Fix an ordering o of agents. For each R, if OR;1 for all i, then f(R) = {0}; otherwise
f(R) = oy, where oy is the first agent preferring size 1 to size 0 in the ordering ©.

This mechanism is SP, IR, but not Eff, since it ignores any benefit agents may get from

accompanying each other.

Example 3.2. (Another priority mechanism)

Fix an ordering o of agents. For each R, if OR;1 for all i, then f(R) = {0}; otherwise
let o) be the first agent preferring size 1 to size O in the ordering . let p* = p(Rg,). If
p*>n—k+1,then f(R) = {0s}s>k. If p* <n—k+1, select the first p* agents who prefer

9f(R) = {0} iff T(R;) = {0} for each i. If a task has to been done, i.e., f(R) cannot be {0}, and agents are
symmetric in the sense that the set of admissible preference is the same for each agent, then we can model the
situation simply by getting rid of all preference profiles in which 7'(R;) = {0} for some i.
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size p* to size 0 by the priority o; if there are less than p* agents who prefer size p* to size 0,

select the remaining agents to be forced into the group by the priority (c;,0,_1,---,01).1°

This mechanism is the usual serial dictatorship, in which agents, one by one in the
priority list, are guaranteed their most preferred outcome that is still available. It is Eff, SP,
but not IR.

From now on we only consider group selection mechanisms that are individually ratio-
nal. Hence it is enough for us to focus on 7'(R;) (the upper contour set of size zero) and
single-peaked preferences over T'(R;). We use an ordered list of sizes in T(R;), such as
(3,2,0), to indicate a preferences from better to worse; in particular, (0) represents a (class
of) preference R; such that T'(R;) = {0}.

3.3 “Proposing in turn”

We start with the two agents case and check the restrictions Eff, SP and IR impose on group

selection mechanisms.

Example 3.3. (Eff, SP and IR mechanisms for n = 2)

Let N = {a,b}; let f be an Eff, SP and IR mechanism. We first figure out how f behaves
in the following preference profiles.

(1) R, = (1,0), R, = (1,0)

(2) Ry = (1,0). Ry = (1,2,0)

(3) R, = (1,2,0), R, = (1,2,0)

(4) R, = (1,2,0), R, = (2,1,0)
5) R, = (2,1,0), R, = (1,2,0)

We use R to represent the preference profile (k). First by Eff and IR, f(R(")) = {a} or
F(RMY = {b}. Assume f(R()) = {a}. Then by SP, f(R?)) # {b}; by IR, f(R?)) # {a,b};
and by Eff, f(R?)) # {0}. Hence f(R®) = {a}. Then by SP, f(R(®)) = {a} Again by SP,
F(R®) # {b} and f(R®) # {a,b}; and by Eff f(R<4 ) # {0}. Hence f(R") = {a}. Then
by SP, f(R') # {b}. By Eff, f(R®)) # {a} and f(R®)) # {0}. Hence f(R®) = {a,b}.

100 be precise, for each I > k, 0; € f(R) iff (1) p*Rs,0 and |{s € {k,---,1} : p*R5,0}| < p*, or (2) ORg, p*
and p* — |{s € {k,---,1} : p"Rs,0}| > n—1+1.
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It is easy now to describe f fully:

.

{a} (i)p(Ra) = lor (ii)p(Ra) =2&0Ry2;
{a,b} p(R,) =2&2R;0;

{b} R, = (0) & 1R,0;

\{0} Ra - Rb - <0>

Note first that f does not satisfy “free entry”.!! In fact, for each R, any group with a size
less than m*(R) := max{m € S : [{i € N : mR,0}| > m} does not satisfy free entry. On the
other hand, any group with a size larger than m*(R) must violate IR; therefore we call m*
the maximum group size compatible with individual rationality.

Note also that agent a has all the privilege restricted only by the individual rationality of
agent b. If we change the role of agents a and b, that is, assume f(R') = {b} in the above
example, we get another mechanism in which agent b has all the privilege. These are all the
direct mechanisms that are Eff, SP and IR for n = 2. For arbitrary n, we propose below a
class of mechanisms that satisfies Eff, SP, and IR, and is very easy to understand.

3.3.1 “Proposing in turn”

Definition 3.4. (“proposing in turn” mechanism)

Fix an ordering o of agent. For any announced preference profile R, we find the group
as follows:

In each step 1 < k < n, if the algorithm has not yet ended, according to the announced
R;, agent i = oy joins the group (J) if the size of the current group after her join is preferred
to size zero, or walks away (W) otherwise; if she joins, then she ends the process (E) if the
size of the current group after her join is no less than her peak, or continues the process (C)
otherwise. The algorithm ends when one of the following cases happens:

Case (1): an agent chooses “J and E”;

Case (i1): the number of the agents choosing “J and C” equals the minimum of the the
peaks of all the agents choosing J ;

Case (iii): all agents have made their choices.

Proposition 3.1. For any ordering o, the “proposing in turn” mechanism y° is Pareto

efficiency, individually rational, and strategy proof.

Free entry means that agents can join the group freely. Hence a group selection mechanism satisfying free
entry has the property that agents outside the final group always like to stay outside than to join the group. The
stability concept in [45] is equivalent to individual rationality plus free entry. Hence the n = 2 case shows that
in our setting stability is incompatible with efficiency and strategy-proofness.
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Proof. Individual rationality is easy to see since (1) an agent walks away if the size of the
current group after her join is worse than size zero and (2) the final size of the group will
not exceed her peak if she joins the group.

Now we show Pareto efficiency. Suppose an agent is selected into the original group,
then any other outcome in which she is not selected is worse for her. Hence we only need to
consider outcomes that contain the original selected group. Suppose the process ends under
either Case (i) or Case (ii), then enlarging the group is either impossible or will hurt someone
originally selected; suppose the process ends under case (iii), then enlarging the group is
either impossible, or will hurt someone that is added to the original group. Therefore no
Pareto improvement is possible.

Now we show strategy-proof. Suppose for the sake of contradiction there exists R;, R!
and R_; such that w2 (R/,R_;)P;y? (R;,R_;). Since y? (R;,R_;)Py? (R;,R_;), we have that
v (R,R_;) = |y°(R,,R_;)| > 0. Consider the following cases:

Case (1). Suppose |9°(R!,R_;)| < p(R}).

If p(Ri) > [¢°(Ri;R—)|, then W7 (R;,R—;) = W7 (Ri,R—); if p(Ri) <[9°(R},R-i)| <
p(R.), then WP (R;,R_;) = p(R;).

Case (2). Suppose p(R') <|¢°(R},R_;)| <1(R}).

If p(Ri) <19 (Ri,R—i)| <1(R;), then w7 (R}, R—;) = W7 (Ri,R—;): if 1(R;) <[9 (Ri,R—i),
then y? (R;,R_;) = 0; if p(R;) > |¢°(R},R_;)|, then yZ (R},R_;) < WP (R;,R_;) < p(R;).

There is no case in which yZ(R},R_;)P,y? (R;,R_;). Contradiction! O

Remark 3.1. Note that for any R;, R} such that #(R;) = ¢(R}) and p(R;) = p(R}), for any
R_;, we have y°(R;,R_;) = w°(R!,R_;). That is, the information needed to carry out the
mechanism is p(R;) and ¢(R;) for each R;.

3.3.2 Generalizing the priority

In the “proposing in turn” mechanism the priority of agents is specified by a fixed ordering,
or say, a queue. It is easy to generalize the priority queue into a priority tree, in which
agents may have different successors depending on whether she is in or out of the group,
and run the mechanism based on the priority tree. The structure of a priority tree for n = 4
is illustrated in the following example.

Example 3.4. (a priority tree for N = {a,b,c,d})
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in out

bd

Each node has two child nodes except the terminal nodes. And each node is labeled by
an agent, which gives messages of who is going to choose at a particular stage. Arcs are
labeled either "in" or "out", which together with the labels of the nodes, give a way to track
the history and decide what the current stage is.

The formal definition provides a precise description of the tree structure illustrated

above.!2

Definition 3.5. (Priority tree)

A priority tree T = (V,Q;.L, ) is a rooted tree with labels, where V is the set of
vertices, and Q C V x V is the set of arcs: if (v;,vj) € Q for v;,v; € V, then there is an arc
from v; to vj; foreach v € V, Z(v) is the label of v, and for each (v;,v;) € Q, 5 (v;,v;) is the

.
j=1°

label of (v;,v;). A Q-path from vy, to vy, is a sequence {vs;}’;_;, where r > 2, such that for
all j=1,---,r—1, (vsj,vsjﬂ) € Q. The length of a Q-path is the number of the connecting
arcs. Since I'is arooted tree, Q is acyclic: if there is a Q-path from v; to v;, then (v;,v;) ¢ O,
i.e., there are no cycles. Furthermore, for all v;,v; € V, there is at most one Q-path from v;
to v;. Thus, if {vy;}’_, is a Q-path, the distance of vs, from vy, is unambiguously defined
by the length of the Q-path: d(vy,,vs,) = r— 1. Finally I" has a unique root v; € V, that s,
vy is the only vertex such that there is no v € V with (v,v;) € Q.

The following properties define the structure and dimensions of the priority tree:

(A.1) max,cy d(vy,v) =n—1.

(A.2) The number of arcs starting from vy is 2.

(A.3) For all v € V such that there is a Q-path from v; to v, with d(v;,v) =r <n—1, the
number of arcs starting from v is 2.

The following properties concern the labeling of vertices:

(B.1) All vertices are labeled by agents: forallv € V, Z(v) € N.

12The language used in the definition is borrowed from [56], to which we are very grateful. Since our
problem is quite different from the assignment problem studied there, our priority tree differs in many aspect
with the inheritance trees defined there.
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(B.2) Every vertex of a Q-path represents a different agent: for all v;,v; € V such that
there is a Q-path from v; to v;, we have .2 (v;) # £ (v;).

The following properties concerns the labeling of arcs:

(C.1) All arcs are labeled either “in” or “out”: for all (v;,v;) € Q, H(v;,v;) € {in,out}.

(C.2) For any vertex that starts two arcs, one arc is labeled “in”, the other is labeled
“out”: forall v;,v;,v; € V such that (v;,v;) € Qand (v;,v;) € Q and j # [, we have ¢ (v;,v;) U
A (vi,vy) = {in,out}

Let .7 be the set of priority trees. Then for each priority tree I', a proposing mechanism
associated with I" can be thought of as carrying on a “proposing in turn” mechanism along
a particular path of I'. In the above example, if agent a chooses W, then agent c is the next
to make choice; if agent ¢ chooses “J and C”, then agent d is the next to act, etc.

In general, we say that a group selection mechanism f is a proposing mechanism if there
exists I' € .7 such that f is the proposing mechanism associated with I". In this case we will
also say that I' is an underlying priority tree for f. The formal definition of the proposing
mechanism is given below.

For any vertex v; that starts two arcs, we use 7?
(vi,vj) € Qand S (v;,v;) =in, and V;oU o represent the vertex v; such that (vi,v;) € Q and
HC(vi,v) = out.

in to represent the vertex v ;j such that

Definition 3.6. (proposing mechanism associated with priority tree I")

Given a priority tree I

Step 1: denote the peak of agent 01 = .Z(vy) by p;. If p; =0, let G| =0, w; = v; and
move to step 2(a); if p; = 1, the algorithm ends and the final outcome is {oy }; if p; > 1, let
Gy = {01}, wi =v; and move to step 2(b).

Step k(a): denote the peak of agent o, = X(m"“’) by pi. If pr < |Gyg_1]+ 1, then
check whether she prefers |G_1| 4 1 to 0, if yes, the algorithm ends and the final outcome
is Gy_1 U{or}, if no, let G, = Gy, wi = Wi and move to step (k+1)(a); If min{p; :
J € Gr_1U{0or}} =|Gr_1|+ 1, the algorithm ends and the final outcome is Gy U {0y }; If
min{p;: j € Gr_1U{0k}} > |Gr_1]| + 1, let Gy = Gy U {0k}, wi = W19 and move to
step (k+1)(b).

Step k(b): denote the peak of agent o) = Z(we_i™) by px. If px < |Gi_1| + 1, then
check whether she prefers |Gy_;|+ 1 to 0, if yes, the algorithm ends and the final outcome
is Gy_1 U{oy}, if no, let Gy, = Gy_1, wy = W1 and move to step (k+1)(a); If min{p; :
J € Gr_1U{0or}} =|Gr_1|+ 1, the algorithm ends and the final outcome is Gy U {0y }; If
min{p;: j € Gy_1 U{0ok}} > |Gi—1|+ 1, let Gy = Gy—1 U {0k}, wi = we_i™ and move to
step (k+1)(b).
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Step n: check whether agent o, = 2 (w,_i") (note that £ (w,_1") = Z(w,_1°"))
prefers |G,—1|+ 1 to 0, if yes, the algorithm ends and the final outcome is G,_; U {0, }, if
no, the algorithm ends and the final outcome is G,,_1.

3.3.3 Characterization of the proposing mechanism

In this subsection we present a characterization of the proposing mechanism, in which non-

bossiness plays a key role.

Definition 3.7. (Non-bossiness)

A group selection mechanism f is non-bossy (NB) if for all R, i € N, and R, fi(R) =
fi(R,R_;) implies f(R) = f(R},R_;).

In our setting non-bossiness is nicely related to group strategy-proofness as in several

rather different models!3.

Definition 3.8. (Group strategy-proofness)
A group selection mechanism f is group strategy-proof (GSP) if for all R, there does
not exists M C N and R}, such that for all i € M, f;(R},,R_y)Rifi(R) and for some j € M,

fi(Ryrs R—m)Pif;(R).

Lemma 3.1. A group selection mechanism f is group strategy proof if and only if it is

strategy-proof and non-bossy.

Proof. We modify the proof in [56] to accommodate the single-peakedness of the prefer-

ences. See appendix for details. [

Theorem 3.1. A proposing mechanism is efficient, group strategy-proof and individually
rational; furthermore, any group selection mechanism that is efficient, group strategy-proof

and individually rational is a proposing mechanism.

Proof. We omit the proof for the first half of the theorem since a large part of it is similar
to the proof of Proposition 3.1 and non-bossiness of the mechanism is easy to see. For the
second half, we show here any Eff, GSP and IR mechanisms are proposing mechanisms
for n = 3; the general arguments are presented in the appendix with the help of heavier
notation. The n = 3 case, though much simpler, does provide us the logic framework that

will be developed further in proving the general case.

13See the appendix of [63] for a list of models in which non-bossiness is (or is not) related to group strategy-
proofness.
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Suppose N = {a,b,c}. Fix any Eff, GSP and IR mechanism f. For simplicity we
write R = (k,k—1,---1,0), that is, p(R¥) = #(R¥) = k; R% = {R} 5 for each S C N, and
R* = {R};cn. We will prove the following two statements.

() If f(R") = {a}, then {a} C f(R?).

(i) If f(R') = {a}, then f(R) = {a} for any R such that p(R,) = 1; furthermore if
f(R?) = {a,b}, then f(R) = {a,b} for any R such that p(R,) > 2, p(R;,) < 2, and 2R;,0.

Using the first statement, we can find out a priority tree associated with f as follows:

x=f(R")
in out
SRO\f(RY) y=f(R},RL)
in out in out
N\f(R?) o N\{x,y}

The second statement then shows that the outcome of f coincides with “the proposing
in turn” mechanism running on the priority tree.

Now we show (i): First by efficiency we have |f(R¥)| = k for any k € S. Suppose
for the sake of contradiction, f(R?) = {b,c}. Since f(R.,R2,R?) # {a} by SP, we have
f(RL,R2,R2) = {b,c} by Eff and IR. Since f(R') = {a}, f(RL,R},R?) # {c} by SP, and
|f(RL,R},R?)| £ 2 by IR, we have f(RL, R} .R?) = {a} by NB of agent c. Hence f(R.,R},R2) =
{a} for R2 = (1,2,0) by similar argument. And by symmetry of agent b and ¢, we have
f(RLRZ,RY) = {a} for R2 = (1,2,0). Hence f(RL,R?,R2) # {b} or {c} by SP and NB.
Furthermore, since f(R.,R?,R2) = {b,c}, by GSP we have f(RL,R2,R?) = {b,c}.

However using the same argument in the two agent case (example 3.3), we know that
f(RO,R2,R2) # {b,c}. Therefore agent a is bossy. Contradiction!

We show (ii): by the above argument, we know that f(RL,R?,R?) # {b,c}. Hence
f(RL,R?,R?) = {a}. Hence by SP and NB, we have that f(R},R",) for any R’ ,. And by
SP, we have f(R) = {a} for any R such that p(R,) = 1.

Since f(R?) = {a,b}, we have that f(R3,R2,R3) = {a,b} by SP and NB. Then f(R3, R} ,R}) =
{a,b} for R} = (2,3,1,0) by SP. Therefore f(R3,Rp,R>) = {a,b} for Ry, such that p(R,) <2
and 2R,0. Therefore f(R) = {a,b} for any R such that p(R,;) > 2, p(Rp) <2,and 2R,0. [

Remark 3.2. The characterization is tight. In example 3.1 and example 3.2, we have mech-
anisms that fail Eff and IR respectively (both are non-bossy); and we will present a class of
mechanisms in the next section which satisfies Eff, SP and IR, but fails non-bossiness.
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An obvious feature of this mechanism is that the final group size could be much smaller
than the maximum group size m*. Though we know from the two agent case (example 3.3)
that any Efficient, SP and IR mechanism will yield group size smaller than m* at some states,
it is still a significant fact that the final group size could be 1 while the maximum group size
be n.'* The mechanisms proposed in the next section will do much better in terms of group

size.

3.4 “Voting on ascending-size”

We present in this section another class of mechanisms that are Pareto efficient, individually
rational, and strategy-proof; furthermore, the final group size generated by each mechanism
in the class will be at least one half of the maximum group size.

We start with a intuitive procedure (to achieve the maximum group size m*): agents are
asked to approve for a group size in each round according to their announced preferences;
only agents votes “yes” remain active in any future rounds. Starting with size 1, in each
round, if more than enough agents are demanding that size (agents who vote “yes”), increase
the size by one and proceed to the next round. Since the demand is non-increasing with the
size, at some point, the group size being voted will equal or exceed the demand and we
find the maximum group size. Form a group with the maximum size, breaking ties when
necessary. However we already know from the two agents case (example 3.3) that no matter
what tie-breaking method we use, this procedure cannot be strategy-proof.

To see more clearly the incentive problem caused by tie-breaking, imagine the following
scenario. Suppose three agents a, b, ¢ vote “yes” for group size 2; if all three agents vote
“yes” for group size 3, then a group of size 3 will form; if only two of them vote “yes”
for group size 3, then a group of size 2 will form among the three agents, using a tie-
breaking mechanism. Suppose ties are broken using a fixed ordering ¢ = (a,b,c), then
agent a would rather report (2,1,0) if her true preference is (2,3,1,0). If we modify the
ties-breaking mechanism in certain occasions to punish potential dishonesty, say, whenever
two vote “yes” and one votes “no”, the two “yes” will be selected, then agent ¢ would rather
report (2,3, 1,0) if her true preference is (2, 1,0), when agent a votes “no” and agent b votes
“yes” to size 3.

Instead of modifying the fixed tie-breaking mechanism, we modify the procedure to
respect the priorities some agents have in tie-breaking, as showed in the following example.

Remember that for any m, for any R, A, (R) is the set of agents who prefer size m to
size 0. For any / such that |A;(R)| > I, for any ordering o, let A’ (R) be the set containing /

“Say,if Rg, = (1,2,-+,1n,0),Rg, = (n,n—1,---,1,0) foralli=2,--- ,n. Then |f(R)| = 1 while m*(R) =n.
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agents selected from A;(R) by the priority o. (We suppress R in the notation if no confusion

is caused.)

Example 3.5. (A direct mechanism for n = 3.)

Suppose N = {a,b,c}. Fixed an order of agent 6 = (a,b, c). For any announced prefer-
ence profile R, the group is selected as follows.

Step 1: If |A] < 1, then we select A; and the algorithm ends. If |Aj| > 1, we move to
step 2.

Step 2: If |Ay| < 2, then select Af and the algorithm ends. If |A;| = 2, and there exists
an agent in A‘l’ N Ay who prefers size 1 to size 2, then select A‘l’ and the algorithm ends;
otherwise select A, and the algorithm ends. If |A;| > 2, move to step 3.

Step 3: If |A3] < 3, then select A and the algorithm ends. If |A3| = 3, and there exists an
agents in Ag who prefers size 2 to size 3, then select Ag and the algorithm ends; otherwise

select Az and the algorithm ends.

When |A;| =2 (or |A3| = 3), some agents are pivotal in the sense that her report will de-
termine whether she ends up in a size-two group or a size-one group (a size-three group
or a size-two group). The above mechanism allows these pivotal agents to choose the
smaller size whenever any of them wants to. We will show later that for n = 3 this is
enough for truthful report. For n > 3, however, manipulation continues. To illustrate, let
N ={a,b,c,d}, and 0 = (a,b,c,d). We already know that when exactly three agents are
supposed to vote for size 3, we have to form a group with size 2 if any of the three agents
who has priority to enter the size-two group prefers size 2 to size 3. Once we do that, how-
ever, we trigger a “manipulation-restoration-further manipulation” chain. Suppose now all
four agents are supposed to vote “yes” for group size 3. If agent a untruthfully says “no” to
size 3, she makes agent b pivotal. And then she could join a group of size 2 if agent b also
prefers size 2 to size 3. To maintain truthful report under this scenario, we cannot always
form a group of size 3 or size 4 even if all four agent vote “yes” for size 3; instead, we
compare size 2 with size 3, and form group {a,b} if both a and b prefer size 2 to size 3.
With more than four agents, the manipulation chain gets even longer.

To cut off this evil chain and restore truthful reports, the procedure stops when a coalition
of agents preferring size k — 1 to size k can collectively misreport at round k (say “no” to size

k instead of the true answer “yes”) and join a size kK — 1 group, as showed in the following.

Definition 3.9. (“voting on ascending-size” or voting mechanism)
Fixed an ordering ¢ of agents. For any announced preference profile R, the group is

selected as follows.
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Step 1: If |A1] < 1, then we select A; and the algorithm ends. If |Aj| > 1, we move to
step 2.

Stepk (2 <k <n):

If |Ax| < k, then select A7 | and the algorithm ends.

If |Ax| = k, and at least one agent in 5,‘;1 N Ay prefers size k — 1 to size k”, then select
A,f_l and the algorithm ends; otherwise select A, and the algorithm ends.

If |Ax| > k, and at least |Ay| —k+ 1 of agents in AZ | N A prefer size k— 1 to size k7,

then select A,fﬁl and the algorithm ends; otherwise move to step k+ 1.

Remark 3.3. (1) Note that A,f_l N Ay is the set of active agents in round k£ who also has the
priority to enter the group with size k — 1. If enough of them prefer size k — 1 to size k, the
process has to end. We can write the mechanism in a more concise way.

For any R € Z, for any m € S, let Ay, (R) = {i € Aw : p(R;) <m}; let k°(R) = max{m €
S |Am| —|AmNAZ || > m}. (We suppress R and o in the notation when no confusion is
caused.) Then the selected group ¢°(R) = AZ. It is easy to check that [Ay| — [An NAS_ ||
is non-increasing with m (due to the single-peakedness of preferences); hence «x is achieved
under the above mechanism.

(2) Note that if |Ay| > 2, then |Ay| — [A2 NAT| > 2, and hence k > 2. So the “voting on
ascending-size” mechanism for n = 3 is reduced to what is presented in the example 3.5.

Proposition 3.2. For any ordering o, the voting mechanism §° is Pareto efficient, individ-

ually rational, and strategy-proof.

Proof. Since the final group is A2, individual rationality is clear. To show Pareto efficiency,
we only need to consider outcomes that contain the original selected group. If k¥ = m*, then
we either cannot enlarge the group or enlarging the group will violate individual rationality,
if kK < m* then enlarging the group will hurt someone who is in the original group.

The formal proof of strategy-proofness is left in the appendix. We give some intuition
here. Consider an agent i with preference R; such that (m — 1)R;mR;0 . And suppose she has
the priority to join a group with size m — 1, that is, i € Agzq‘ Note that this is the situation
that causes trouble in the native procedure discussed at the beginning of the section. If
she misreports, saying that (m — 1)R,0R;m, then both |A,,| and |A, NAC || decrease by 1;
therefore |Ay| —|An NAC_,| does not change. Hence by misreporting she will not change

the outcome even if [A,| — |[AnNAS || =m. O

Remark 3.4. Note that for any R;, R} such that #(R;) = ¢(R}) and p(R;) = p(R}), for any
R_;, we have ¢°(R;,R_;) = ¢°(R},R_;). Again the information needed to run the voting on
ascending-size mechanism is p(R;) and ¢(R;) for each R;.
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Proposition 3.3. (Group size)
9°(R)| > 5-m*(R).

For any o, for any R,

Proof. Suppose that |¢°(R)| = k, then by definition of ¢°, k = max{m € S: |A,| > m+
|AmNAS | |}. We show that |Ay 1 (R)| < 2k. Suppose for the sake of contradiction |Ay1(R)| >
2k, then we must have [Ag 1| > k+ 14 |Agpg ﬂ&,‘f\ since \Al‘f\ = k. Contradiction!

If m*(R) > k, then m*(R) < |Ag+1(R)| < 2k, we have [¢°(R)| > 5 -m*(R). O

We can see from the n = 3 case (example 3.5) that ¢° does not satisfy non-bossiness for
any ordering o: say, ¢ = (a,b,c), then ¢(R) = {b,c} for R such that R, = (1,0), R, =R, =
(1,2), and ¢(R") = {b} for R’ such that R/, = (0), R, = R, = (1,2). Agent a is bossy. It is
hence not group strategy-proof; however it satisfies weak group stratety-proofness, defined
below.

Definition 3.10. A group selection mechanism f is weakly group strategy-proof (w-GSP)
if for all R, there does not exists M C N and R}, such that for all i € M, f;(R};,R_y)P,fi(R).

Proposition 3.4. For any ordering o, ¢° is weakly group strategy-proof.

Proof. We show it by first showing that ¢© satisfied certain partial non-bossiness properties.
See appendix for details. [

We end the section by an open question: can we achieve even larger group size by any
other Eff, IR and SP mechanisms? For n = 3 the answer is no, as showed in the following
proposition. However, the question remains open for n > 3.

Proposition 3.5. (Maximal group size) For n = 3 and for any fixed ordering o, there is no
Eff, SP and IR mechanism g such that |g(R)| > |¢°(R)| for all R and |g(R")| > |¢° (R')| for

some R’

Proof. See Appendix. 0

3.5 Conclusion

This paper studies the group selection problem under single-peaked preferences, and pro-
poses two classes of mechanisms that are efficient, strategy-proof and individually rational.
There is a natural way to combine them and generate a class of hybrid mechanisms: parti-
tion the set NV into two subsets N1 and N,. First run the “proposing in turn” mechanism in N;
and let O be the group chosen. If the mechanism ends under case (i) or (ii) (see Definition

3.4), then O is final group; otherwise run the “voting on ascending-size” mechanism on
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N,, starting with group size |O1|+ 1, ending at most at size p = min;co, p;, keeping in mind
that the number of positions available for agents in N, in each round is the group size minus
|01]. Let O, be the chosen group within N,. The final group is then O; U O;.

This hybrid mechanism is Eff, SP and IR. Note that if we take N; = N, then we get the
“proposing in turn” mechanism; if we take N; = 0, then we get the “voting on ascending-
size” mechanism; if we take Ny = {i} for some i € N, then we get the mechanism that favors
agent i mostly among all hybrid mechanisms.

We end the paper by a discussion of open questions and possible extensions:

In settings where private objects are to be allocated, strategy-proofness is usually not
enough to characterize a clearly-cut classes of mechanisms; more axioms (e.g. non-bossiness,
population monotonicity, resource monotonicity, etc.) are added to offer more structural re-
strictions (See [8], [24, 56, 57]). Our setting is similar to the private good setting in that
there are two different outcomes for agents; and bossiness is hence possible. The following

example offers a glimpse of mechanisms that are strategy-proof and bossy.

Example 3.6. N = {a,b,c}. Let 6 = (a,b,c). Modify the tie-breaking rule in the mech-
anism presented in example 3.5 as follows: if |Ay| = 3, then Ay = {a,b} if 3R,0, and
Ay = {a,c} if OR,3.

Adding non-bossiness, we are able to characterize the proposing mechanism. Interest-
ingly, we find another class of mechanisms that is intuitively appealing and weakly group
strategy-proof. Weak group strategy-proofness, however, is not helpful in characterization
due to the fact that it cuts off an open set of mechanisms. In fact it is easy to check that the
mechanism in the above example is w-GSP. Since axioms like population monotonicity and
resouce monotonicity are largely irrelevant in our setting, how to characterize the voting
mechanism is a challenging question. Furthermore, our understandings towards the struc-
tural restrictions imposed by w-GSP is far from complete, both in our setting and in more
general terms. (see [59] and [63].) Needless to say, our model could serve as a motivation
for further theoretic inspection.

Finally, there are many situations in which more than one group could or should be
formed; it is both interesting and challenging to study group selection mechanism in those
settings. !

ISFor example, see [13], in which a fixed number (k = 1,2, - - ,n) of facility have to be installed.
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3.6 Appendix

3.6.1 Universal preference domain: impossibility

In this subsection we take % = 7%/ and present an impossibility result.

Theorem 3.2. There is no group selection mechanism that is efficient, strategy-proof and

individually rational.

Proof. We prove the result for n = 2. The proof will be identical for n > 2: just endow the
two agents with the same preferences that we consider here, and let the preferences of all
others be (0).

Let N = {a,b}. Suppose for the sake of contradiction f is an Eff, SP and IR mechanism.
Consider the following preference profiles:

(1) Ra = (1,0), R, = (2,0)

(2) Ra = (1,2,0), R, = (2,0)

3)R,=(1,2,0), R, = (2,1,0)

4) R, = (1,2,0), R, = (1,2,0)

We use R to represent the above profile (k). First by Eff and IR, f(R()) = {a}. By
SP, f(R®) = {a}. By SP, f(R®)) # {a,b}. And by Eff, f(R®) # {b} and f(R®)) # {0}.
Therefore f(R®)) = {a}. By SP, f(R®*)) # {b} and f(R™) # {a,b}. By Eff, f(R™) # {0}.
Therefore f(R™*) = {a}. However, if we start with R, = (2,0), R, = (1,0), by similar
argument, we get that f(R*)) = {b}. Contradiction! O

The above result mechanisms out positive results in an interesting sub-domain &' C %,
where for each i, for each R;, the strict upper contour set of size 0 is an integer interval
and preference restricted to the interval is single-peaked. The reduced preferences profiles
in [20] belongs to &', and in fact forms a sub-domain of #?’ in which larger group size is
always preferred to smaller size. And their auction-like mechanism is Eff, IR and SP (within
the sub-domain).

Note that our single-peaked preference domain &2, by requiring any nonempty strict
upper contour set of size 0 for R; be an integer interval starting with size 1, is another
sub-domain of &’. And it is a maximum domain where efficient, individually rational and
strategy-proof group selection mechanisms exist (to see this, consider the n = 2 case in the
proof of Theorem 3.2).
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3.6.2 Proof
3.6.2.1 Proof for Lemma 3.1

Proof. Group strategy-proofness implies strategy-proofness and non-bossiness is obvious.
We prove the converse. Let f be strategy-proof and non-bossy. Let M C N, R and R},
be such that for all i € M, fi(R};,R_p)Rifi(R). For all i € M, let R; be the preference
such that p(R;) = fi(R);,R_y) = p* and for any b,c € S such that p*R;b and p*R;c we
have bR;c iff bR;c. (We leave for the reader to check that such R; always exists.) We first
show that f;(R) = f;(R;,R_;). Since p*R;f;(R), and f;(R)R;f(R;,R_;) by strategy-proofness,
we have p*R;fi(R;,R_;). Since p*R;f;(R) and p*R;f;(R;,R_;), we have f;(R)R;f:(R;,R_;)
iff f;(R)R;fi(R;,R_;). By strategy-proof, we must have f;(R) = f;(R;,R_;). Then f(R) =
f(R;,R_;) by non-bossiness. Repeating the same argument for individuals in M one by
one, we have f(Ry,R_py) = f(R). On the other hand, we have f(Ry,R_y) = f(R};,R—m)
by strategy-proof and non-bossiness. Thus f(R) = f(R);,R_m), which implies f is group
strategy-proof. 0

3.6.2.2 Proof for Theorem 3.1

First we introduce group non-bossiness, which is implied by group strategy-proofness and

will play a key role in the proof.

Definition 3.11. (Group non-bossiness)
A group selection mechanism f is group non-bossiness (GNB) if for all R, M C N, and

Ry, fu(R) = fu (R, R—m) implies f(R) = f(R);, R—m).

First, fix an Eff, GSP and IR mechanism f. For simplicity we write Ri? = (k,k —
1,---,1,0) and RF = {R},cy for each k € S; and for any M C N, we write f(Ry) instead
of f(Ru,R%,,).

Lemma 3.2. Foranyk € S, |f(R¥)| = k; and f(R) = f(R*) for all R such that p(R;) > k for
allic f(R*), and |{i € N: (k+1)R0}| < k+1.

Proof. By Eff we have |f(R¥)| = k for any k € S. To show the second half, first note that
|f(R)| < k+1byIR. For j ¢ f(RK), by SP and NB we have f(Rj,R’ij) = f(R¥). Therefore
changing R’J‘. to R; for each j ¢ f(R¥) one by one, and then changing R’J‘. to R; for each
j € f(R*) one by one, we have f(R) = f(R¥) by SP and NB in each step. O

Lemma 3.3. f(R?) C f(RIY) forany 0 <m <n—1, any M C N.
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Proof. The statement holds for all cases such that [M| < m, in which cases f(RJ}) = f(Ri™) =
M. Hence we focus on cases such that |M| > m.
Suppose for the sake of contradiction the statement is not true. That is, there exists
M C N, and m < |M| such that f(R7)\f(R™) # 0. Let A = f(RY), B= f(Rj\™), C =
FRID\F (R, D= f(Ry) U (R, Then f(Ri*') = f(Ry;™") = B; and by Lemma
3.2 f(Rp) = f(R})) = A. Since f(RY) C B and |f(R})| = |f(R}})| = m, there exists q; €
FIRD\F(RE), and a, € F(RET\F(RY). Let B' = B\{ar}, then f(RI,RZ) = f(RE) by
Lemma 3.2. Let R"™' = (m,m+1,m—1,---,0) for i = a;, then f(RmH,RZH) f(RY)
by SP.
However since D = BUC C M, f(R%,R}) = A, and f(R®"! Ri™) = B, we have that
f (Rg,Rgﬁ“,]?ZzH) = f(RP1Y # f(RY). This violates group non-bossiness of C. O
With the help of the above lemma, we can construct the priority tree. Given a priority tree
= (V,0:.Z,5¢), we write a Q-path {v,}!_, withlength r—1 as v, My, By,
, where x; = 77 (v;,vipq) for 1 <i<r—1.

Lemma 3.4. (Construction of the priority tree for f )

Fix a rooted tree (V, Q) with properties A.1, A.2 and A.3, and with arcs labeled accord-
ing to C.1 and C.2. Denote by F (v;,v;) the label of each (v;,v;) € Q. We label the vertices
by induction on the length of Q-path starting with vy:

First, Z(vi) = f(RY); Z(v{™) = f(RO\{i} and L (v{*") = f(R}\,\{l.}), where i =
Z ().

Forany k € {2,--- ,n— 1}, suppose there is a Q-path starting with vy, with length k — 1
and all vertices already labeled: vi = v, it Vp, c Vp, S P vpk, where x; € {in,out}
forall1 < j<k—1 Letl={ZL(vp;):0<j<k—1,%j=in}and (vp,):
0<j<k—1,xj=out}. Then

L") = FRYNIU{vp,}), where M = N\O;

L (o) = F(RED\L where M = N\(0U{vp,}).

ThenT = (V,Q;.Z,5¢) is a priority tree.

Proof. First by Lemma 3.3, Z(-) is well defined. That is, |f(R\*)\(TU{v, })| = 1, and
]f(RjJ,l)\H = 1. To show I' = (V,Q;.Z, ) is a priority tree, we only need to show that
Z(+) satisfies properties B.1 and B.2. First it is easy to see that B.1 is satisfied, that is, for
all v eV, .Z(v) €N. Second, since f(R\2)\(IU{vp}) ¢ IUO and f(R;J,l)\I ¢1UO0,
property B.2 is satisfied, that is, every vertex of a Q-path represents a different agent. [

Lemma 3.5. For any M C N, for any m < |M|, f(R) = f(R};) for all R such that p(R;) =
t(Ry) = m for some s € f(R};), p(Ri) = |M| foralli € f(Ry;)\{s},and R; = (0) fori ¢ M.



3.6 Appendix 62

Proof. First we must have |f(R)| > |f(R};)| for any R as described in the statement. Sup-
pose |f(R)| =k < |f(R™)|. Let A= f(R)\ f(RS). By GSP we have that f(RX,R_4) = f(R).
Now let B = f(R%}), then by NB of the group N\ (A UB), we have that f(RX,Rg) = f(R).
However, we know from Lemma 3.2 that f(R%,R%) = B. Hence f(RX,Rp) = f(R) is
impossible by GSP. Suppose |f(R)| = |f(R}})
F(R) = F(RY).

Hence we assume for the sake of contradiction that there exist R such that [ = |f(R)| >
|f(Ry;)| =m. Thens & f(R) by IR. Let A = f(R)U f(R}). Then by SPm < |f(Ra\, R)| =
k<1, where Rl = (m,m+1,--- 1= 1,l,m—1,m—2,---,1,0). And f(R};) C f(Ra\;,R);
in particular, s € f(RA\s,Iéi). By GSP we have that f(Rff‘\s,Ré) = f(RA\S,RlY). Let B =
A\f(R}, - R,,,)- Note that B # 0.

Since s € f(RfK;), by Lemma 3.2 we have | f (R}, 55 Ry ') =k—Lands € f(RY, 0. RS).
Therefore by SP, we have |f(R1’f‘\(BUS),I§§)| <k—landse f(R’:‘\(BUS),Ré). Since \f(Rf‘\s,Ré)\ =

k, group non-bossiness of B is violated. 0

, then by similar argument we must have

Lemma 3.6. For any M C N, for any m < |M|, let f(R%") = {a1,a2,- ,am_1}, and
am = f(RI\F(REY); then f(R) = f(RL) for all R such that p(R;) = |M| for all i €
{ai, -+ am—1}, p(Ri) <m, t(R;) = m for i = a,,, and R; = (0) fori ¢ M.

Proof. We omit the proof since it is very similar to the proof of Lemma 3.5. [l

Lemma 3.7. For any M C N with |M| = m, let {v, }" | be the Q-path of T" such that
{Lp;) : H(vp;svp.y) = out} = N\M. Let 65 = L (vp,) for 1 <s <n. Let s* = max{s:
os €M}, M={0,:1<s<s*};andletly=|{c; €M :t <s}| fors={1,---,n}. Then
f(R) = M for any R such that (1) p(Rs,) > m for all o, € M, and OR(l;+ 1) for all o5 ¢ M,
or (2) p(Rs,) > m for all o5 € M, p(Re, ) = m for some ©,, € M, and OR,(I;+ 1) for all
o; € M\M, or (3) p(Rg,) > m for all oy € M\{0y}, p(0+)Rs,.mR,.0, and ORs, (I;+ 1) for
all oy, € M\M.

Proof. Suppose R satisfies condition (1). First we show that if o, ¢ M, then oy ¢ f(R).
Suppose for the sake of contradiction there exists oy ¢ M and o, € f(R), since ORg, /s, by IR
we have |f(R)| < (I;+1). Since Iy = [{o; € M : t < s}|, there exists k < s such that o € M
and oy & f(R). Let A = f(R)U{oy}; let h = | f(R)|. Since k < s, we have that o} € f(R%).
Since p(Rg,) > m > Iy > h, by SP, we must have o} € f(RGk,RZ\{Gk}). And by SP and NB,
we must have that o; € f(R). Contradiction! Therefore if oy ¢ M, then o, ¢ f(R). Since
P(Rgs,) > m for all o5 € M, by Eff, we have f(R) = M.

Suppose R satisfies condition (2) or (3). Using similar argument, we can show that
if o, € M\M, then oy ¢ f(R). Then by NB f(Ry\(y\a)) = f(R). And by Lemma 3.5
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and Lemma 3.6 (more accurately, a slight extension of the two Lemma), we have that
J(Ry\(wn\mr)) = M. Therefore f(R) = M. O

Now we show that f coincides with the proposing mechanism associated with I". For
any R, let M be the outcome generated by the proposing mechanism associated with I
Let {v), };_ be the O-path of T" such that {L(vp,) : H(vp;,vp;,,) = out} = N\M. Let
o, =Z(v ps) for 1 <s<n. Lets*=max{s:0, € M}, M = {0y :1 <5 <s*}; and let
Iy =1{o; e M :t <s}| fors={1,--- ,n}. We know from the definition of the proposing
mechanism that R satisfies condition (1) or condition (2) or condition (3) in Lemma 3.7.
And by Lemma 3.7, we have f(R) = M, as desired.

3.6.2.3 Proof for Proposition 3.2

Proof. We show strategy-proofness of ¢°. For simplicity we suppress ¢ in all the nota-
tion below. Suppose for the sake of contradiction there exists R;, R} and R_; such that
¢i(R,,R_;)P.¢;(R;,R_;). Write k = k(R;,R_;) and ¥’ = k(R’_;,R_;). Consider the following
cases:

case (1): Kk < p(R;).

Suppose for the sake of contradiction we have k¥’ > k. Note that A (R, R_
Axi1(Ri,R_;). And since i ¢ Ay, 1(Ri,R_;), we have that Ax,1(R;,R_;) NAx(R;,R_
Axt1(RLR_) NAG(R,R_;). Therefore [Agy1(R,R-;)| — |Axs1 (R, R_;) NAc(R,,R-
|Aks1(R,R_)| = |Axs1(Ri,R_;)NA(R;,R_;)| < k+1; hence k¥’ < k+ 1. Eitheri € Ay
ori ¢ Ac(Ri,R_;), ¢;(R! " R_;)P,¢;(R;,R_;) is impossible.

case (2): k > p(R;) and i € A (R;,R_,).

Suppose for the sake of contradiction that ¥’ < x and i € Ay (R},R_;). We first show
that ¥’ > kK — 1. Since k¥’ > k — 2 (by changing from R; to R}, we can reduce |[Ac(R,R_;)| —
|A(Ri,R_;) N Ax_1(R;,R_;)| by 2 at most), we have i € Ax_»(R,,R_;) = Ac_2(Ri,R_;).

Now ifi € Ag_1(R},R_;), then Ax_1 (R},R_;) = Ax—1(Ri,R_;) and A1 (R;,R_;)NAx_2(Ri;,R_;) D
Ax—1(R,R_;)) NAx_2(R},R_;). Hence |Ag_1(R',R_;)| — |Ax—1(R,R_;) NAg_2(Rl,R_;)| >
|Ax_1(R,R_))| — |Ax_1(Ri,R_;)NAx_»(R;,R_;)| > Kk —1; hence ¥’ > k — 1.

If i ¢ A—1(R,R_;), then Ax_(Rl,R_;)| = Ax—1(Ri,R_i)\{i}, and Ax_;(R},R_;) =
Ax—1(Ri,R_;)\{i}. Therefore [Ax_1(R',R_;)| — |Ax_1 (R}, R_))NAx_2(R\,R_})| = |Ax_1 (R,R_;)| —
|Ax_1(Ri,R_;) NAx_2(R;,R_;)| > kK — 1. hence k¥’ > k — 1.

Therefor K’ > k — 1 and we have that i € A (R;,R_;) = Ac_1(R},R_;).

Now if i € Ax(Rl,R_;), then Ax (R}, R_;) = Ac(Ri,R—;) and Ay (R;,R—_;)NAx_1(R;,R_;) D
Ax(R,R_))NAx_1(R,,R_;). Hence |Ac(R,R_;)| — |Ax(R,,R_)NAx_1 (R, R_;)| > |Ax(R,R_)| —
|Ak(Ri,R_;) NAx_1(Ri,R_;)| > K; hence k¥’ > k.

’;u IA 1IN 1IN
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(Ri, R-)
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Ifi ¢ Ac(R,,R_;), then A (R}, R_;)| = Ac(Ri,R—i)\{i}, and Ax(R},R_;) = A (Ri,R_i)\{i}.
Therefore [Ax(R',R_;)| — |Ax(R}, R_))NAx_1 (R},R_;)| = |Ac(R,R_;)| — | Ax(Ri,R—;) NAx_1(Ri,R_;)| >
K. hence ¥’ = k.

Case (3): k > p(R;), t(R;) > k and i ¢ Ac(R;,R_;).

Suppose for the sake of contradiction we have k¥’ > k and i € Ay (Rl,R_;). Note that
again we have Ay 1 (R\,R_;) C Acr1(Ri,R_;). Since i ¢ Ac(R;,R_;) = Ac(R!,R_;), we have
that A1 (Ri,R—;) NAx(Ri,R—;) = Ay1(R}, R_;) NAx(R!,R_;). Therefore |Ayi1(R',R_;)| —
A1 (R R_) NAR(RLR_)| < | A1 (R, R-;)| — [ A1 (Ri,R—) NAk(Ri,R—;)| < K+ 1; hence
K <x+1.

Case (4): k> p(R;), t(R;)) < k and i ¢ A(R;,R_;).

Then ¢;(R,R_;)P;¢;(R;,R_;) is impossible. O

3.6.2.4 Proof for Proposition 3.4

It is easy to check that ¢ satisfies non-bossiness of members, defined below; and it satisfies

the following weak non-bossiness of non-members condition'®.

Definition 3.12. A group selection mechanism f is non-bossy for members (NBM) if for
all R,i € N, and R}, f;(R) = f;(R},R_;) # 0 implies that f(R) = f(R},R_;).

Definition 3.13. A group selection mechanism f is preference-restricted non-bossy of non-
members (PRNBN) if for all R, i € N, R} such that T(R}) = T(R), fi(R) = f;(R,,R-;) =0
implies that f(R) = f(R},R_;).

Proof. We modify the proof for Lemma 1 to show that a SP and IR group selection mecha-
nism is weakly group strategy-proof if it satisfies NBM and PRNBN.

Let f be a mechanism that is SP, IR and satisfies NBM and PRNBN. Suppose for the sake
of contradiction, there exists M C N, R and R}, be such that for alli € M, f;(R};,R_m)P.fi(R).
Since f is individual rational, we must have p* := f;(R};,R_p) > 0 and p* € T(R;) for all
i€ M.

For all i € M, let R; be the preference such that p(R;) = p* , T(R) = T(R), and for
any b,c € S such that p*R;b and p*R;c we have bR;c iff bR;c. (We leave for the reader to
check that such R; always exists.) We first show that f;(R) = f;(R;,R_;). Since p*R;fi(R),
and f;(R)R;f(R;,R_;) by strategy-proofness, we have p*R; f;(R;,R_;). Since p*R;f;(R) and
P*Rifi(Ri,R_;), we have fi(R)R;f:(R;,R_;) iff f(R)R;f;(Ri,R_;). By strategy-proof, we
must have f;(R) = f;(R;,R_;). If fi(R) > 0, then f(R) = f(R;,R_;) by non-bossiness of

16See the weak non-bossiness definition in [59]. Inspired by that paper, we propose this condition to show
in a more convenient way that our mechanism is weakly group strategy-proof.
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members; if f;(R) = 0, then f(R) = f(R;,R_;) by PRNBN. Repeating the same argument
for individuals in M one by one, we have f(Ry,R_y) = f(R). On the other hand, we
have f(Ry,R_y) = f(R);,R_y) by strategy-proof and non-bossiness for members. Thus
f(R) = f(R};,R_m). Contradiction! O

3.6.2.5 Proof for Proposition 3.5

Proof. Let N ={a,b,c} and 6 = (a,b,c). Suppose for the sake of contradiction, g is such a
mechanism. Then |g(R)| > |¢(R)| for all R, and |g(R")| > |¢(R’)| for some R’. We consider
the following two cases:

Case 1: [g(R")| =2, |¢(R")| = 1. Since |g(R)| = 2, we know that |{i: 2R,0}| > 2 by IR.
Since |¢(R")| = 1, we know that |{i : 2R,0}| < 2 by the definition of ¢ (see (2) of Remark
3.3). Hence |{i: 2R,0}| = 2.

Suppose g(R') = {b,c}. Then for [¢(R')| = 1, we must have R, = (0), p(R,) = 1.
However, we know already that any Eff, SP and IR mechanism will yield {4} as a outcome.
So g(R') # {b,c}.

Suppose g(R') = {a,b}. Then for |¢(R')| = 1, we must have p(R,) = 1. Then for
|g(R")| = 2, we must have R # (0). Hence R, = (1,0). By SP and IR, we have that
g(R4.R),R.) € {b,c}, where R, = (1,0). And g(R4,R},R.) # {c}, otherwise g(R,, R} ,R.) =
{c}forR.=(1,2,0) (then |g| =1 < |@|). Therefore g(R,,R},R..) = {b}. Hence g(R,, RyR.) =
{b} for R, = (1,0) by SP. Then g(R,,R,R.) € {b,c} for R, = (2,1,0) by SP and IR.
However both {b} and {c} are impossible outcomes (suppose g(R,,Rp,R.) = {b}, then
g(Ry4,Ry,R.) = {b} for R, = (1,2,0). Then |g| = 1 < |]).

Suppose g(R’') = {a,c}. Using similar arguments as in the above, we get contradiction.

Case 2: [g(R")| =3, |¢(R')| = 2. Then we must have that ¢ (R") = {a,b} and either 2R,3
or 2R;,3 or both.

Suppose 2R,3. First we have g(R,,R;,R.) = {a,b,c} for R, = R. = (3,2,1,0) by
SP. Then g(R,,R;,R.) = {b,c} for R, = (2,1,0) by SP. Since (p(Ra,Rb, ¢) ={a,b,c}
for R, = (3 2,1,0) and R. = (2,3,1,0), we must have g(R,,Ry,R;) = {a b,c}. Hence
g(R4, Ry, R.) = {a,b} for R, (2, 1,0) by SP. So we must have g(R,,Rp,R.) = {a,c} by
SP. Then we must have g(R,, R, R ) {a,c} for R, = (2,1,0). Since g(Ra,Rb, ¢)={a,b}
by SP, we must have ¢ ¢ g(Ra,Rb, <) by SP; similarly since g(R,,Rp,R.) = {b,c} by SP,
we must have a ¢ g(R,,Ry,,R.) by SP. This is impossible since |g(R,, Ry, R.)| = 2 by Eff
and IR.

Suppose 2R;,3. Using similar arguments as in the above, we get contradiction. [
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