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Abstract. The second welfare theorem tells us that social welfare in an economy
can be maximized at an equilibrium given a suitable redistribution of the endow-
ments. We examine welfare maximization without redistribution. Specifically, we
examine whether the clustering of traders into k submarkets can improve welfare
in a linear exchange economy. Such an economy always has a market clearing e-
approximate equilibrium. As ¢ — 0, the limit of these approximate equilibria need
not be an equilibrium but we show, using a more general price mechanism than the
reals, that it is a “generalized equilibrium”. Exploiting this fact, we give a polyno-
mial time algorithm that clusters the market to produce e-approximate equilibria
in these markets of near optimal social welfare, provided the number of goods and
markets are constants. On the other hand, we show that it is NP-hard to find an
optimal clustering in a linear exchange economy with a bounded number of goods
and markets. The restriction to a bounded number of goods is necessary to obtain
any reasonable approximation guarantee; with an unbounded number of goods, the
problem is as hard as approximating the maximum independent set problem, even
for the case of just two markets.

1 Introduction

The fundamental theorems of welfare economics are considered “the most remarkable
achievements of modern microeconomic theory” [23] and are the “central set of propositions
that economists have to offer the outside world - propositions that are in a real sense, the
foundations of Western capitalism” [11]. Informally, they state (under certain conditions
that we discuss later)

First Fundamental Welfare Theorem. A competitive equilibrium is pareto
efficient.

Second Fundamental Welfare Theorem. Any pareto efficient solution can be
supported as a competitive equilibrium.

The First Welfare Theorem is widely viewed as “a mathematical statement of Adam
Smith’s notion of the invisible hand leading to an efficient allocation” [31]. The Second
Welfare Theorem implies that we can separate out issues of economic efficiency from issues
of equity. Specifically, by redistributing the initial endowments (by lump-sum payments),
a set of prices exists that can sustain any pareto solution. This second theorem has “funda-
mental implications for how we think about economic organization” [32] and is “arguably
the theoretical result that has had the most dramatic effect on economic thinking” [10].
Despite this, “much of public economics takes as its starting point the rejection of the
practical value of the second theorem” [26]. Why this discrepancy? To understand this,



note that lump-sum transfers are theoretically considered a very desirable form of taxation
as they do not distort incentives within the pricing mechanism. However this is essentially
accomplished by a massive distortion of the initial market! Moreover, these are personal-
1zed liabilities which in turn can be viewed as an extremely unfair form of taxation in that
they don’t depend upon the actions or behaviours of the agents, and are impractical for a
myriad of implementational and political reasons (see, for example, [4], [5], [26] and [25]).

This observation motivates our work. Can the market mechanism be used to sustain
pareto allocations without redistribution? In particular, suppose that without redistribu-
tion a single market leads to low social welfare (or even has no competitive equilibrium
at all). In these circumstances, can the market mechanism still be used to produce an
allocation of high social welfare? We address this question under the classical model of
exchange economy, and show that indeed this can often be achieved provided the single
market can be clustered into submarkets.

1.1 The Exchange Economy.

We consider the classical model of an exchange economy— an economy without production.
We have n traders ¢ € {1,2,...,n} and m goods j € {1,2,...,m}. (To avoid any ambiguity
between traders and good we will often refer to good j as good g;). Each trader ¢ has an
initial endowment e; € R, where e;; is the quantity of good j that she owns, and a utility
function u; : R — R. The traders have no market power and so are price-takers. Given
a set of prices p € R, where p; is the price of good j, trader i will demand the best
bundle she can afford, that is, argmax, u;(x;) s.t. p-X; < p-e;. These prices and demand
bundles form an Walrasian (competitive) equilibrium if all markets clear: demand does not
exceed supply for any good j. That is, Y . 2;; < >, e;;. In this paper we focus on the
basic case of linear utility functions — the linear exzchange model. Here the function w;(.)
can be written as u;(x;) = Z;nzl ui; ¢;; where u;; > 0 is the utility per unit that trader
i has for good j. (We denote by u; the vector of utility coefficients for trader .)

1.2 The Fundamental Welfare Theorems.

An allocation is pareto efficient if there is no feasible allocation in which some trader is
strictly better off but no trader is worse off. The first welfare theorem states that any
Walrasian equilibrium is pareto efficient. It holds under very mild conditions, such as
monotonic utilities or non-satiation. Clearly for this result to be of interest, though, we
need this economy to possess Walrasian equilibria. In groundbreaking work, Arrow and
Debreu [3] showed that this is indeed the case, under certain conditions such as concave
utility functions and positive endowments.! Interestingly, equilibria need not exist even in
a linear exchange economy. However, there is a combinatorial characterization for existence
due to Gale [13], and we discuss this characterization and other properties of the linear
exchange economy in detail in Section 2.

Observe that pareto efficiency is not a particularly restrictive notion: an allocation is
efficient unless there is an alternative that is universally agreed to be better (or at least as
good). This requirement of unanimity has important implications. Allocations that may

1 As well as the possibility of non-concave utility function, numerous other factors may affect the
practicality of the welfare theorems: market power and the presence of price-makers; incomplete
or asymmetric information; externalities; convergence issues for equilibria; the existence of
multiple equilibria; economies of scale when production is added to the exchange economy, etc.
Such issues are not our focus here.



be viewed as societally better outcomes may be blocked by a single agent. For example,
pareto allocations can be extremely inequitable. The second welfare theorem attempts to
address this concern: Any pareto solution can be supported as a Walrasian equilibrium.
Specifically, by redistributing the initial endowments via lump-sum payments, a set of
prices exists that can sustain any pareto solution. (The second theorem also requires
concave utility functions.) Thus, the second welfare theorem implies that we can separate
out issues of economic efficiency from issues of equity.

As stated, however, the second theorem is of limited practical value due to the infea-
sibility of direct transfer payments. Thus our goal is to obtain non-redistributive second
welfare theorems. Specifically, maximising the social welfare, > | u;(x;), is a fundamen-
tal question in economics; so, can we support at equilibrium an allocation with high social
welfare? For example, in a linear exchange economy it is particularly easy to find an op-
timal social allocation. For each good j, simply give all of it to the trader ¢ for whom it
proffers the greatest utility per unit. However, even in this basic case, a Walrasian equilib-
rium may produce very low social welfare. Intuitively the reason is simple: a trader with a
large utility coefficient for a good may not be able to afford many units of it. This may be
because (a) the good is in high demand and thus has a high price and/or (b) the trader
has a small budget because the goods she initially possesses are abundant and, thus, have
a low price.

On the other hand, the second welfare theorem tells us that, with redistribution, it
is possible to find prices that support an allocation of optimal welfare. Can any more
practical, market-based mechanisms achieve this? To answer this we consider a mechanism
that is allowed to cluster the traders into trading groups.

1.3 Market Clustering.

Suppose we partition the traders into k separate markets, for some integer k. In each market
t, trade then proceeds as normal with a distinct set of Walrasian prices p* generated. The
combined effect of this clustering is an allocation that may be very different than would
have resulted from a single market. So, first, can market clustering be used to improve
social welfare? If so, second, can it be used to optimize social welfare?

The answer to the first question is yes. Trivially, the option to segment the market
cannot hurt because we could simply place all the traders in the same market anyway.
In fact, market clustering may dramatically improve social welfare; we give an example
in Section 3 where the ratio between the social welfare with two markets and the social
welfare with one market is unbounded.

The answer to the second question, however, is no. Not every pareto solution can be
supported by market clustering. In particular, there are cases where the optimal social
solution cannot be obtained by clustering. Indeed, we give an example in Section 3 where
the ratio between the optimal social welfare and the optimal welfare that can be generated
by market clustering is also unbounded.

The main focus of this paper then becomes to efficiently obtain as large a welfare as
possible under market clustering.

We remark that the basic idea underlying market clustering, i.e. the grouping and
separation of traders, is a classical one in both economic theory and practice. In particular,
it lies at the heart of the theory of trade. On the one hand, countries should trade together
(grouping) to exploit the laws of comparative advantage; on the other hand, trade between
countries may be restricted (separation) to protect the interests of certain subsections (e.g.
specific industries or classes of worker). Interestingly, of course, whilst separation has a net



negative effect on welfare in international trade models, our results show it can have a large
net positive effect in general equilibrium models. Other examples that can be viewed as
market clustering arise in the regulation of oligopolies and in the issue of trading permits.
A less obvious example concerns bandwidth auctions where participants are grouped into
“large” (incumbant) and “small” (new-entrants). Trade, with the mechanism in the form
of feasible bidding strategies, is then restricted depending upon the group.

1.4 Owur Results.

A k-equilibrium is a partition of the set of traders into & markets together with
an equilibrium for each of these & markets.

Our main result, in Section 6, is a polynomial time algorithm that finds an e-approximate
k-equilibrium, of almost optimal social welfare, provided the number of goods and markets
are constants. The key to this result is a limit theorem in Section 5 showing that, in a
single market, e-approximate equilibria converge to what we call a generalized equilibrium.

On the other hand, in Section 4 we show that it is NP-hard to find an optimal k-
equilibrium in a linear exchange economy with a bounded number of good and markets.
The restriction to a bounded number of goods is necessary to obtain any reasonable approx-
imation guarantees; for linear exchange economies with an unbounded number of goods,
the problem is as hard as approximating the maximum independent set problem, even for
the case of just 2 markets.

2 Walrasian Equilibria in the Linear Exchange Model

Take an equilibrium with prices p and allocations x; for the Walrasian model with linear
utilities. Recall, we may assume that the following hold:

Budget Constraints: Trader ¢ cannot spend more than she receives: p-x; < p-e; (1)

Optimality: Each trader i optimizes the bundle of goods she buys: (2)
u; - X; is maximized subject to (1)

Market Clearing: Demand does not exceed supply, for any g;: Zwij < Z €ij (3)
i i

2.1 Properties of Equilibria

The following claims are well-known facts (see e.g. [16]).

Claim 1. At equilibrium, the budget constraint (1) is tight for any trader.

Claim 2. At equilibrium, the market clearing condition (3) is tight for any g; with p; > 0.

Claim 3. At equilibrium, for any subset S of traders,

there is a good g; s.t. inj > Zeij iff there is a good g; s.t. inj/ > Zeij/
i€s i€s i¢s i¢s

Claim 4. At equilibrium, for any i with P; :==p-e; > 0 and any g; with p; >0
uij u; - ¥;
- < 2 4
A )

Moreover, the inequality is tight for any i,j with x;; > 0.



2.2 The Existence of Equilibria in a Single Market

Gale [13] gave a characterisation for when linear exchange economies possess equilibria.
Observe that the price of every good will be strictly positive provided each good is owned
by at least one trader, and at least one trader desires it. We may assume this is the case
as any good that does not satisfy this condition may be removed from the model; in this
case supply will exactly equal demand for each good. Gale also assumes every trader is
non-altruistic in that they each desire at least one good. (We say that a trader ¢ is an
altruist if u;; = 0 for every good j.)

Theorem 5. [13] An altruist-free linear exchange economy has a Walrasian equilibrium
if and only if there is no super self-sufficient set of traders. d

Here, a subset S of traders is called super self-sufficient if

1. Self-Sufficiency: Zies eij = 0 for every good g; such that ), u;; > 0.
2. Superfluity:There is a good g; such that ), _ge;; >0and ), gus; = 0.

It will be useful to reinterpret Gale’s condition combinatorially using the market graph.
The market graph G for a given market is a directed graph whose set of vertices is the
set of goods in that market. There is an arc 7 — j' with label ¢ if there is a trader ¢ with
e;; > 0 and w57 > 0; thus trader ¢ has good g; and, depending upon the prices, is willing
to trade it for good g;/. Let h(S) denote the goods that are the heads of arcs with labels

from traders in S, and let ¢(S) denote the goods that are the tails of arcs corresponding
to traders not in S. Then S is self-sufficient if A(S)N¢(S) = (. In this case, h(S) induces a
directed in-cut in the market graph. (Thus, a sufficient — but not necessary — condition for
the existence of an equilibrium is the strong connectivity of the market graph. Moreover,
any directed cut will correspond to a self-sufficient set.) If, in addition, h(S) is a strict
subset of ¢(S), then S is super self-sufficient. For example, the market graph shown in

Figure 1 does not have an equilibrium. It represents a market with 6 traders and 5 goods

g1,...95: each arc g — h represents one trader 7 with eig = 1 and u;, = 1, all other values
being 0. Then traders {4, 5,6} form a super self-sufficient set, so this market does not have
an equilibrium.

Fig. 1. A market graph with a super self-sufficient set and, therefore, no equilibrium.

We can use the market graph to test Gale’s condition efficiently. Furthermore, Jain [16]
gave a polynomial time algorithm to find an equilibrium provided one does exist.?

2 In the linear exchange model the equilibria need not be unique. However, in a single market all
equilibria give the same welfare [13].



2.3 The Existence of Equilibria in a Market Clustering.

Recall a trader ¢ is an altruist if u;; = 0 for every good j. An economy is altruistic
if it is allowed to contain altruistic traders. It is important for us to understand the
implications of altruism even for economies without altruists. This is because clustering
may create de facto altruists in the submarkets. Moreover such altruists are one of the
factors that allow the equilibria to exist in a market clustering, even if the single market
has no equilibrium. We can easily extend Gale’s theorem to altruistic economies.

Theorem 6. An altruistic, linear exchange economy has an equilibrium if and only if
every super self-sufficient set of traders contains at least one altruist.

Proof. An altruist ¢ is willing to trade with any agent as she is, trivially, equally happy
to possess any good. So in the market graph corresponding to an economy with altruistic
traders we may include arcs from any good altruist ¢ owns to every other good. Thus,
trader ¢ cannot be in any set S for which h(S) forms a directed in-cut. O

So altruistic economies need not have equilibria. However, they can always be clustered
into markets with equilibria provided the number of markets k is at least the number of
goods m.

Theorem 7. An altruistic, linear exchange economy with m goods has an m-equilibrium.

Proof. We prove this by induction on the number of goods. An altruistic economy with
one good g; has a trivial equilibrium. Now take an altruistic economy with m goods. If
it has no super self-sufficient set of traders consisting entirely of non-altruists then, by
Theorem 77, it has an equilibrium. Otherwise let S be a minimal super self-sufficient set
of non-altruists. By minimality, the market induced by S contains an equilibrium as it has
no super self-sufficient subset.

As they are not altruistic, each trader in S desires at least one good. By definition,
however, traders in S desire no goods held by traders in S. So there is at least one good
held by S that is not held by traders in S. Thus the market induced by the traders in S
contains at most m — 1 goods. By induction it can be partitioned into m — 1 clusters that
each have an equilibrium. Together with the cluster S, we obtain an m-equilibrium. a

For example, consider again the market in Figure 1. If we partition the traders into
two, with trader 3 alone in the first market and traders {1,2,4, 5,6} in the second market,
then both resulting markets have an equilibrium (with x32 = 1 in the first market, and
p3 = 0 in the second market).

Theorem 7 is also tight. There are examples where m clusters are needed otherwise at
least one of them has no equilibrium. For example, take a market with m traders. Trader
1 is interested only in good g;, and has a positive endowment of goods ¢;, gi+1,-- -, Gm-
It is easy to check that any cluster that contains more than one trader contains a super
self-sufficient set.

3 Single Markets, Market Clustering and Welfare Redistribution.

In this section, we examine the potential benefits of market clustering and the limits of
its power as a tool. First, we have seen that equilibria may not exist in the single market
case (i.e. when market clustering is prohibited). In such instances, by Theorem 7, market
clustering can always be applied to produce equilibria. Furthermore, even when equilibria



do exist in the single market case, market clustering may lead to huge improvements in
social welfare in comparison. On the other hand, market clustering is not as powerful as
welfare redistribution; specifically, market clustering does not always support every pareto
allocation. To see this we consider two measures regarding the social welfare function:

1. The Clustering Ratio: the ratio between the maximum social welfare under market
clustering and the social welfare obtained in a single market.

2. The Redistribution Ratio: the ratio between the maximum achievable social wel-
fare (with welfare redistribution) and the maximum welfare under market clustering.

In Appendix A we give examples to show that both ratios can be unbounded. Indeed,
the clustering ratio can be unbounded even if we are restricted to two clusters, and the
redistribution ratio can be unbounded even if we can partition into an unlimited number
of clusters.

4 The Hardness of Market Clustering

In this section, we consider the hardness of the k-market clustering problem. First we show
in Appendix B that the problem is NP-hard even if we only have a fixed number of goods
and a fixed number of markets, that is, m and k are constant.

Theorem 8. Given an instance of the 2-market clustering problem with five goods and
linear utility functions, it is NP-hard to decide whether there is a clustering that yields a
social welfare of value at least Z, for any Z > 0.

(We provide a partial complement to this result by giving in Section 6 a polynomial
time algorithm to find an approximate Walrasian equilibria when there are a fixed number
of goods and a fixed number of markets).

Then we show, in Appendix B, a much stronger hardness result for the market clustering
problem when the number of goods is unbounded.

Theorem 9. For any constant § > 0 and maximum social welfare Z, unless NP = ZPP,
it is hard to distinguish between the following two cases:

~ Yes-Instance: There is a clustering that yields a social welfare of value at least Z'~°.
~ No-Instance: There is no clustering that yields a social welfare of value at least Z°.

5 Approximate Walrasian Equilibria.

We are interested in finding an e-approzimate market equilibrium; that is, for each market,
our algorithm outputs a price p and an allocation x satisfying the following conditions.

— Budget Constraints: Trader ¢ cannot spend more than she receives: x;, -p < e; - p
— Approximate Optimality: Subject to the budget constraints, each trader ¢ purchases

a bundle x; whose utility is similar to that of the optimal bundle x}: u;-x; > (1—¢)u;-x;}
— Market Clearing: Demand never exceeds supply: for any g;, >, zi; <D . €55



5.1 Existence of Approximate Walrasian Equilibria.

Compared to exact market equilibria, which do not always exist, there is always an ap-
proximate market equilibrium with arbitrary small approximation:

Theorem 10. For e > 0, every market has a market-clearing e-approximate equilibrium.

By market-clearing e-approximate equilibrium, we mean an e-approximate equilibrium
for which the approximate market clearing inequality is tight. This theorem can be in-
ferred from the algorithm of [15]. For completeness, we give a direct proof of this fact in
Appendix C.

5.2 Properties of Approximate Walrasian Equilibria.

We now discuss some properties of equilibria that will later be very useful to us in designing
efficient algorithms. Given a market, we use the following definitions:

— Umax = MaX; ; U;; is the maximum coeflicient of any utility function.

~ Umin = MiN; j.,;;>0 Ui 1S the minimum non-zero coefficient of any utility function.
~ Pmax = Max; p; is the maximum price of any good in the market.

— Pmin = Miny.p. >0 p; the minimum non-zero price of any good in the market.

~ €min = N1y j:e,,>0 €ij-

Assume wlog that ) . e;; = 1, for every good g;. We can connect the above values via the
market graph. Recall that n denotes the number of traders and m the number of goods;
then we obtain

Lemma 1. If the market graph is strongly connected then, at a market equilibrium,

nm
D nm u
max - e max
rar e _as
Pmin €minUmin

In particular, scaling so that pmin = 1 gives pmax < enm/e (ﬁﬁ)nm
Proof. We may assume (solely for the duration of this proof) that each trader has a positive
endowment for exactly one good and no two traders have positive endowments for the same
good [16]. To do this, consider a trader i with endowment e;. For each good g; such that
e;,j > 0 we create a new trader ¢; with e;,; = e;5, u;; = u; and e;, ;7 = 0, for all j/ # j.
So each trader now has only one good. Furthermore, if two traders have the same good,
then we simply give the good two different names (and replicate the utility functions of
other traders accordingly). Now, each trader represents a unique good, i.e., a trader i has
a positive endowment for the unique good g;. So we have at most nm traders/goods.
These transformations maintain the strong connectivity of the market graph. Moreover,
all the copies of the same original good will have the same price in an equilibrium. After
these transformations, the number of units of each good will in general be less than one.
Thus, we scale all the initial endowments so that each trader ¢ has one unit of a good g;.
In addition, we must scale the coefficients of utility functions; otherwise, the scaling would
effect the social welfare. Specifically, for each good i, we divide the initial endowments of
trader ¢ by e;;, and we multiply the utilities of every trader for this good by e;;, so as to
keep the prices unchanged.



We may assume that no good has a price of zero. By Equation (4), we have:

/ ’
Yij D0 Wi Tig

bj pi
For a pair 4, j with u;; > 0, we get:
/
Pi D0 Ujp " Tie < Unnax
— li — /
pj W5 Umin

Tl
L

Assume pp . = pi and pj,,.. = p; , where s < nm. Because the market is strongly
connected, there is a sequence of traders with indices ig,i1...,75, S < nm, such that
U;j,lij > 0 for all i € {1,...,s}. Multiplying the previous inequalities for all consecutive
terms of this sequence, we get:

s—1 / s s s / nm / nm
e« () T (o) < (1) (22) "o (1)
Pmin Di; u 0 P S U u

i min i min min
Jj=0 Jj=

Here, the second inequality follows from the Arithmetic-Geometric Mean Inequality
and the fact 377>, x50 < 375> ,€je < mm by the market clearing constraint (3).
Now, observe that there is a pair ¢,j such that u];, = €;;%ij > €minUmin, and there is a

(different) pair %, j such that ul . = €;;u;j < Umax. m|
The same reasoning applied to approximate equilibria gives:

Lemma 2. If the market graph is strongly connected, at an e-approximate market equi-

librium:
nm
pmax < enm/e < Umax )
Pmin - (1 - E)uminemim

It is possible for a market that is not strongly connected to have an equilibrium: the owners
of the goods reachable from a strongly connected set induce a self-sufficient set but not
necessarily a super self-sufficient set. However, in this case we cannot bound the ratio
Pmax/Pmin as seen from the following lemma.

Lemma 3. Consider a market with equilibrium p,x. Let W be a proper subset of goods
such that for any player i, if there is some j € W with e;; > 0, then w;, =0 for allk ¢ W
(i.e. W is the shore of a directed cut in the market graph). Then, for any B > 1, p’,x is
also an equilibrium where:
p/,:{pj Zf]¢W7
J Bpj Zf] cW.

Proof. The lemma follows from the following two facts. First, x;; = 0 for any good g; ¢ W
and any trader ¢ with Zkew e;r > 0 since then u;; = 0 by the definition of W. Second,
x;; = 0 for any trader i with ), ;- eix = 0 and g; € W. Consequently, scaling the prices
of goods in W does not effect the equilibrium. O

An implication of this lemma is that the strongly connected components have price
allocations that are essentially independent of each other: for example one could decompose
the problem, find local equilibria in each component, and then scale the prices accordingly
to get a global equilibrium. Also, again by scaling the prices of W, we can assume that
the minimum price in W is no more than wmax/Umin times the maximum price outside



W, as it does not change the optimality of the allocations (it would be a problem if
there was a trader with }° .oy ui; = 0 and 3 4y €5 = 0, but then taking this trader
plus {i : ZjeW ei; > 0} would give a super self-sufficient set). This gives the following
strengthening:

Lemma 4. Any market having an equilibrium has one such that:

nm
Pmax nm( Umax >
<es | ——
Pmin €minUmin

5.3 Limits of Equilibria

By Theorem 10, for any € > 0 there is a market-clearing e-approximate equilibrium. When
¢ tends to 0, the prices of these approximate equilibria may diverge (if no exact equilibrium
exists), but the allocations of goods to players, as they are chosen from a compact set,
admit at least one limit point, an allocation %. We call such an allocation a limit allocation.
In particular, if the market admits an exact equilibrium, then x is the allocation of an exact
equilibrium (if X could not be obtained as a limit of approximate equilibria with converging
prices, one could exhibit a super self-sufficient set and this would be a contradiction). In
any case, X satisfies the market clearing constraints with equality.

The allocation X may not be supported by a set of real prices. For example, there is
obviously no set of prices supporting x when the market does not have an exact equilibrium.
We show that x can be supported by taking prices from a more general set than the real
numbers. Consider the set @ = N x R, our new set of “prices”. We denote by m; and 5
the first and second projection, i.e. w1 (x,y) = m2(y,x) = . We extend these projections
to vectors (and abuse notation) by: m; ((v;);) = (mi(v;));. We then redefine the notion of

equilibrium in terms of Q. For p € Q™ and % € R'*", let the rank r; of i be the maximum
a such that Zj w1 (py)=a €id > 0, for all ¢. The pair p,x is a generalized equilibrium if:

— Budget Constraints: For alli € {1,...,n}, for all a > r;,
Yo omp)xg < Y m(p)-ey
j+ m(pj)=a J : m(pj)=a

— Optimality: For each trader, x; maximizes the utility u; - x; over all allocations
satisfying the budget constraint.
— Market Clearing: No good is in deficit:

Zz,;j < Zeij for all goods j with w2 (p;) > 0.

This is indeed a generalization: if we force the prices to be in {0} x R then a generalized
equilibrium would give a Walrasian equilibrium. An e-approzimate generalized equilibrium
is defined by replacing the optimality condition by: u; - x; is at least (1 — &) times the
utility of a best response of trader 7, for any trader 3.

Theorem 11. For any market, each limit allocation X gives a generalized equilibrium.

The proof of Theorem 11 is given in Appendix D. A generalized equilibrium can be
approximated by an approximate Walrasian equilibrium with almost as high welfare. The
converse is not true, an approximate equilibrium may achieve a welfare arbitrarily high

10



compared to a generalized equilibrium; consider the market with two traders and two
goods, €11 = eag = 1, u1s = L, uss = 1, all the other values are zero. In this market, the
only generalized equilibrium has welfare 1, but there are approximate equilibrium with
welfare € - L + (1 — €), and this tends to 400 when L tends to +o0.

Lemma 5. Let X,p be a generalized equilibrium. For any € > 0, there is an approximate
equilibrium with total welfare at least 1 — e times the welfare of X, P.

Proof. (Sketch: the proof is similar to the proof of Theorem 10.) Fix M such that w;; /(M -
71'2(]3]')) > uij//ﬂg(ﬁ;) for any Z,j and j/ with Ci’ij/ 7& 0 and 7r1(]5j) > 1, and Zn<a eij’]'('g(f)j) <
& M - MaXiir, >0 2y, 20 T2 (D) i Set pj = M™ Py ().

The first set of constraints on M state that every trader achieving a positive welfare
in X,p is at a best response in X, p. Then we set x’ = (1 — ¢)x. Then, to each trader
i with welfare 0 in X, p, we allocate to i a best response x;. Because of the second set
of constraints on M, these traders don’t claim more than ¢ of what was allocated to any
other trader in x. Finally, we redistribute the goods in excess in x’ to traders with excessive
budget, to get a market-clearing e-approximate equilibrium x, p.

6 A Fully Polynomial Time Approximation Scheme

In this section, we exploit the structure we have now developed to obtain a polynomial
time algorithm to find an e-approximate equilibrium for the k-market clustering problem
where the number of goods m and the number of markets k are constant. Moreover, this
equilibrium has a very strong welfare guarantee: it gives social welfare of at least 1 — ¢
times the welfare of the optimal k-cluster generalised equilibrium.

Theorem 12. For any € > 0 and for fivred k,n € N, there is an algorithm that, given a
market M with m goods, computes within time polynomial in % and the size of the M,
an e-approrimate generalized k-equilibrium for M with welfare at least 1 — € the optimal
welfare of a generalized k-equilibrium.

6.1 The Dynamic Program

Our dynamic program will take as an input a set of generalized prices for every good in
each market. This follows as we may try all possible prices selected from a finite set of
prices in {1,...,m} x P where P = {1,1+1/b,(1+1/b)2,...,(1+1/b)°"2}. Here b € N

is a parameter to be set later, and o is such that (14 1/b)773 < enm/e (M) <

EminUmin
(14 1/b)°~2. A generalized price (a,p) encodes a real price v(a,p) given by M® - p where
M is an arbitrarily large constant. M is only used algebraically, we won’t need to set its
value. So, we have m - o possible prices for each good in each market. Thus, the number
of combinations of prices to is (ma)*™, where k is the number of markets and m is the
number of goods.

Given the estimated prices, the dynamic program runs over each market to compute an
approximate equilibrium that maximizes the total social welfare. We denote the estimated
prices in market ¢ by p* € ({1,...,m} x P)™, i.e. p’ is the price of a good j in a market
t. We denote an initial endowment and a final allocation in a clustered market by e! and
x!. (Thus, Y5 el = e;.)

The algorithm considers each trader iteratively. At each iteration, it assigns the trader
to a market and gives a near-optimal bundle to this trader, according to her utility func-
tion and the prices in that market. Once the ith trader is assigned, the algorithm only
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remembers the deficit (or surplus) of each good in every market — this will be key in ob-
taining an efficient algorithm. Once every trader is assigned, it selects the best possible
solution that satisfies the approximate market clearing constraint, i.e. the deficits must
be small. Thus, we encode the state of each market ¢ by a vector y?, where y§ denotes
the surplus (or deficit) of the good j. Let I; denote the set of traders already in the mar-
ket t, and x;,7 € I; the bundles given to these traders. Ideally, we would like to have
Yi =D e, €ij — dier, Tij- Hence, the value of y% could be any real value between —1 and
1. However, as we cannot afford to store all possible values for y*, we round these values
into a set W of cardinality « - 4n, where o will be set later. To define W we first define a

coarser set W. .
« o—
wod () () b
b+ 1 b+1 b+1

We then choose a to be minimal such that

b ¢ < €min and b ¢ < Umin * €min 1
b+1/) ~ 2n(b+1) b+1 M Umax * Pmax (0 +1)?
Observe that W induces a set of intervals [(b/(b+ 1)), (b/(b+ 1)) ], for £ =1,...a.

We can now create the set W by dividing each interval of W and its negation into subinter-
vals. Specifically, for each interval [(b/(b+ 1)), (b/(b+1))*1] (resp., [—(b/(b+ 1)), —(b/(b + 1))*]),

we divide W equally into 2n(b+ 1) subintervals and put the boundary points in W. Thus,
N a—1 b l q
W = — 1+ ———— ) :q€{0,1,....2n(b+1 u{otu
U{<b+1> (14 i) 4 (01w 200+ )}} {0}

et {<_bil)l (”an(gﬂ)) :qe{0,1,...,2n(b+1)}}

We insist that the algorithm selects allocations of goods that take values from W, and
we then round down the surplus (or deficits) to values in W. Formally, x* C W"™*™ and

QL
_

yt € W™ for any market ¢. Towards this goal, let |a] denote the value of a rounded

down to the closest value in W, i.e., a’ = la]g is the largest value in W such that o’ < a.

We now need to ensure that these allocations correspond to an approximate generalized
equilibrium (which in turn will correspond to an approximate equilibrium). To do this, for
a market ¢t and a trader ¢, we say that an allocation x; of goods is compatible with ¢ and ¢
if, for r; = maxj.., ;>0 m1(p;):

— if w;; > 0, then m(p%) > 1,
— if x;; > 0, then m (p}) <7y,
— ij(p;)yi T (ph) - wij < Zj:m(p;)Zm mo(pf) - €ij (Budget constraint).

An allocation x; compatible with i and ¢ is nearly-optimal if u; - x; > (1 — €) max, u; - z
where z ranges over all the allocations compatible with ¢ and ¢. By this definition, assuming
M is large enough, a nearly-optimal allocation is an approximate best response for trader
¢ in market t. The recurrence relation of our dynamic programming algorithm is then

0 ifyl=y?’=...=y*=0
12 kY _ y y y
f(o’y’y""’y)_{—oootherwise

1

f(i7y17y27"'7yk) :te{lrQIlan}X'f(i_l,y 77Lyt_el+XZJWa7yk)+uLXz
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where x; ranges over the nearly-optimal allocations compatible with i and ¢.

Finally, an allocation is walid if 0 < y* < 1 — (b/(b+ 1))3 for all ¢, i.e., there is no
market having a positive deficit, or a surplus greater than 1 — (b/(b + 1))3. Notice that
some of the surplus may have been lost in the rounding steps; we will show later that
these additional losses amount to a fraction at most 1/(b + 1) of each good. Hence, if
f(n,yt, ..., y") is finite for some valid allocation, and provided that b is sufficiently large,
it gives an approximate generalized equilibrium: the budget constraints and approximate
optimality constraints are guaranteed by the restriction on the choice of x; at each step,
and market clearing is guaranteed by the validity of the allocation.

This completes the description of the dynamic program. It remains to compare the
total social welfare to that of the optimal clustering and to analyse the running time of
the algorithm.

6.2 Quality Analysis

Because of the rounding step, our dynamic programming algorithm loses some fraction of
each good j. We have to bound the number of units of the good j that we lose. By the
scaling on W, each time we round y¥, we lose at most (2n(b + 1)1 > ic1, €ij units when
y; is rounded to a positive value, and we lose at most (b/(b+ 1))* < emin (2n(b+ N
units when y§ is rounded to zero. By the definition of e,,;,, we have e,,;n, < Zie 1, €ij for
all goods j. Furthermore, we round down #% at most n times, once for each trader. Thus,
summing them up, we lose at most 1/(2(b+1))->;c; €i; < 1/(2b+2) units of each good j.

Now, we compare the social welfare of the approximate generalized equilibrium ob-
tained by our algorithm with that of some generalized exact equilibrium.

Lemma 6. For any market M = (n,m,u,e) and any € > 0, there is an exact generalized
equilibrium such that

max, 7r2(pj) < enml/e < Pmax M >nm
minj:ﬂ'z(pj)yéo T2 (p]) o €min * Pmin

Proof. Take an exact generalized equilibrium x, p that maximizes the total welfare. Let
Gr:={j : mpj)=r} I :={i : r;,=r}and A, :={i eI, : Vj e G,,u; =0} For
each possible rank 7, let My be the market obtained by restricting M to the goods G,.
Define z}; = z;; and p}; = ma(p;) for any trader i and good j in Mg. Fix some rank r.

Claim 13. We may assume that 3 g PiTij =D cq, Peij for any i.

Proof. By market-clearing for x, p, we have > . x;; = >, e;; for any j € G,. By optimality,
we also have ZjeGT pjeij = ZjeGr pjxi; for any i € I — A,. Substracting the two equali-
ties, we get ZjeG,,, (ZieAT pgeij + Zi:n>r p;eij) = ZjeGr (ZieA,,, pgmij + Zi:ri >r p;xw) .
Because uj; = 0 for any ¢ with 7; > 7 or any i € A,., we can redistribute the goods of G,
allocated to these traders to fulfill the condition of the claim. O

Then x",p” is an equilibrium in M, because of the previous claim (the optimality
constraints and market-clearing constraints follow from the definition of generalized equi-
librium).

Let r be some rank and consider M,.. We want to compute an approximate equilibrium
for M,. such that we can bound the prices. If there is no altruist in M,., apply Lemma ?7.
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Otherwise, for any altruist ¢, let j; such that p;,x7;, is maximised. Define the utility vector
u”’
u;; if ¢ is not an altruist in M,.,
ul. = ¢ 1 if ¢ is altruist in M,. and j = j;,

ij
0 otherwise.

Then in the market defined by e and u”, X", p” is an approximate solution, where only
the altruists of M, do not follow a best response, and the approximation ratio is at most
(m—1)/m by the choice of u} for altruist trader 7 (and because there are at most m goods

nm
in Mpz). Hence, by applying Lemma 2 we get Zmax < gnm/e (M) which conludes

Pmin Umin€min

the proof of the lemma.

Fix any optimal clustering and consider any market t. Take a generalized equilibrium
p*,x" as in Lemma 6. We show that the dynamic program outputs an approximate gen-
eralized equilibria with total welfare (1 — €) times the welfare of p*,x*. This is done by
building from p*,x* a set of generalized prices p’ and allocations x’ computable by the
dynamic program.

We assume wlog that p . = minj:p;>0 T (p;) = 1. Denote ppax := MaX;ipe >0 T2 (p;‘)
p’ is obtained by rounding down the second components of prices to values in P, hence
b/(b+ 1) - ma(p*) < ma(p’) < ma(p*). Consequently we have for each trader i and a > r;:

L b N )
b+1 2 M(p;)xijgbﬂ > m2(Pj)7i < Yo mpeg < Y mphey

Jimi(p)=a Jimi(p))=a Jimi(p))=a jimi(pj)=a

>

Hence, b/(b+ 1) - x* satisfies the budget constraint for the prices p’.

Next, we have to modify b/(b+ 1) - x* further so that it satisfies the condition in our
dynamic programming algorithm. Namely, we round down the coefficients of b/(b+ 1) - x*
to W. This gives an allocation x’ with the properties:

b \? b o\®
(IH-l) wi; <wyy <apy ifa > (b—i-l) , and zj; = 0 otherwise.

Clearly, x’ also satisfies the budget constraint inequalities. We must check that x} is an
almost optimal choice for trader . We get for any good j:

b\ b -
<b—|—1> 7T2(pj) c T < mﬁ(pg‘) x;] < 72(17;') xig < 772(pj)95ij

«
when z7; > (%) or xj; = 0, otherwise u;;x{; = 0 and u;;z}; < (%) u;;. We take care
of this special case, when a:;j = 0 < z7;. To this purpose, notice first that the welfare of a

trader ¢ with ij(p;):” u;; > 0 is lower bounded by fmintuin 28 ey is the minimum

possible budget for a trader (other traders have welfare 0). The maximum ratio utility per
unit of price achievable is 722x. Hence, a quantity smaller than (b/(b+1))* of some good

min

b+1 Umin €min
is less than (1/m)(1/(b+1))? < (1/m) (1 — (b/(b+1))?) by the choice of a. Hence, over
all goods, the fraction of welfare lost in rounding down x* is at most 1 — 2(b/(b + 1))3.

«
bought by a trader contributes to a fraction of her welfare at most (L) Umax'Pmax yhijch

3
This bounds our approximation ratio: 1 —e < 2 (ﬁbl) which is true for b = [3/¢].

With this choice, x’ and p’ satisfy the approximate market equilibrium constraints, thus
the dynamic algorithm will find a solution with welfare at least u-x’' > (b/(b+1))?u - x*
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6.3 Running Time Analysis.
Now consider the complexity of the dynamic program. We have that:

— |[W| =a+1 (by definition),

W] =2(a—-1)2n(b+1) — 1)+ 3 = O(anb),

— Complexity for one iteration: O(k - |W|™) = O(ka™),

— Number of iterations (for one set of prices): n - [W|¥™ = O(n(anb)F™),
Total complexity for one set of prices: O(nka™ (anb)*™),

— Number of possible price allocations: (mo)*™,

Total complexity: O(n*™*1ka*+Dm (mpg)km).

Thus, we have a (1 — ¢)-approximation algorithm with a running time of

3km+m (k4+1)m km
o) (n(3k+1)m+1m(2k+1)mk (1 + i) (1 + log m- umax) (log m - umax) )
€

€minUmin Umin€min

The input of the k-market clustering problem in a standard binary representation has
a size of 2(n(log(1/emin) + 10g(Umazx /Umin)). Thus, the running time of our algorithm is
polynomial in the size of the input when m and k are constant.
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Appendix A: Single Markets, Market Clustering and Welfare
Redistribution

The Clustering Ratio.

First, we give a simple example where the clustering ratio is unbounded even if we are
constrained to cluster into at most two markets. That is, let f; be the social welfare at
equilibrium with one market and let fo be the social welfare given by the optimal clustering
of the traders into two markets. Then we will show that the ratio p = f2/f1 is unbounded.
Consider the following scenario, with three traders and two goods, and L > 1.

‘ €; u;
g1 g2 g1 g2
1 L - - 1
1 2 1 - - L?
3 - 1 1 -



Each trader is only interested in the good she does not possess, but only trader 2 has
a large utility coefficient for any good. Thus, the social welfare will be dominated by the
utility of the second trader.

For a single market, at the Walrasian equilibrium, we have (L + 1)p; = p2 (applying
Claim 4 for trader 3), where p; and ps are the prices of g1 and gs, respectively. Therefore,
traders 1 and 2 purchase L/(L + 1) and 1/(L + 1) units of go, respectively, and trader 3
purchases L + 1 units of g». The associated social welfare is

L L?

I+1 T+1

On the other hand if we cluster into 2 markets with trader 1 in one of the markets on
her own, then trader 2 will purchase 1 unit of g, giving a social welfare of

0+L%+1

+(L+1)=2L+1

So, clearly, if we set L to be arbitrarily large, the ratio between the social welfare with two
markets and with a single market is unbounded.

The Redistribution Ratio.

Now consider the redistribution ratio. Clearly, for the linear exchange model, the maximum
social welfare we can obtain via arbitrary welfare redistributions is > (max; ui;) - (3, €ij)-
This is generally not achievable by a Walrasian equilibrium even if we can cluster into an
unlimited number of markets. In fact, redistribution ratio is also unbounded. Consider the
following scenario with two traders and two goods g1,g2 and g3. Let L > 1 be a large
number. The endowments and utilities are given below.

€; u;
g1 g2 g1 g2
o1 1 - - L?
oo | 1|1 L

The maximum social welfare is clearly more than L? as we could allocate all of good 2
to trader 1. At equilibrium in a single market, we have p; = 1 and py = L and thus trader
2 will keep % units of good 2. This only leads to a social welfare of of

B-i+<L-L£1+1l):2L

Clearly, partitioning into more than one market cannot improve the situation here, so the
optimal clustering is the single market. Thus, if we set Lto be arbitrarily large then the
ratio between the optimal social welfare and the maximum social welfare achievable by
market clustering is unbounded.

Appendix B: The Hardness of Market Clustering

Clustering with a Bounded Number of Goods.

The market clustering problem in a linear exchange economy is NP-hard even when we
have two markets and four goods.

Theorem 8. Given an instance of the 2-market clustering problem with five goods and
linear utility functions, it is NP-hard to decide whether there is a clustering that yields a
social welfare of value at least Z, for any Z > 0.
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Proof. We give a reduction from the PARTITION problem, where we are given a set of n
integers A = {a1,az,...,a,}, and the goal is to decide whether there is a subset A’ C A
such that ZaieA/ a; = Za,;eA—A' a; = %ZaieA a;. We may assume a; > 0 for all 4, as
PARTITION is NP-complete in this case [20]. Also, we assume wlog that S > 5 since we
can multiply every integer in A by a positive integer.

Our key idea in the proof is to design an economy that can be clustered into two
markets with a total social welfare of f(z) = 2/(x+ 1)+ (¢ —x)/(c —x +1). The function
f attains its maximum over [0,c| at g = ¢/2. The reduction will follow, provided we
can ensure that the market clustering of traders corresponding to z also corresponds the
optimal partition of the integers.

Towards this goal, consider the following economy with n + 4 traders and 5 goods.
Again, the LHS of the table show the initial endowments and the RHS shows the utility
coefficients. We take K > > a; > 1.

€; u;
91 92 93 94 g5 | 91 92 g3 g4 95
ief{l,...n} | a; a - - - |- - - - 149
n+1 1 1 K - - - - - 1 1
{ n+2 - - - 1 1|1 - K - -
n+3 11 - K -|- - 1 - 1
n+4 - - 1 - 1 - 1 - K -

Claim 14. To optimise welfare, traders n+1 and n+2 must be in one market and traders
n+ 3 and n + 4 in the other market.

Proof. Suppose traders n 4+ 1 and n + 2 are in the first market and traders n + 3 and
n + 4 are in the second market. Consider good gs. Only traders n 4+ 2 and n + 3 want
gs. So trader n + 2 will obtain all K units of trader n + 1’s endowment of g3 because
trader m + 3 is not present in their market. This gives trader n + 2 a utility of at least
K?2. Similarly with respect to good g4, trader n + 4 will receive a utility of at least K2 in
the other market. Thus, social welfare will be at least 2K? with such a partitioning. The
existence of such equilibria (regardless of the cluster assignment of traders 1 to n) follows
from Gale’s characterisation.

Now consider the other ways to cluster. There are 2K +8+2 ), a; units of goods in total,
so the maximum welfare of traders 1 to n+1 and n+3 is at most (140)(2K+8+2)", a;) <
3K. Consequently, to achieve a high welfare, traders n 4+ 2 and n + 4 must do well.

Thus, the other possibility is if traders n 4+ 1 to n + 4 are all in the same market. Let
A=) . cga; where S C {1,...,n} is the set of traders in the same market as traders
n+ 1 to n + 4. The market graph of the market is strongly connected, so the equilibrium
prices are positive.

By symmetry, we have p; = po and p3 = p4; we may fix po = 1. Now only trader n + 4
has a non-zero utility for the good go so she must get it. Then by Claim 4, p% > p%, SO
ps = pg > K. We consider two cases:

(i) If p5 > p3, then traders n 4+ 1 and n + 3 will not buy gs. Thus only the traders 1 to n
will buy g5. So, by Claim 1, 2p5 = 2.A. But then p; < K < ps, a contradiction.

(ii) If ps < ps, then traders n 4+ 1 and n + 3 will spend all their money on good 5. Thus
2ps = (p1 +p2)(A+2) + (p3 + pa) K = 2A + 4 + 2Kp3 > 2p3, a contradiction.

This proves that ps = p3 = K. From this we can compute the best bundle for any trader,
whose utilities are given in this table:
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Trader ‘ lton n+1 n+2 n+3 n+4
budget 2A 2+ K? 2K 2+ K? 2K
welfare 2A(1+96)/K (2+K2)/K 2K (2+K2)/K 2K

Hence this solution has low social welfare. O

So we may assume that traders n 4+ 1 and n + 2 are in the first market and traders
n + 3 and n + 4 are in the second market. The traders 1 to n must be partitioned into
these two markets. Let’s say that a subset S of the traders 1 to n go in the first market
and the other traders go into the second market.

We analyse the total welfare in Market 1. Let A; = ), g a; where S is the set of indices
of traders from {1, n} in this market. As nobody wants g2, we have p; = 0. The other goods
are supplied and are desired so will have positive prices; fix p; = 1. At equilibrium, trader
n+ 2 buys all of g; and g3, so p3 = Kp; = K, by Claim 4. So, applying Claim 1 for trader
n + 2 gives that ps + ps = (A; + 1)p1 + Kp3 = K2 + A; + 1. From this the traders in S
receive A; and trader n + 1 receives K2 + 1.

Trader n+ 1 must buy all of g4 so, by Claim 4, we have py < ps. If p4 < ps, only traders
1 to n would buy g5 and therefore, by Claim 1, we obtain ps = 1/A;. So ps + ps < 1/ A;,
a contradiction. Hence py = p5 = £(K? + Ay + 1). This gives the following welfares.

Trader | 1ton n+1 n+2
budget Ay K?+1 K2+ A +1
welfare | 2(1+0)A /(K2 4+ A1 +1)  2(K2+1)/(K2+ A1 +1) K2+ A +1

Thus, the total welfare for the first market is

2(1+6)A 2(K?% +1) 9 Ay 9
K+ A +1=20- "+ K"+ A +3
KA+l K2qA 1 AT KIp A r1 T
Symmetrically in Market 2, with A, := Zi¢s a;, we get:
.AQ 2
20—+ K+ A3+3
KitA,v1 0 Tt

Over both markets the total welfare is

25.( Al Az >+2K2+Zai+6

_|_
K2+ A +1 K2+ A5+1

Thus to optimise welfare over the two markets we need to choose S to maximise

Dics i T Zigsai
L+ K2+ g0 1+K2+Zi¢5ai

So we are trying to maximise a function a function f defined by

B x n (c—x)
1+ K242 1+ K24 (c—x)

f(x)

The function f attains its maximum over [0, ¢] at zy = ¢/2. Here ¢ = ), a; so this choice
solves the partition problem. ad
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Market Clustering with an Unbounded Number of Goods.

In general, if the number of good is unbounded, the market clustering problem in a linear
exchange economy is at least as hard as the maximum independent set problem. This holds
even if we are allowed to partition the traders into as many markets as we wish (that is,
k= 0).

In the INDEPENDENT SET problem, we are given an undirected graph G = (V, E), and
the goal is to find a maximum cardinality set S C V such that no two vertices of S are
adjacent in G. This problem is notoriously hard to approximate well.

Theorem 15 ([14]). For any constant v > 0, given a graph G = (V, E) on n wvertices,
unless NP = ZPP, it is hard to distinguish between the following two cases:

~ Yes-Instance: The graph G has an independent set of size n'~7.
— No-Instance: The graph G has no independent set of size n”. O

Here we present a reduction from INDEPENDENT SET that produces a similar hardness
result for the market clustering problem (the case k = 00):

Theorem 9. For any constant § > 0, unless NP = ZPP, it is hard, considering an instance
of the market clustering problem with linear utility functions, to distinguish between the
following two cases:

~ Yes-Instance: There is a clustering that yields a social welfare of value at least Z'~°.
— No-Instance: There is no clustering that yields a social welfare of value at least Z°.

where Z is the mazimum social welfare.

Proof. Take an instance G = (V, E) of INDEPENDENT SET with V = {vq,...,un5}. Set
the parameter v in Theorem 15 to v = /2. We now build an instance of the k-market
clustering problem with N + 1 traders and N + 1 goods. For each i € {0,..., N}, the
endowment of the trader ¢ is e;; = 1, e;; = 0 for any j # 7. Thus, every trader has a unique
specific good. The utility functions u; are defined with respect to the edge set. Specifically,
for any trader i, with i =1,2,..., N, set

U0 = 62
v — e if {vs,v;} € £
771 0 otherwise

Here, we choose ¢ <« 1/N. The utility ug of trader 0 is defined as follows.

upj =1 forallj=1,2,...,N
U()O:O

Yes-Instance: Suppose the graph G has an independent set S of size N'~7. Then there is
a clustering yielding a social welfare of N'~27. To see this, place trader 0 and all the traders
corresponding to nodes of S in the first market; put the remaining traders in the second
market. Consider the first market. This has an equilibrium by Gale’s characterisation.
Since S is an independent set, trader 0 is the only trader who desires the goods held by
traders in S. Thus, at equilibrium, the traders in S are willing to trade with trader 0 but
not amongst themselves. Therefore, trader 0 has utility of N!~7. Hence, the social welfare
of the first market is at least N1=7 > N1=27,

No-Instance: Suppose the graph G has no independent set S of size N7. We will show
that there is no clustering that yields a social welfare of N2, First, observe that the total
social welfare incurred by the traders 1,..., N is at most eN 4 €2 < 1. We set pg = 1.
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Next, consider the social welfare of trader 0. Let the equilibrium allocation and prices
be x and p, and consider the trading graph H = ({0,...,n}, A), with A = {ij : 4,j €
V(H),z;; > 0}. Take the component K of the trading graph containing trader 0. By
Claim 1 and Claim 2, the mapping f : B/ — Ry defined by f(ij) = pjz,; is a non-zero
circulation. Thus, the component K must be strongly connected. Hence there is a closed
walk dgi1, ..., 419 with 49 = 4; and x;;,_,;; > 0 for all j € {1,... 1} visiting every arc of
A at least once.

Now create an auxiliary set of prices p’ where p} = p; for all ¢ # 0, and set pj = po/e.
Observe that any trader buys goods only from amongst its neighbours with the minimum
auxiliary price. We may assume that p} > p;j for any j € {1,...,1}. For any j, trader j+1
(indices taken modulo ) had the option to buy from trader j and from trader j 4+ 2, and
chose to buy from the latter. Thus, p;j > pgjﬂ by the optimality constraint. This implies
that the auxiliary prices can take at most two different values, and exactly one if [ is odd.

If the auxiliary prices take on only one value, then the price of any vertex trading with
trader 0 must be 1/¢, and the welfare of trader 0 is only ¢ < 1.

If the auxiliary prices take on two values then K is bipartite. Let the bipartition be
A, B with vy € B. Then p; = 1/¢ for any b € B. If A induces a stable set in G then trader
0 can purchase at most |A] < N7 and so has utility at most N7. On the other hand, if A
induces at least one edge ij in G then i had the option of buying from j rather than from
vertices in B. Thus p, = p}; > pj, = 1/e. But pg = 1 so trader 0 can then afford at most ¢
units of good from traders in A. Thus his utility is at most ¢.

Consequently, the maximum utility of the traders is at most 1 + N7 < N?7 for large
N. a

Appendix C: Approximate Walrasian Equilibria

Theorem 10. For ¢ > 0, every market has a market-clearing e-approximate equilibrium.

Proof. The proof is by induction on the number of goods g. By Gale’s condition, a market
with no altruist-free super self-sufficient sets admits an (exact) equilibrium, in particular
markets with only one good admit equilibria.

Consider a market M = (m,n,u,e), and assume the existence of an altruist-free super
self-sufficient set. Choose a minimal altruist-free super self-sufficient set S C {1,...,n}.
Let G :={j € {1,...,m} : Ji € S, e;; >0} be the set of goods owned by traders in S.
Let H C G5 be the set of goods j in Mg such that ), e;; > 0 but ;g u;; = 0. These
are the goods relevant to the second condition of the definition of super self-sufficient sets,
hence H # (). Let Mg be the restriction of market M to goods Gs — H and traders S.
Then the market Mg has no super self-sufficient set by minimality of S. Hence there is an
exact equilibrium p®,x° on Mg.

Notice that H is a proper subset of Gg, as S is altruist-free. Define the market My
with traders T := ({1,...n} —S) U {0}, and goods Gr := ({1,...,m} — Gg) U H. The
new trader 0 is altruistic (up = 0) with endowments eop, = > ;g €in for any h € H, and
eoj = 0 for any j € Gr — H. By induction on the number of goods, there is a market-
clearing e-approximate equilibrium p”,x” on market M.

Let A be the set of altruistic traders in market Mp. In particular, 0 € A. Define
P = ZieA p-e; to be the total budget of altruistic traders in Mr. Let Q° = max;cs p°-e;
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be the maximum budget of a trader in Mg. By scaling the prices p°, we may assume that:

eQ®>p (5)

Pe o Pi o, any trader ¢ € T', goods j € Gt and k € Gg with x;; > 0. (6)
Uik Uiy
Our goal is to merge the two markets Mg and Mr, and Inequality (6) will ensure that
any non-altruistic trader in M will not have a better response after merging. Inequality (5)
will be used to prove the e-optimality of the responses of traders in S.
We define a price allocation p and goods allocation x at equilibrium for the market M.

‘ pjlf_jEGT
pj = pjlfjeGs—

For a non-altruistic trader 7 in 7', its allocation in M is x;; = x . for any good j in
market T, x;; = 0 otherwise. This allocation is a best response for trader 1 at prices p by
Inequality (6) .

For an altruistic trader i # 0 in My, set x; to be any best response for i in M, p. In
particular, z;; > 0 implies that j € Gs — H. For any good j in Gs — H, let (j := >, 4 xij
be the total quantity of good j claimed in M by altruistic traders of M, and for any good
jin H, let p; := ZleA . be the total quantity of good attributed in My to altruists.
Notice that for any j € G’s H, (; <e> " e by Inequality (5).

For a trader ¢ € S and a good j € Gg, set

G ) s s
= |1-=— oy, = (1 —e)ay;
! ( D k1 Ekj ! ’
S

7; Was a best exact response, z;; (restricted to j € Gg) is an approximate best
response in M, p. Also, we have for any j € Gg:

S =X (1 gy )+ T

k_

Because x;

€S i€A
es®
—zxwz(l—zf SR
i€s leA k=1 ki i€es
Hence, the market is clearing on S.
For a trader ¢ € S and a good j € G — H, we set

g — p°-ai — ZkeGsprkl'ikp‘

v PS¢ ’

This is a way to redistribute the goods previously claimed by altruistic traders to traders
in S who “gave” part of their claims to altruists, in order to reach exact market-clearing.
Then, for j € Gy — H we have:

S8
Zm':p R *ZiesZkeGs—Hpkxikp__P ‘($S*Z¢esxi)p_:p_
= Y ¥ ¢ ’ ¢ T

Moreover, the utility of good j € Gr—H for trader i € S is zero, hence x; is an approximate
best response. O
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Appendix D: Limits of equilibria are generalized equilibria

Theorem 11. For any market, any limit allocation X gives a generalized equilibrium.

Proof. Let (x™), be a sequence of market-clearing approximate equilibria in a market M,
with approximation factor converging to 0, such that (x"),, converges to %X. For any n, let
p" be the set of prices supporting x™ in a market-clearing approximate equilibrium. We
choose (2™),, such that p} converges monotonically in Ry U {+oc}.

Again, we may assume that for any good g;, there is a trader ¢ that desires the good
(u;; > 0). Otherwise pj = 0 for any n and this good could have a generalized price
(0,0). Consequently, for any good g;, we have pj > 0 for all n > 0 such that x" is an
g-approximate equilibrium for € < 1.

Let C be the partition of the vertices of the market graph into strongly connected
components.

Claim 16. Let C € C be some component. Scale the prices (p™)n such that the mazimum
price of any good in C is always 1. Then the sequence of prices of goods in C' converges to
a set of positive prices.

Proof. Otherwise, there is at least one good in C whose price converges to zero. Since
P = 1, by strong connectivity, there is an arc (4, j') with pj — > 0and p}, — 0 when
n tends to +o00. Let i be a trader with e;; > emin > 0 and u;57 > Umin > 0. Then as n
tends to 400, the ratio u;;/ p}, tends to +oo, while the budget of ¢ tends to some constant
larger than e, - v, hence the welfare of ¢ tends to +o00, contradiction. a

Denote C' ~ C' for C,C" € C if there are j € C, j' € C' such that p} /p!!, converges to a
non-zero value. Then it is true for any j € C, 7/ € C’ by Claim 16, and ~ is an equivalence
relation. Let J1,...J; be the equivalence classes, and denote Ji = Uce C. We can order
Ji, ... J; such that 1fp?/p converges to zero, j € Jy and j' € Jy/, then h < K. We denote
J;:J1U.Jaland¢] =Jor1U...UJ.

For any h € {1,..., l}, scale the prices (p™), such that the minimum price of a good

in Jj, is 1, then set the generalized price of any j € Jj, to p; = (h, lim,— 4.0 P}). We now
prove that p,x is a generalized equilibrium.
Budget constraint: Let i be a trader and j a good maximizing p; = (75, p;). Scale the
prices (p™), such that the minimum price in J,, is 1. For any « > 0, for n sufficiently
large, the budget of ¢ is upper-bounded by E o €Dl < (1+a) Zj'el,.i eij Py As pl /p;?,,
tends to 0 for any goods j' € J,., and j” € Jj, z, also tends to X;j» = 0. This proves
that for any a > ri: 30, 0 592, Xijm2(D;) =

Moreover, 3 ei;p} = E]eJ,«i €ijp; —|—Zj€.]” e > ZjeJri rpt as u; = 0 when j €

J,, - Because Zje.]; e;jp; tends to zero, limy, 4 ZjeJ” eijpy > limp 400 ZjeJ” zhpy,
that is ZjGJri 6@‘7‘[‘2([%‘) Z ZjGJri Joiijﬂ’g(ﬁj).
Market clearing: Let j € P be any good. Then ), af% =1, hence ), ;; = 1 =}, e;5.
Optimality: Let ¢ be any trader. We know that ZjeJ:i u;; = 0. If ZjEJ” u;; = 0, then
the maximum welfare achievable by ¢ is zero, so X; is a best response. We may assume
that there is a j € J,, such that u;; > 0. For any € € [0,1/2], there is n = n. large enough
such that the ratio utility /price for any good in J is at most ¢ - minje g, ;>0 Uij /pj,
and the approximation factor of x™, p™ is at most ¢. | Hence

142 3 o 2w = X e+ X wet > 09 (a2 5 ot

Jj€Jr, jeJs, JE€JIr, JEJIr,
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When ¢ tends to 0 (and thus n, — +00), we get Zj X5 > (maneJ”_ #zj)) Zje.hi ei;m2(Dj),
and this is the optimality constraint for exact generalized equilibria. a
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