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Abstract. Ronald Dworkin’s equality of resources [12], and the closely related concept of envy-freeness,
are two of the fundamental ideas behind fair allocation of private goods. The appropriate analog to
these concepts in a public decision-making environment is unclear, since all agents consume the same
“bundle” of resources (though they may have different utilities for this bundle). Drawing inspiration
from equality of resources and the Dworkin quote below, we propose that equality in public decision-
making should allow each agent to cause equal cost to the rest of society, which we model as equal
externality. We term this equality of power. The first challenge here is that the cost to the rest of society
must be measured somehow, and it is generally impossible to elicit the scale of individual utilities (in
the absence of monetary payments). Again drawing inspiration from foundational literature for private
goods economies, we normalize each agent’s utility so that every agent’s marginal utility for additional
power is the same. We show that for quadratic utilities, in the large market limit, there always exists
an outcome that simultaneously satisfies equal power, equal marginal utility for additional power, and
social welfare maximization with respect to the normalized utilities.

FEquality of resources supposes that the resources devoted to each person’s life should
be equal. That goal needs a metric. The auction proposes what the envy test in fact
assumes, that the true measure of the social resources devoted to the life of one person
is fized by asking how important, in fact, that resource is for others. It insists that the
cost, measured in that way, figure in each person’s sense of what is rightly his and in
each person’s judgment of what life he should lead, given that command of justice.

Ronald Dworkin, What is Equality? Part II: Equality of Resources, 1981

1 Introduction

In settings where monetary payments are not allowed, it is generally impossible to elicit the absolute scale
of agents’ utilities. This makes objectives like social welfare maximization difficult. Instead, it is common to
focus on some notion of equality or fairness. In the context of pure private goods economies, this is commonly
represented, in both analytic philosophy and economics, by the closely related ideas of the envy-freeness [15],
competitive equilibrium from equal incomes [26] and equality of resources [12]. There has been a recent surge
of interest in these topics — and more generally, axiomatic fair division of resources — in the computational
economics community as well.

It is not immediately clear how to adapt these concepts to the public decision-making setting. For
example, envy-freeness is not meaningful in such an economy, since all agents “consume” the same outcome;
they simply receive different utility from that outcome. In this paper we propose and analyze a potential
solution in a continuous public decision-making environment (i.e., an outcome is a point in R™, where each
of the m dimensions represents a public issue) that we call equality of power.

The idea at the foundation of equality of power is that each individual’s opinion should be given equal
weight. This is widely considered by political theorists to be the defining feature of democracy [11] if not
of justice more generally [1, 2, 25]. As Dahl puts it, “The moral judgement that all human beings are of
intrinsically equal worth...(requires) that the good or interests of each person must be given equal consider-
ation.” Despite this progress on the political theory front, no version of the equal power concept has been
formalized technically. How do we formally define “equal weight” of opinions? In this paper, we propose a
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formal definition of equality of power, and show that for quadratic utility functions' and a large number of
agents?, there always exists an outcome satisfying this definition.

1.1 Our contribution

Ronald Dworkin’s seminal work in private goods economies suggests that each agent should be allowed to
impose equal cost on the rest of society [12]. We model this as externality. The externality of an agent is the
decrease in social welfare (i.e., sum of utilities) for everyone else caused by the existence of that agent. That
is, consider the outcome that would be chosen in the absence of that agent, versus the outcome chosen when
that agent is included: the externality is the difference in social welfare for the rest of the agents between
those two outcomes. We define an agent’s power to be her externality, and so equal power requires all agents
to have the same externality.

However, we cannot define social welfare in the standard sense, because we do not know the scale of the
individual utilities. To define a common scale, we follow the spirit of Dworkin [12] and measure utilities by a
metric where the marginal value of additional power for every agent is equal. This is tightly analogous to the
definition of equality of resources in terms of equal units of an artificial auction currency, which is exactly
the concept of competitive equilibrium from incomes concept from Varian [26]. For additional intuition,
imagine that the social planner has a finite amount of power to allocate. In order to maximize social welfare,
the marginal value of additional power should be the same for each agent: otherwise, moving power from
agents with lower marginal value to agents with higher marginal value would increase the social welfare.
We emphasize that the above discussion is not a technical statement, nor is it representative of our actual
mathematical model; we include it solely for intuition behind choosing a common scale which equalizes the
marginal value of additional power.

Informal statement of results. Our full mathematical model is given in Section 2, but we give an informal
description here. We assume agents have quadratic utilities: each agent ¢ has an ideal point y; € R™, along
with a weight w;; for each issue j. Agent 4’s utility for an outcome x € R is defined as

m
wi(w) = =Y wij(yyy — z;)°
j=1

where y;; and x; are the jth coordinates of y; and z, respectively. Note that u;(x) is maximized at z = y;.
To define “marginal value for additional power”, we use the following elicitation scheme. Consider an
outcome x for the public decision-making problem. We ask each agent to move the outcome towards her ideal
point, under the constraint that the externality she imposes on the rest of society is at most some constant
~. When + is uniform across all agents, this satisfies equality of power.
Our goal, then, is the following. We desire a scaling of utilities ¢ and an public decision-making outcome
x? such that all of the following hold:

1. Each agent has equal power. This is achieved by having v be uniform across agents.

2. Each agent has equal marginal utility for additional power with respect to the elicitation scheme described
above (allowing each agent to move the outcome towards their ideal point).

3. The net movement in each direction in the above elicitation scheme is 0.

4. The outcome r maximizes social welfare with respect to c.

For quadratic utilities, we are able to prove existence of such an x and c in the limit as the number of
agents approaches infinity. This leads to Theorem 4.2, whose formal statement comes later. Here 0;;(z) € R
represents the amount agent ¢ chooses to move from the current point on issue j. We will often simply denote
this by ;;, and denote the desired shift vector of agent i by d;. Note that we do not need to explicitly require
that all agents have equal power, as this is ensured by the elicitation scheme (as long as « is uniform).

1 See Section 1.1 for a definition.

2 Specifically, we show that for any finite number of agents, we achieve an approximate version of this equal power
outcome, and the approximation error goes to 0 as the number of agents goes to infinity.

3 This scaling, which we denote ¢, will be a vector assigning a scaling factor to each agent. The outcome z will be a
vector in R™, where m is the number of issues.



Theorem 4.2 (Informal). When agent utilities are quadratic, there exists an outcome x and a scaling of
agent utilities ¢ such that as the number of agents goes to infinity, all of the following hold:

1. The net movement along each issue (i.e., Y 6;j(x)) is 0.
2. Every agent has the same marginal utility for additional power.
3. The outcome x mazximizes welfare with respect to c.

The technical statement of the theorem can be found in Section 4. Our proof is quite technically involved.
Along with some standard (though involved) Lagrangian duality techniques, we use a fixed point argument
whereby we show that a particular infinite-dimensional function admits “almost-fixed” points, i.e., points z
where z and f(z) are arbitrarily close (we will end up choosing our scaling ¢ to be an almost-fixed point of
this particular function). Our primary technical contribution is a novel technique for proving existence of
approximate fixed points; see Section 4.1 for a more in-depth discussion.

Dependence of marginal utility and social welfare on c. Both the marginal utilities and the social
welfare are computed with respect to the utility scale c. The reader may be worried that this makes Theo-
rem 4.2 circular, but it is important to recognize three things. First, the scaling c is not a free parameter: it
is tied down by our requirement that the marginal value for additional power be equal. Second, as mentioned
above, this is strongly inspired by the definition of equality of resources in terms of equal amounts of an
artificial currency (see Varian [26]).

Third, and most importantly, we argue that it is not meaningful to ask for equal marginal utilities or
welfare maximization with respect to the “true” utilities. This is because, in our model, “true” utilities do
not really exist: it is not meaningful for ask for the absolute scale of an agent’s utility (since there are no
monetary payments). The model is not that we are given agents’ true utilities and we are scaling them, the
model is that we are defining a scale of agents’ utilities, since some scale is needed in order to maximize
social welfare. Inspired by [12], we are choosing a scale that equalizes the marginal utilities.

For some intuition, in the one dimensional case, the outcome specified by Theorem 4.2 turns out to be the
median of the agents’ ideal points (see Section 3). Furthermore, we argue in Appendix E that our solution
concept is not trivial, by showing that an “obvious” choice for ¢ (specifically, giving each agent the same
scaling factor ¢;) does not work.

Finally, we briefly discuss incentives and computation. Our query to agents — to provide a desired shift
from the current point, under the equal power constraint — is an elicitation method, not a mechanism.
Consequently, our result should be thought of only as an existence result. We do not consider mechanism
design in a formal sense in this paper, and leave that for future work. We are optimistic about the possibility
of an iterative procedure for computing x and c, where on each step, each agent provides a d;(z), and we
use 07 ...0d, to compute the next iterate.

1.2 Connections to quadratic voting

It will turn out that our equal power constraint will reduce to a simple quadratic constraint of the form
> ;4 5% < v, where each g¢; is a positive constant and each j is an issue. Quadratic voting is an increasingly
promising voting scheme, both in theory [3, 4, 8, 18, 19, 20, 21, 27] and practice [17, 22, 24]. The fact that
our equal power outcome can be implemented with (weighted) quadratic voting leads to a host of promising
directions for future work.

In particular, we are optimistic about the possibility of an iterative protocol for computing our desired
outcome (z*,c). As suggested above, consider an iterative algorithm where on each step, we ask each agent
for their desired shift §;(z) from the current point x, and use those shifts to compute the next iterate. This
algorithm was first studied by Hylland and Zeckhauser in 1979 [18], although instead of the externality
constraint (which reduces to > j qj@gj < ), they used subjected each agent to the dimension-symmetric
quadratic voting constraint of j 6% < ~4*. They show that their procedure converges to a Pareto optimum.

However, we desire something stronger than just a Pareto optimum. Intuitively, by using a dimension-
symmetric constraint, their algorithm ignores the fact that some issues are more important to the population
than others. The more the rest of society cares about an issue, the more difficult it should be for an individual

4 The dimension-symmetric version of this algorithm has also been studied in [3, 4, 8, 17].



to affect the outcome on that issue. This is what Dworkin’s quote from the beginning of our paper captures,
and what inspires our equal externality constraint. As discussed above, our equal externality constraint will
reduce to a constraint of the form 3 j qjéfj < 7. Each ¢; should be interpreted as the aggregate weight
society places on issue j.

The distinction between these two constraints is not simply technical. Since each issue is unitless in this
model, it not clear what the “right” description of the issue space is, i.e., the right scale for each issue®. Our
equal externality constraint will be invariant to such rescaling, as intuitively should be the case: if some issue
J is rescaled, ¢; will simply rescale accordingly. This means that regardless of the representation of the issue
space, the outcome described by Theorem 4.2 will be the same. However, Hylland and Zeckhauser’s algorithm
dimension-symmetric algorithm is extremely vulnerable to this: their outcome will depend dramatically on
the precise description of the decision space.

For future work, we are interested in the variant of their algorithm where their dimension-symmetric
constraint is replaced with our equal power constraint. This leads to another complication: the right scale
for each issue (i.e., ¢;) is not known a priori. However, we believe that the right scaling can be discovered
as the algorithm progresses based on agents’ desired shifts. This is similar to how iterative algorithms for
computing private goods market equilibria® slowly discover the right prices based on agent demands. All in
all, we conjecture that this will lead to an iterative algorithm for public decision-making that both maximizes
social welfare, and is consistent with the spirit of equality of resources and envy-freeness studied by economics
and philosophy giants such as Ronald Dworkin, Hal Varian, and many more.

Further connections to quadratic voting and second order methods. For the expert reader, we include a brief
discussion of some more technical aspects of these connections. Going back to Dworkin [12], he suggests
the use of an auction based on equal initial endowments; while he is not explicit about the auction theory
involved, he seems to appeal to the idea of a Walrasian auction to which many auction designs converge in
large replications of private goods economies with a fixed number of goods [10, 23]. However, the structure
of power and quadratic voting is fundamentally different than the linear pricing of a Walrasian auction.
For a large population, each agent is only able to suggest a very small shift §; from the current point. In
particular, the second and higher derivatives of her utility function with respect to §; vanish as the number
of agents goes to infinity. In order to capture the remaining first derivative, the “pricing” of the d; (i.e., the
externality constraint on ¢;) should therefore be a quadratic form rather than a linear function, so that the
first derivatives of the constraint are linear.

1.3 Other related work

There has been significant recent progress on the theory of public decision-making, some of which with close
ties to our work, and some of which using very different approaches. An iterative algorithm which elicits a
desired shift from each agent on each step has been studied in [3, 4, 8, 17] and shown to converge under
certain assumptions. Furthermore, most of this work does focus specifically on quadratic constraints on the
desired shifts. However, none of this work addresses the “weighting” or “rescaling” of dimensions that is
crucial to our work (and handled by the g¢; constants, as discussed above). For example, [17] focuses on the
case where each agent cares about all of the dimensions the same amount.

One can think of the equal power constraint as a pricing mechanism, in the sense that the amount of
externality caused (which is equal to ) j qjéfj) is the “price”, and each agent has ~ units of power to spend.
One famous result regarding pricing for public decision-making is that when arbitrary personalized prices
are allowed (i.e., the central authority can give agents different prices for the same issue with no restrictions),
any Pareto optimal point can be a market equilibrium [14]. A recent paper [16] improved upon this result
for the special case of binary issue public decision-making (i.e., each issue has two discrete alternatives, and
each agent’s ideal point is one of these two alternatives). They gave a reduction by which any binary issue
public decision-making problem can be reduced to a private goods market that is “equivalent” in a strong
sense, and used this to obtain stronger market equilibrium properties for their special case. Both of these
differ from our work in that they use personalized prices to some extent, whereas we subject each agent to

5 Note that rescaling of the issue space is independent of our scaling ¢ of the agent utility functions.
5 Such algorithms are often known as tdtonnements.



exactly the same equal power constraint. In this way, our work is arguably more consistent with the spirit
of equality of resources.

We briefly mention several non-market approaches. Storable Votes [7] considers a repeated voting context,
and permits agents to store their votes for future meetings. In [9], the authors adapt traditional private goods
fairness axioms (such as a proportionality) to the public decision-making context for the case where only
a discrete set of outcomes are allowed for each issue. The discrete public decision-making problem is also
studied by [13], which considers approximate versions of the core, since the (exact) core is not guaranteed
to exist in the discrete version of the problem.

The paper proceeds as follows. Section 2 presents the formal model. Section 3 considers the one-dimensional
case’; this serves as a “warm-up” for the main proof. Since the proof of our main result (Theorem 4.2) is
quite involved, we use Section 4 to set up the main result and provide a detailed roadmap of the proof.
We then move on to the formal proof. Section 5 contains the fixed point argument that we use to identify
our desired outcome x and scaling c. The rest of the proof appears in the appendix. Appendix A provides
some additional setup that was omitted from the main body. We then proceed with the rest of the formal
proof. Appendix B proves several properties that will be important throughout the proof, such a technical
version of the statement “each agent is a small fraction of a large population”. Appendix C characterizes
each agent’s desired shift 0;, and show that under the choice of z and c from Section 5, (almost all) the
agents have (almost) the same marginal value for additional power. Appendix D handles the last require-
ment of Theorem 4.2, which is that Zj di;(x) is (almost) O for each issue j. Also, Appendix E shows that
an “obvious” choice of ¢ (specifically, giving every agent the same scaling factor) is not sufficient for our
purposes; this section is solely for intuition.

2 Model

Consider a set of public issues M = {1...m}. We assume that an outcome for a particular issue is a scalar
in R, so an outcome for the overall problem is a vector in R™. A group of agents need to choose an outcome
for this decision-making problem. We assume that each agent is drawn i.i.d. from an integrable probability
distribution p : N — R>( over possible agent types, where NN is the set of agent types. We assume that the
distribution is not concentrated too strongly anywhere: specifically, we assume that there exists pyq. > 0
such that p(i) < ppas for all i. We will use “agents” and “agent types” interchangeably. In general, we will
use ¢ and k to refer to agents, and j and ¢ to refer to issues. Since we are holding m fixed and taking n to
infinity, we will think of m as a constant (in that we suppress it in asymptotic notation).

Each agent type is specified by an ideal outcome y; € R™ and a weight vector w; € R™. The weight
vector represents how much the agent cares about different issues. Let y;; € R and w;; € R>o denote agent
i’s ideal outcome and weight for issue j, respectively. Then agent i’s utility for an arbitrary point x € R™ is

ui(z) = —¢; Z wij(zj — yij)?

JEM

where ¢; € Ry is the scaling of agent i’s utility that we choose. Note that agent i’s utility is maximized at
Let x C R™ be the set of feasible outcomes. We assume that the region of feasible outcomes is bounded
and convex. Define d;,q, by

dmaz = sup Ha - b||2
a,bex

where [|la —bll2 = /> ;car(a; — b;)? is the Ly norm.
We also assume all agents’ weights are bounded above and below. Specifically, we assume there exists

Winin, Wimaz > 0 such that wein < wij < Wpae for all 4, j8. The assumptions of boundedness of y and
boundedness of w;; for all ¢, j together imply that the set N is bounded.

” Recall that our desired outcome turns out to be the median of the agents’ ideal points in this case.

8 This is really only one assumption, actually: ¢; will be invariant to w; in the sense that if agent i doubles w;, ¢;
will halve. This means that only the relative weights matter anyway, so we are essentially assuming that the ratio
of each agent’s maximum weight dividing by minimum weight is bounded above, i.e., w; is “well-conditioned”.



Equality of power. Let n be the number of agents sampled from p, and let N; be the random variable
representing this set of sampled agents. Rather than focusing on the welfare of the actual set of agents
sampled, we use the expected societal welfare with respect to the distribution p. However, since the agents
are drawn i.i.d., the law of large numbers implies that the two coincide in the limit as n — oo anyway.
Specifically, for = € x, the expected societal welfare U(x) (which depends on the chosen ¢;’s) is defined by

Ux) = En.p [Z ui(x)] —n / pliua)di

1€ENs

For our equal power (i.e., equal externality) constraint, we define externality with respect to the expected
societal welfare U, not with respect to the welfare of the actual sampled agents N,. Formally, given a current
point = € x, we define the externality of a desired shift § € R™ to be U(z) — U(z +6)°. Thus given a current
point z and a small power constant « > 0, we present each agent ¢ with the following convex program:

grelﬂ%i% u;(x + 9) (1)
st. Ulx)—U(x+9) <y

Let §;(x) € R™ be the optimal solution to Program 1 starting from point € R™, and let A;(z) € R be the
value of the Lagrange multiplier in the optimal solution. These variables refer only to the optimal solution of
agent 4’s copy of Program 1, not any sort of global optimal solution. Also note that this program implicitly
depends on the scaling factors ¢ (through U).

For a convex program with a differential objective function (such as Program 1), the Lagrange multiplier
represents how much we could improve the objective value if the constraint were relaxed!?. In our case, the
objective function here is agent i’s utility for outcome z 4+ §, and the constraint is enforcing that the power
used by agent 7 is at most y. Thus the Lagrange multiplier \;(z) is exactly agent ¢’s marginal value for
additional power, and this is what we wish to equalize across agents.

Our solution concept. Our solution concept — an equal-power equal-A e-equilibrium — asks us to chose an
outcome x € R™ and agent scaling factors ¢ € R]>Vo (along with a power constant v and a particular Lagrange
multiplier A) that satisfies three requirements. First, the expected net movement (the sum of §;(x)’s) from the
current point is smaller than . We use the L, norm to express the size of )", ;(x). The second requirement
is that all agents except an e fraction have the same value of X\;(z), up to an e error. Finally, the selected
outcome z € R™ must maximize welfare with respect to the chosen agent scaling factors ¢ € RY. Since N
is a (continuous) distribution over agent types, ¢ will be an infinite-dimensional vector.

Definition 2.1. An equal-power equal-\ e-equilibrium is a outcome x € R™, agent scaling factors ¢ € Rgo,
power constant vy, and marginal utility A > 0 such that

L EN,p[[| Diew, 0i(@)ll] <e.
2. The expected number of agents i with (1 — )X < A;(x) < X is at least (1 — &)n.

3. The outcome x mazimizes welfare with respect to c, i.e., x € arg max,, U(a').

We will usually leave x implicit and just write ¢; (which is a vector), §;; (which is a scalar), and A; (which
is a scalar). Note that we are only asking for ||,y di[|2 to be small in expectation, but the law of large
numbers ensures that the realized value will converge to the expectation with probability 1 as |Ng| — oo.

Our goal will be to show that for any ¢ > 0, there exists a large enough n (number of agents) such that
an equal-power equal-A e-equilibrium exists (for some choice of ). Specifically, we will choose a fixed 2 and
c based on the underlying distribution p, agnostic to the set of agents that are actually sampled. We then
show that the approximation error goes to 0 as n — oco.

In the next section, we show that in the one-dimensional case, our desired outcome is the median of the
agents’ ideal points.

9 The careful reader may notice that externality is usually defined as the impact on the welfare of everyone else,
excluding the agent in question. However, since we assume agents to be drawn i.i.d., this distinction is not important.
10 See Chapter 5 of [6] for an introduction to this type of perturbation analysis.



3 Warm-up: one dimension

We view the one-dimensional case as a warm-up in the sense that the result of this section (Theorem 3.1) will
be subsumed by our result for the m-dimensional case (Theorem 4.2). Although the proof of Theorem 4.2 is
much more technically involved, the general flow of the proof for the one-dimensional case is similar, so we
find it instructive to present first. The main difference is that for the m-dimensional case, the equilibrium
point is identified as an approximate fixed point of a particular (somewhat complicated) function. In contrast,
for the one-dimensional case, we are able to “guess” that the equilibrium point should be the median. There
are several additional small differences, such as the specific bound on \;. If the reader is confident and wishes
to skip this warm-up, we encourage them to proceed directly to Section 4.

Since we are working with a single dimension, we have w;,y; € R, and agent ¢’s utility function is
u;(z) = —c;w;(x —y;)?. Define z to be the median of the agents’ ideal points. Specifically, choose x € R such
that

[ pli) sente -y ai =0
1eEN

That is, the probability of sampling an agent i with y; < x is equal to the probability of sampling an agent
i with y; > . Since p is continuous, such an & must exist (if there are multiple, choose one arbitrarily).

For each i € N with y; # x, we define ¢; to be inversely proportional to her weight w; and the distance
between y; and x. Agents with y; = x will turn out to not matter (because this set has measure 0), so we
set ¢; = ¢ for those agents, where ¢ can be any constant.

— iy #Fa
¢i = § wilz — yil
c ify, =x

This definition will imply that the outcome is scale-invariant: doubling w; results in halving ¢;, which leads

— )2
to the same final utility function of u;(z) = f% = —|z —yi|. Also, let ¢ = n [,y p(k)|x —yp| " dk.M

Since [, oy p(k)|lz —yk|~! dk is just some constant (i.e., independent of n), ¢ is O(n).
Theorem 3.1. For x,c as defined above, there exists a power constant v such that the following all hold:

1. |n f;c y p(1)0i(x) di| goes to 0 as n — oo.
2. For each agent i except a vanishing fraction'?, \; goes to 1/\/qy as n — oo.
3. The outcome x mazimizes welfare with respect to c, i.e., x € arg max,, U(x').

Note that rather than converging to a specific value, ); is approaching 1/,/¢7, and ¢ is ©(n). However,
since we are interested in multiplicative differences in A;, this is not a problem. For the m-dimensional case,
one product of our more complicated setup will be that \; converges to a specific value: specifically, 1/,/7.

Since the point of this section is to give intuition for the main proof (and not to actually prove an
interesting result), we are less formal and rigorous than we will be in the proof of the main result. There are
also a few (uninformative) parts of the proof that we defer entirely until the proof of the main result.

To start, we consider welfare maximization.

Lemma 3.1. The outcome x as defined above mazximizes welfare with respect to c.

Proof. Since U is concave and differentiable, and we are maximizing over an unrestricted domain, x maximizes
U if and only if derivative of U at z is O:

%U(x) = %n /LENp(z)ul(xz) di = —2/ p(t)c;wi(z —y;) di = — ‘/LEN p(z)M

ieN wilr — yi

By definition of z, we have [,_, p(i) sgn(z — y;)di = [,_y p(9) Iiizll di = 0. Thus %U(m) =0,s0z €
arg max,, U(x). O

! Note that although |y; — |™! is undefined at = = y;, its integral is indeed well-defined.
12 That is, the fraction of agents for whom this does not hold should go to 0 as n — oo.



Next, we obtain an expression for d; in terms of \;.
(yi — )
|z — yil(Jz =yl =" + Aig)
Proof. We begin by writing the Lagrangian of Program 1 for an arbitrary agent i:
L((Sl, )\z) = ul(x + 51) -\ (U(LL’) — U(LE + (51) — ’y)
The KKT conditions imply that the derivative of L with respect to J; should be zero for the optimal J;:

Lemma 3.2. For each i € N, we have §; =

d d d
2 S 2 -
_ 7@ +Oi—y) Am/ P(kz)7<x+ % = k) gy,
|z — il keN |z — il

26; 2z — 270 -
_ % @=v) _, / p0) -2 i —onns [ p(k)EYE i
|f—yz| |z — il keN |z — Y| keEN |z — Yl

By the definition of x, we have [, _\ p(k) sgn(z —yx) dk = fkeNp(k) — Yk qk =0, so

|z — ygl
Lna) = - MW [ A0 g

dé; lz =yl v — il KEN 2 — il
2(x —yi
_ —25i(\x—yi\_1+)\in/ p(k)\x—ykrldk) _2Ar—w)
kEN |if—yi|

Since W L(6;, M) =0, we get
5; = (i — ) _ (y: — )

| — y1|(\x —yi|7t+ \in fkeNp(k)|x — yp| dk) |z — yi|(Jo — yi] =1 + A\iq)
O

We will now use Lemma 3.2 to derive explicit bounds on A;. Let N = {i € N : |& — ;| > 1/n'/4}.
Clearly as n goes to oo, the fraction of agents not in N goes to 0. Furthermore, we can always choose the
power constant 7y to be small enough such that every agent in N exhausts her power. Thus for each i € N,

Ul)—U(x+06;) =7

1 1 1 1
Lemma 3.3. ForeacthN ( ) << —
VIV 201 v

Proof. Using arithmetic (we prove this for the more general setting later: see Lemma C.1), U(x) —U(z+6;) =
62q. Therefore 67 = v/q. Also using Lemma 3.2, for each i € N we have

(yi —2)° _
P v
|z =yl T+ Xig = Va/y
1 1
Vo de -yl

1/4 1 1
Clearly we have \; <1 Since |z — y;| > 1/nt/4 forzEN we have \; > L ( L _n ):—(——
iy VT Since |2~ 2 have 2 (05
W).Therefore for eaChZEN,%(ﬁ—W) S)\ZST’}/ O

Finally, we need the expected net movement to be small: feNp 1)0;(x) di goes to 0 as n — oc.

Lemma 3.4. Asn — oo, | [,y p(i)di(x)di| goes to 0.

The proof for Lemma 3.4 is fairly tedious, even for one dimension. Thus we defer this part of the proof
until later, when we formally prove this for the general case.
Lemmas 3.1, 3.3, and 3.4 together imply Theorem 3.1.



4 Main theorem setup

In this section, we state our main theorem (and one variant of the theorem), and provide a roadmap of the
proof. Informally, our main result is:

Theorem 4.2 (Informal). As the number of agents goes to infinity, there exists an outcome x and a scaling
of agent utilities ¢ such that all of the following hold:

1. The expected net movement — ||n [,_\ p(i)d;(x) dilla — is 0.
2. Every agent has the same marginal utility for additional power.
3. The outcome x maximizes expected welfare with respect to c.

This implies that for any € > 0 and large enough n, there exists an equal-power equal-A e-equilibrium.

We state two theorems in this section. The theorem statements refer to a function f that will be defined
in Section 5. The variable « is a parameter of f that is used to ensure continuity of f, and will be chosen as
a function of n.

Most of the paper is devoted to proving Theorem 4.1, which assumes an exact fixed point of f, and
presents approximation bounds on our quantities of interest (i.e, A; and ||n [, p(i)di(z) di||2) as a function
of a and n. An intermediate lemma (Lemma A.1), which appears in Appendix A, shows that there is a choice
of a (specifically, a = n=7/ 8) such that the approximation error vanishes as n goes to oo, also assuming an
exact fixed point of f.

In reality, we are not able to prove that f has an exact fixed point. Instead, we show in Section 5 that
f has an e-fixed point for each € > 0 (where ¢ = 0 would denote an exact fixed point). Theorem 4.2 states
that we can pick € small enough that using an e-fixed point of f is good enough.

Theorem 4.1. Suppose f as defined in Section 5 has an exact fized point ¢ for any choice of a and n. Let

;= (fzeNp( ) CiW; 5 dl) ! fzeNp( Jeiwsjyi; di. Let oo be chosen as a function of n so that lim,, n32a = o

and lim,,_,o0 a/?n™/* = 0. Then for any ¢, there exists o and n such that (x,¢,v,1/\/7) is an equal-power

equal-A e-equilibrium. Specifically:

1. ||an€Np() ( )dZ||2 < 3(22\5;) ( m/2nm/4+1).

3/2 1 1
. m/2,m/4 . ( n o )7 <)\ <
2. For alli except an expected O(a™ *n™*) fraction, O a1 N Ai(z) < N
3. The outcome x© maximizes welfare with respect to c.
The assumptions of lim,_, o 73/2a = co and lim,,_,c a”/?n™/* = 0 in Theorem 4.1 are necessary for a

few parts of the proof to work.
Using Theorem 4.1 and Lemma A.1, we get our final result:

Theorem 4.2. Let ¢ be an e-fized point of f and let x; = (fieNp(i)ciwij di)i1 LeNp( Jeiwsjyq; di. Let

~7/8 and m > 6. Then there exists a small enough € such that all of the following hold:

1. |In fien p(0)3i(2) dil[2 < (v + 7O V*) + O(n~1/%).

0/8 1 1
2. For all i except an expected O(n=>/*) fraction, O( T)f Ai(z) < —.

a=n

3. The outcome x© maximizes welfare with respect to c.

4.1 Proof roadmap

In this section, we state and describe the key lemmas in our proof. The proofs of some of these lemmas
involve additional lemmas, but we only include the most important lemmas.

Section 5 is devoted to showing that the function f satisfies the approzimate fized-point property (AFPP) [5]:
for every € > 0, f admits an e-fixed point'3. In our opinion, this is the most interesting part of the overall
proof, and constitutes a novel approach for proving existence of approximate fixed points.

13 See Section 5 for a formal definition.



The function f will actually be infinite-dimensional, and it turns out (perhaps unsurprisingly) to be
challenging to prove fixed point existence for infinite-dimensional functions. Instead, we will analyze a finite-
dimensional variant denoted by g4 (A will be any finite set of agents).

We first show that g4 has an exact fixed point for any finite set A (Lemma 5.1). In the following lemma
statement, o and s7 ... S|4| are parameters of ga.

2 2
0 \/ﬁwmuwdmaz

Lemma 5.1. For any «a € (0, |, any finite set A C N, and any nonnegative s1 ...s|4| that sum

o N |A]
to 1, the function g4 has a fixed point c* € ["”" ] .

Wmin

2 2 )
Winax dmaz «

We then show that for any € > 0, there exists an A large enough that any exact fixed point of g can be
transformed into an e-fixed point of f. This part of the argument is quite involved, and uses the following
steps: (1) Partition the agent space into arbitrarily small hypercubes. (2) Choose a “representative” from
each hypercube in a careful way. (3) Let A be the set of those representatives, let sy be the measure of p in
the /th hypercube, and let ¢ be an exact fixed point of g4 with parameters sy ...s|4/. (4) Assign each agent
not in A to have the same scaling factor as her representative. (5) Show that for small enough hypercubes,
this is an e-fixed point of f. This results in the following lemma:

Lemma 5.3. The function f satisfies AFPP.

The rest of the proof appears in the appendix. Also, throughout the rest of the paper after Section 5,
we use x and c to specifically refer to the outcome and agent scaling factors defined in Theorem 4.1, not
arbitrary outcomes/agent scaling factors.

In Appendix B, we establish some important properties we will use along the way. First, we show that
x as defined in the statement of Theorem 4.1 maximizes welfare with respect to the agent scaling factors ¢
defined in that theorem statement.

Lemma B.1. The outcome x mazimizes societal welfare U(x) with respect to c.

Next, we define N as the set of “normal” agents (“normal” will be defined later), and show that the
measure of N \ N is small (i.e., almost all the agents are “normal”). Since we treat m as a constant, the
right hand side is O(a/™/?n™/4); everything else is a constant.

m/2 o\ M
Lemma B.2. We have / p(i) di < am/2pm/4T__Lmax ( wm”)
1€N F(? + 1) Wmin

Lemma B.4 states that each agent is a small fraction of the overall population, in terms of weight c;w;;
on any issue. Note that the left hand side is an integral over the whole population, and the right hand side
is a multiple of c;w;;.

2
Lemma B.4. For any agenti € N, p(k)crwry dk > g=8—/nac;w;.
hEN maxdomaz
Appendix C to devoted to analyzing properties of §; and A;. First, we show that J; obeys a particular

expression in terms of \;.
) . . ciwij(Yij — o
Lemma C.2. For every agent i and issue j, d;; = ciwij (Yij = @)
Ciwij + Aigj

We will define an approximation variable 7; such that \; = , and show that 7; is small. This holds

1
N

for every “normal” agent, i.e., the agents in N.

2732 mwmaz

L C.5. F h tie N, 1 < .
emma or each agent 1 € IV, Ti = n3/2aBwmin — 2/ AMWmaz

We will also show that 7; > 0 (this part will be easy). This will allow us to upper- and lower-bound the
value of \; for each i € N. The variable n will be defined later, but we will have 7 = ©(n*/2a); by assumption
of Theorem 4.1, lim,,_, o n%/%2a = co. This means that lim,,_,o. 77 = co as well, and this range of allowable \;
shrinks to a single point (specifically, 1/7).

10



~ 1 1
Lemma C.6. Forallt € N, << =
n+1 v~ " T
Finally, Appendix D proves an upper bound on Hn iEN p(4)0;(x dzH : the expected net movement with
respect to the current point. Note that En,~p[ll ;. di(2)[2] = 7| LeNp 0;(x) dil|a-

Lemma D.5. We have < 27 a2) + O(a™/2pm/4+1),

n/ p(i)d;(x) di|| < Q(nz
iEN 2

Lemmas B.1, C.6, and D.5 will together imply Theorem 4.1.

5 The fixed point argument

We will choose our agent scaling factors ¢ to be an (approximate) fixed point of a particular function
f (defined below). This section is devoted to constructing this function and showing that it satisfies the
approximate fixed point property (defined in Definition 5.1).

Defining the function f. Let R o be the set of functions ¢ : N — Rso. We can think of each function
c as assigning a scaling factor c(7) > 0 to each agent type i. For this section of the paper, we will use the
function notation c(¢) instead of ¢;.

For brevity, for each j € M define z;(c) by

z(c) = ( / ENp(i)c(i)wij di)_l / ENp(i)c(i)wijyij di

This is a continuous average of all agents’ ideal points y;; weighted by c(¢) and w;;. We show later that this
choice of x maximizes welfare with respect to ¢ (Lemma B.1).

The function f : R 0 — ]R o will take as input a function ¢ : N = Ry, and returns a another function
fle) : N — Rso. JUbt as ¢(1) E R is the scaling factor that c assigns to agent ¢, we use [f(c)](i) € Rsg
to denote the scaling factor that f(c) assigns to agent i. For a small & > 0 to be chosen later, we define

[£(e)](2) by
Jn

s (/3 0 01— 2€)2 ey p(R)e(R)an; a8) )

[f(e)](@) =

Intuition behind f. Since we will be choosing ¢ to be an (approximate) fixed point of f, each ¢; will end
up approximately equal to [f(c)](i). Consequently, the structure of f gives us a qualitative interpretation of
the agent scaling factors c.

Ignore o and /n for now. First, notice that f is invariant to the scale of individual utilities. Specifically,
if an agent scales up her weights by a constant factor , [f(c)](i) ~ c(i) decreases by a factor of &: wfj
becomes k2w lj, then pull k out of the square root (still ignoring «). The consequence is that our “common
utility scale” defined by c is invariant to individuals scaling up or down their utility functions, as it should
be.

Next, think of fkeNp(k)c(k)wkj dk is the aggregate weight placed by society on issue j. Thus each term
wi; (yij — :Ej(c))2(fkeN p(k)e(k)wy; dk)_1 is equal to agent i’s weight for issue j (i.e., w;;) times her utility
loss on issue j (i.e., w;j(yi; —x;(c)), as a fraction of society’s total weight on that issue. Thus the summation
in the denominator can be thought of as expressing how much agent ¢ “disagrees” with the rest of society,
with respect to the current point z(c). More intense disagreement leads to a larger denominator, and smaller
overall value for ¢(7).

That said, the real reason for this choice of f is technical: in order for (almost) all agents to have (almost)
the same value of \;, we will need ¢(i)? to be proportional to the expression under the square root for (almost)
all agents. This is exactly what a fixed point of f gives us (ignoring «).

Finally, the purposes of v/n and « are purely technical. The maximization with « is to ensure that there
is no discontinuity in f when the expression under the square root is zero (continuity is required for our
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fixed point analysis). We will show that a can be chosen so that the properties we desire are not affected.
The /n is simply to help certain aspects of the math later on work out smoothly.'*

Approximate fixed points. Ideally, we would like to show that f has a fixed point. As the reader might
expect, showing existence of fixed points in infinite-dimensional spaces can be challenging. Instead, we will
show that f admits approximate fixed points:'®

Definition 5.1. Let X be a set. We say that a function f : Rfo — ]Ri(o satisfies the approximate fixed point
property (AFPP) if for every € > 0, there exists ¢ such that |[f(c)](z) — c(i)| < € for alli € X. We call such
a ¢ an e-fixed point.

The rest of this section is devoted to showing that f satisfies AFPP. To do this, we define a function
ga for any finite set of agents A which serves a finite-dimensional approximation of f. We will show that
g4 admits an exact fixed point for any set A. To complete the proof, we will show that picking A to be
arbitrarily large allows us to approximate f arbitrarily well.

5.1 Showing that f satisfies AFPP

Let A = {i1,42...49)4|} be a finite set of agents with nonnegative coefficients s; ...s 4 that sum to 1.With

slight abuse of notation, we will use s;, and s; interchangeably. We define a function g4 : R|>AO| — R‘;})‘ by

NG

[94(e)](0) = =
mae (0, /57 e 03, (5 — 25(0))(Tpea snelbyun;) )

for all i € A. That is, g4 takes as input a function ¢ : A — Ry that assigns ¢(i) to each ¢ € A, and it
returns a vector ga(c) € R% that assigns [ga(c)](i) each i € A. When c has a finite domain (such as in the
definition of g4), x;j(c) is defined to be the discrete average of y; for i € A, weighted by ¢(i), w;;, and s;.
Formally, z;(c) = (3 ;c4 8iWij) ™" > ;c.4 Siwijyi;- When ¢ has a continuous domain as in the definition of f,
zj(c) is defined to be the continuous weighted average defined previously.

Lemma 5.1 states that for any set A and any small enough «, ga has a fixed point. The proof uses
Brouwer’s fixed point theorem:

Theorem 5.1 (Brouwer’s fixed point theorem). Let £ be a positive integer, let S C RY be convex and compact,
and let f: S — S be continuous. Then there exists ¢* € S such that f(c*) = c*.

2 2
(0 \/ﬁwmazdrnaz
)

Wmin

Lemma 5.1. For any o € |, any finite set A C N, and any nonnegative s1 ...s|4| that sum

A |A]
to 1, the function g4 has a fixed point c* € [wgnznzl;nw, \f] .

||
Proof. Let S = | zmp—, g} . Since ¢(i) > 0 for all i for all ¢ € S, >, . 4 skc(k)wy; is strictly positive.
Thus we have 3, wl (i — 25())* (X rea skc(k)w;gj)_l > 0, so the denominator of [ga(c)](i) is always
real. Furthermore, since a« > 0, the denominator is always positive, so the function is well-defined and

continuous on S. It is also clear that S is convex and compact (and nonempty as long as a < %)

1 1t is worth noting that f does depend on n (both explicitly in the numerator, and implicitly through «, which
will end up depending on n); this is not a problem, however. Since z(c) is a weighted average of the agents’ ideal
points, scaling all ¢(z) by the same amount (which is what v/n does) will not affect z(c), the equilibrium outcome.
With regards to «, we will need o to go to zero n — oo so that the error introduced goes to 0. One can think of
this as the impact of a going to zero as n — 0o, so that we achieve an exact equal-power equal-\ equilibrium in
the limit.

5 In general, the approximate fixed point property can be defined for any metric space.
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It remains to show that ga(c) € S for all ¢ € S. First, since the denominator is always at least «,

[g4(€)](?) < y/n/a for all ¢ and all i. Next, since ¢(i) > L;Z for all i € N (because ¢ € S),

max'max

VS e w3 (i — 25(€))? ( Spen seclkywn;)

IN

"nl'ﬂ _1
 Soen 005 = 350D (S 52— i)

max

Wmazdmaz -
= ﬁ\/zgezw wi; (yi; — (e ))Q(ZkeA SkWrj )

wmazdmaz 71
- ﬁ\/z:jelw wmaa:(yvj x ( ))Q(ZkeA Skwmin)

Yinas e 2 jenm(Wis — 25())?
v

wmzn

d2

< ma’E max

[ /\

Wmin

2 2
Therefore the denominator of [ga(c)](¢) is at most W which implies that [ga(c)](7) > fw;r;m for

mwn maar max

all c € S. Since n > 1, we have [ga(c)](i) > \T/RZ:;;:Z > qu;";;:nam as required.
Therefore ga(c) € S for every ¢ € S. Thus by Brouwer’s fixed point theorem, there exists an c¢* € S such
that ga(c*) = c*. O

5.2 Using g to approximate f

We next show that for certain choices of A, fixed points of g4 are approximate fixed points of f. The proof
approach is as follows:

1. Partition the space of agent types into arbitrarily small hypercubes (Lemma 5.2 shows that this is
possible). Thus all agents within a given hypercube will have arbitrarily similar values of y;; and w;;.

2. Choose a “representative” from each hypercube. The representative for the /th hypercube will be chosen
such that for each j € M, her ideal point y;; and w;; are equal to the weighted average (within the
hypercube) of ideal points and weight vectors, respectively. Such an agent is guaranteed to exist within
the same hypercube.

3. Let A be the set of representatives, let sy be the measure of p in the ¢th hypercube, and let c4 be a fixed
point of g for coefficients s1 ... 5|4

4. Define ¢ : N — R+ so that each agent’s scaling factor ¢(7) is equal to the scaling factor of her represen-
tative under c4 (). Since every agent is in some hypercube, this fully specifies ¢

5. Show that |[f(c)]() — ¢(i)| is small.

Lemma 5.2. For some ¢ > 0, let S C R? be a hybercube. Then for any e, there exists a partition of S into
hypercubes Sy ... St such that for any £ € {1...L}, for all z,2' € Sy, ||z — 2'||ec < £'C.

Proof. 1If S is a hypercube, then we can bisect it along every coordinate to create many hypercubes, each
with side length half of the original. Starting with N, continue halving the side length in this way until the
side length of every hypercube is less than . That implies that for any vectors z, 2’ in the same hypercube,
|z — 2 ||co < €. O

By assumption, x C R™ is bounded, so let ¥ represent the smallest hypercube that contains y. Without
loss of generality, we can use Y instead, and simply set p(i) = 0 for all y; € x. The set of weight vectors
w; = (Wi« Wipm) With Wiin < Wi < Winee for all 4,7 is also a hypercube in R™. Since each agent i is a
pair (y;, w;), we can write i € N C Rmz, and N too is a hypercube.

Lemma 5.3. The function f satisfies AFPP.

16 We use || - ||oc to denote the Lo, norm, which is defined to be the maximum coordinate.
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Proof. Recall the definition of AFPP: we need to show that for any ¢’ > 0, there exists an &’-fixed point ¢
of f. Specifically, we need |[f(c)]() — c(i)| < &’ for all i € N.

Part 1: Defining the approximate fixed point c. Fix an ¢ > 0; later on we will choose ¢ as a function
of ¢’. Using Lemma 5.2, let S;...S, be a partition of N into hypercubes such that for any ¢ € {1...L}, for
all i,k € Sy, ||i — k||oo < €. This means that for any 4, k in the same hypercube and and any j € M, we have

lyi; — yrjl <e and |w;; —wg;| <e (2)

For each £ € {1...L}, let s, = szS p(i) di be the measure of Sy. For each Sy, we will carefully pick a
representative iy. For each £, and each j, define wy ;¥ and y’wg by

-1 . . 1
yzt]vg = (fles,z p(i)w; dz) fieS[ p(i)wijyijdi  and w?;'}g =3, f’LES( p(i)wij di

Thus for each j € M, y,;? is a weighted average of y;; for i € Sy, and wy;” is a weighted average of wy;
for i € S;. In particular, mingeg, yr; < y?;g < maxges, Yij, and mingeg, wi; < wzvq < maxkesﬁ wy;. Thus
since each Sy is a hypercube, each Sy contains an agent i, with w;, ; = wy;? and y;,; = y;;? for all j € M.

Define A = {i1,i2...i5}, and let c4 be a fixed point of g4 with coefﬁc1ents 81 ... 8¢ (which is guaranteed
to exist, by Lemma 5.1). Define ¢ : N — R<q so that for each i € Sy, ¢(i) = ca(i¢). In words, we define each
agent’s Scahng factor c( ) to be the same as that of her representative.

Part 2: Properties of c. For any j € M,

—1
Jren p(k) )wkj dk) fkeNp k)e(k)wrjyr; dk
Z@ 1 fkeSg Je(k)w; dk) Ze 1 kaSg Je(k)wy;yr; dk
Ze  calie fkes p(k)wy; dk) Ze:1 cal(ie fkes,Z p(k)wy;yr; dk

= ( definition of z;(c) for continuous c)
(

(

(Z@ pcalie fkesg p(k )wkj dk) 2521 calir) yejgfkesz p(k)wg; dk

(

(

(

summing integral over hypercubes)

definition of ¢(k) for k € Sy)

aug)

definition of y

)
)
S ca Zg)Sng;)g) S calie)ys;?sewy;” definition of wy;?)
ir)
(

definitions of w;, ; and v, ;)

definition of A = {i;...i})

definition of z;(c) for discrete c)

Zz 1 calie)sew,, ]) Zz 1 calie)sewi, jYiy .

ZkeA SECA k‘)w;w) ZkeA skcA(k)wkjykj
= zj(ca)

(
(
(
(
(
(
(
(

Therefore for each j € M, we have z;(c) = xj(ca), where the left hand side and right hand side are
continuous and discrete weighted averages, respectively.

In the process of the above sequence of equations, we also showed that [, _\ p(k)c(k)wy; dk = 37, 4 skea(k)wy;.
Using this, and the fact that c 4 is a fixed point of g4, for all i € A we have

ca(i) = (max \/ZJEM (ig — 2j(ca))*(Xhea SkCA(k)wkj)_l)) h

— -1
- ‘/ﬁ(max (e, \/ZJEM w (yij — 75()?( [ en P(R)e(k)wy; dk) ))
= [f(e)](9)

Since ¢(i) = ca(i) for i € A, we therefore have ¢(i) = [f(c)](i) exactly when i € A.

Part 3: Showing that |[f(c)](¢) — ¢(i)| is small for every i € N. For i € A, we are done. For i &€ A,
recall that for each ¢ and all ¢ € Sy, ¢(i) = ¢(i¢) by definition, so ¢(i) = ¢(i¢) = [f(c)](i¢). Therefore it suffices
to show that |[f(c)](7) — [f(c)](i¢)] is small.

For brevity, let (i) = 37,5 wi; (Yij — 25(€))? ([ yen Pk)c(k)wy; dk)_l. Then for all i € Sy,

1) = (i)l = (S en PRV 0y 8) ™ |52 ear (w3 (g = 25(€))2 = wl, iy — w5(€))?))| (defu of (i)
< (fkezv p(k)e(k)wy; dk) ! > jen ’wij yij — xj(c))? — wi,j(yikj - xj(C))2| (triangle inequality)
< (f ren PR)e(k)wey dk) ™ 32 e [0 (i — 5(€))* = (wi +2)*(ysy — 25(c) +)°|  (Ea. 2)
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= ([ren pk)c(k)w; dk) ' diem et + & (wfj (yij — 2;(c))?)] (canceling out terms)
< (Jrew POk s 08) ™ s (e + 2200 dhr) (defr’s of daz, Wnas)
< ([ pen Pk)e(F)wmin d Ic)flm(s4 + w2, A2 0s) (defn of wynin)

< (fkeNp(k) wmm ~Win dk)~ ! m(et + 2w?, . d%..) (Lemma 5.1)

<

Oo(1)-m-(e*+¢* ~O(1))
O(e?)
Our citation of Lemma 5.1 is because Lemma 5.1 guarantees that every c(k) > w2w7d Thus for each
i€ Sy, r(i) — r(ig)] < O(e?). e

If [f(c)](@) = [f(c)](ir) = 1/a, then c(i) = [f(c)](i¢) = [f(c)](¢), and we are done. Thus assume at least
one does not equal 1/a. Suppose f[(c)](i) # 1/a (the argument is symmetric for the other case), and basic
algebra gives us

F@16) ~ [FeNin)| = | o — V]|

1 1
< —_
<Vn V@) Vi)

= | V70 VD)

_ Vi N
= g e
Vi 0?)

<
T V@) (V) + /()

Since r(2), r(i¢) < «, we have

) — [retin) < 2D

and thus |[f(c)](i) — c(i)] < O(v/ne?)/a®. Now, for a fixed ¢, taking n — oo does make this bound go to
infinity. The key here is that € can be chosen independently of o and n. That is, for any instantiation of f
(i.e., for a fixed n and «), we can pick € to be as small as we want. In particular, since this bound holds
uniformly for all ¢ € N (i.e., with the same ¢), for any &’ > 0, there exists ¢ such that

|[f(e)](i) — ()] < &'

for all ¢ € N. We conclude that f satisfies AFPP. O

6 Conclusion

In this paper, we proposed and analyzed the concept of equal power for multidimensional continuous public
decision-making. Drawing fundamental literature in political philosophy and economics, we argued that that
equality of power is a natural analog of equality of resources and envy-freeness for public decision-making.
Our main result is that for any ¢ > 0 and a large enough number of agents, an equal-power equal-\ -
equilibrium is guaranteed to exist; in other words, we achieve an exact equal-power equal-A equilibrium in
the limit. The most interesting part of our proof is the novel fixed point argument presented in Section 5;
the rest of our proof appears in the appendix.

There are many possible directions for future work. The first is the possibility of an iterative algorithm
for converging to an equal-power equal-\ equilibrium. As discussed in Section 1.2, there is a good reason to
be optimistic about the existence of such an algorithm, especially in conjunction with the already extensive
quadratic voting literature.
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It could also be interesting to extend our results to other utility functions beyond quadratic utilities. A
first step could be a “general quadratic utility” of the form w;(z) = —(y; — x)TW;(y; — x) for some positive
definite matrix W;. When W, is a diagonal matrix, this reduces to the form of utility function we studied in
this paper. For a general quadratic utility, we conjecture that the equal power constraint would be reduce
to a constraint of the form §7 Q4; < +. This would correspond to not just a rescaling of the issues, but also
a rotation. Our proof does not immediately carry over to general quadratic utility functions, and we suspect
that additional mathematical insights are needed.

Possibly the most exciting direction — but also the most ambitious — is extending our results beyond
economics that are purely public goods. In general, economies will involve a much richer mix of public goods
at different levels of social organization, which are thus partially private when viewed from another resolution
(e.g. goods that accrue at the national or city level, but do not spillover beyond these). Efficient, equal budget
mechanisms for such societies might offer powerful insights about economic structures that could outperform
existing mixtures of capitalism and states.
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A Omitted proofs the main body

Lemma A.1. Suppose [ as defined in Section 5 has an ezxact fized point ¢ for any choice of a and n. Let
. N1 . . _
zj = ([ien P@)ciwi; di)~ [iy p()ciwijyij di. Let oo =n~"/% and m > 6.

1. In ;e p(0)di(z) dil|a < (v + VOV 4 O(n=1/8),

. s , 75y 1 1
2. For all i except an expected O(n=3/*) fraction, O( )

n
Y < () < —.
nd/8 41 7_)\1(33)_ Nal

3. The outcome x maximizes welfare with respect to c.
Proof. Assume Theorem 4.1 holds. We need to show the following:

- limy, oo @™/ 2n™/4 =

. limy, oo 1320 = 0

im0 ™/ 2pm/4+1 =

. limy, e 0202 = 00

=W N

The first two points are necessary as conditions of Theorem 4.1, in addition to being necessary for vanishing
approximation error. Note that the third point implies the first 1.

Since m > 6, O(a™/2n™/4*1) becomes O(n=3"/16+1) = O(n=18/16+1) = O(n~1/8), which does indeed
go to zero as n — oo. This satisfies points 1 and 3.

For the second point, we have O(n3/2a) = O(n3/2-7/8) = O(n®/®). Thus O(n/?a) does go to infinity as
n — oo.

Finally, a?n? = n?/8 = n!/4, which goes to infinity as n — cc. O

Theorem 4.2. Let ¢ be an e-fized point of f and let x; = (fieNp(i)ciwij di)_1 Jien P ciwijyij di. Let
a=n""% and m > 6. Then there exists a small enough € such that all of the following hold:
LI fien p(0)di(2) dil|2 < (v +/7)O(n~ ) + O(n~1/5).

1 1
; ~3/4 : L/S) Y
2. For all i except an expected O(n=°/*) fraction, O( wrr1) < \i(z) < Ve

3. The outcome x mazximizes welfare with respect to c.

Proof. An e-fixed point is guaranteed to exist by Lemma 5.3. Assume Lemma A.1 holds. The key here
is that € can be chosen independently of any other parameters (a,n,7, etc). Furthermore, A;(x) and
|17 [ p()0i(2) di] |2 will be continuous functions of ¢. Thus for any &', there exists ¢ such that perturbing
c by ¢’ changes both ||n [,_\ p(i)di(2) di||2 and each A; by at most e. Since the results are only asymptotic

1
anyway, we can pick €’ small enough that all of the approximations still hold. O

B Important properties to be used later

The rest of the paper is devoted to proving Theorem 4.1. Throughout, we assume that c is a fixed point of
the function f from Section 5, and that 2; = ( [,y p(i)ciwi; di)_1 Jien P(0)ciwijyij di. Recall that we used
the function notation of ¢(¢) only for Section 5; we use the vector notation ¢; for the rest of the paper.
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B.1 Welfare maximization for quadratic utilities
Lemma B.1. The outcome x maximizes societal welfare U(x) with respect to c.

Proof. The welfare of an outcome 2’ is
U@') = n [ien p(us(a) di = —n [ p(i)e; Z wij (2 — yig)? di
jEM

Since U is concave and differentiable, and we are interested in an unconstrained maximization, it suffices to
show that the gradient of U at z is 0. Specifically, the partial derivative with respect to x; should be zero
for each j:

0 _ .
TU(I) = —2nfi€Np(2)ciwij(ajj —yij)dl
L

= [ienP(@)ciwija; di— [\ p(i)ciwijyij i
= [;en @) ciwig di — [, p(i)ciwijyij di

Substituting in the definition of x; as given in the statement of Theorem 4.1:

0
O -—Ulz) = ((fkeNp(k)ckwa dk)™ fkeNp k)crwr;yr; dk) fzeN p(i)ciwi; di — fzeNp( )eiw;jyij di
J
= fzeNp( )ciwijyij di — f eNp( )ciwijyi; di
=0
Thus z is indeed optimal for U. O

B.2 The measure of “unusual” agents is small

Let N be the set of agents ¢ for whom ¢; = \/ﬁ/\/ZjEM w; (Yij — xj)2(fkeNp(k)ckwkj dk)fl. In ways that

will become clear later, N is the set of “normal” agents. We need to show that the number of agents not in
N shrinks to zero as « goes to zero. Here I denotes the gamma function.

m/2 o\ M
Lemma B.2. We have / p(i)di < am/2pm/4T__Lmax ( wm”)

Proof. Since c is a fixed point of f, if i & N, we have a > \/ZjGM wfj(yij — ;(;j)2(fk€Np(k:)ckwkj dk;)—l

Also, by the definition of f, we have ¢, < /n/a for all kK € N. Thus for an arbitrary i € N we have

—1

%

\/ZjeM wz’Qj(yij - xj)z(fkeN p(k)crwr; dk)i \/ZjeM wf(ym - ‘Tj)2(fkeN P(’f)gww dk)

= n1/4 \/ZJEJW w?; (yij — x5)? ( fkeN p(k)wr; dk)

Z 7’L1/4 \/EJGM wmzn(ylj - 2 ( kaN p(k)wmaw dk)

= Vot \/Z]eM (yij — Q(fkeNp(k)dk)

n1/4 Wi
fwmin

A e
\/awmin

= g —Iyi =zl

Y4 W man

-1

-1

-1

\/Zjejw(yij — ;)
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Thus ifi&]\A/',
Va

a = m”yi

/OWrmaznt/4

Wmin

Wimin

V Wmazx

— |2

lyi = 2ll2 <

N A nl/4 S 1/4
Therefore i € N only if ||y; — |2 < mwmm Let B denote the ball with radius Y2¢maes™

Wm,
centered at x. Then we have flng dz<fzyeBp i) di.

Since p(i) < pmag for all i € N by assumption, we have

fzy,GBp( )dZ<pma$fzy GBd

Since [ iyieB di is just the volume of the m-dimensional unit ball with radius

7Tm/2 (\/mnl/4)m

=T

Yy, €B Wmin

Since we treat m, Pmaz, Wmin and W,q; as constants, we can simply write

fig]\? p(l) di = O(am/Qnm/4)

B.3 Each agent is a small fraction of the population

Wmin
\ CVwrna,znl/zl
-, We have
Wmin
O

In this section, we show that the weight contribution by any single agent on any issue (i.e., ¢;w;;) is a small
fraction of the weight of the internet population. The main result is Lemma B.4; we first prove Lemma B.3,

which lower bounds the aggregate weight of the whole population on issue j.

w?

Lemma B.3. Forallj € M, fkeN p(k)crwy; dk > ﬁn'

mazx'mazx

Proof. Since c is assumed to be a fixed point of f, for all j € M we have

fk:EN p(k)ckwk] dk > winin kaN p(k)Ck dk

i Vip(k) dk
e keN

v (a, \/ZeeM w?,(yre — xf)Q(fieN p(i)c;wip dz’)ﬂ)

p(k) dk

v

Wmin \/>

e \/ZleM w/%g(ykz — x¢)? ( fzeNp( 1)CiWig dz)

%

keN \/ZZGM wlzd (Yre — 5”)2 ( fzeN p(i)Ciwmin dz)

-1

p(k) dk
> w2y pliesdi [ (k)
KEN \/ZeeM wke Yre — T4)?
3/2
w.!: p(k) dk
> —mn./n p(k)ex dk
Wmax kaN keN \/Zng(ykﬁ - LL’@)2
w2
2 U/ma;nl:wlzaxf kaNp o dk fkeNp
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By Lemma B.2, fng p(k) dk = O(a™/?n™/*), and we know that lim,, ., o™/?n™/* = 0 by assumption of
Theorem 4.1. Thus for large enough n, [, p(k)dk >1/2, so

3/2
Wmin kaN p(k)ck? dk > mzn f fkeNp Ck dk kaNp

3/2
w/

> Dmin__ sy [ p(k)er dk

- 2wmax dmax

Therefore Wyin fkeNp(k)ck dk > _walnm NG fkeNp ¢ dk, so

2Wmazdmazx

1/2
w, -
Jren plk)erdb = 500 —vn

wm'Ln
Jrenpk)erdk 2 o™= 5—n

maz max

Therefore

wfnln

fk'ENp(k)ckwa dk 2 Wﬂ

max-"max

as required.
O
Lemma B.4. For any agenti € N, : Np(k)ckwkj dk > 4“’%::2” Vnociw;;.
€

2
Proof. Since ¢; < \/n/a for all i € N and w;; < Wpqq, the right hand side is at most 701271 Applying
Lemma B.3 completes the proof. O

For brevity, let § = Lid"z' Thus fkeNp(k:)ckwkj dk > By/nacyw;;.

maxz“max

C Characterizing J; and \;

In this section, we derive an expression for §; in terms of );, then provide almost tight upper and lower
bounds on A;. Lemma C.2 gives the expression for ¢; in terms of \;, and Lemma C.6 gives the upper and
lower bounds for \;.

C.1 Deriving an expression for §; in terms of \;

First, we show that the equal power constraint of Program 1 can be reduced to a simpler form.

Lemma C.1. Then the equal power constraint is equivalent to

Z 51'23' (n fke]v p(k)ckwkj dk) <~

jeEM
Proof. For quadratic utilities, we can rewrite U(z + ;) as
N — T 1er o2 4
Uz +0;) = Ux) +6; (VoU) () + 56; (VZU)(2)d

where the gradient is just with respect to . For brevity, we will omit the parentheses and just write V,U(x)
etc. By Lemma B.1,  maximizes U with respect to c. Therefore V,U(z) = 0, so

U(x) = Ul +8) = U(x) — (U(x) + 6TV, U (x) + 567 V2U (2)5;)
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= — 0TV (2)5;
This makes the constraint of equal power reduce to
1
—§5iTV§U($)5i <7

Next, recall that U(x) = n [,y p(i)ui(z) di by definition. Therefore

0 0
7. V@) =5— ( =1 [ yen PR (er X jens wis (25— yis)?) dk) ==2n [, oy p(k)erwy;(z; — yry) dk
J J

2
which means that o _ 0 whenever j # ¢, for j = ¢ we have
69@8@
32
32 U(z) = =2n [,y p(k)ckwy; dk
J

Thus V2U(x) is a diagonal matrix with entry nfkeNp(k)ckwkj dk in the jth row, so the equal power
constraint simplifies to ZjeM 51»2]» (n fkeNp(k)ckwkj dk) < v, as required. O
For brevity, define g; by
g; = nfkeNp(k)ckwkj dk

Thus the equal power constraint is equivalent to > jeM qjdfj < . We can think of ¢; as how much the pop-
ulation in aggregate cares about issue j. The expression ) jem 4 5%- indicates that the more the population
cares about issue j, the more power it required to move on that issue.

ciwij (Yi; — x5)

Lemma C.2. For every agent i and issue j, 0;; = P

Proof. Define the Lagrangian by
= ¢ ZjeM wij(x +6; — yz‘j)Q - /\i(ZjeM qjaizj - 7)
where the second line used Lemma C.1.

For 6; = 0, we have U(z) — U(z + §;) = 0 < , so we have strong duality by Slater’s condition. Since the
convex is convex, the optimal solution must satisfy the KKT conditions; in particular, stationarity:

0
——L(d;,Ni) =0
for all j € M. Therefore for all j,

—2¢;wij (x5 + 0ij — Yij) — 2Xiqj0i5 = 0

(ciwij + XNigqj)0ij + ciwij(z; — i) =0

5. = Cwii(yij — )
Y ciwig + Nig;

as required. O

C.2 Bounding \;

For each agent i, we have m + 1 unknowns: d;1 . .. d;m, and A;. The previous section gave us m equations: one
for each §;;. For our last equation, we show that we can pick v small enough such that for most of the agents,
the equal power constraint holds with equality. Specifically, the power constraint will hold with equality for
every agent in N (and we know N \ N to have small measure by Lemma B.2).
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Lemma C.3. There exists a v such that the power constraint is tight for all i € N, ie., ZjeM qj6i2j =".

Proof. For all agents i € N, we know that

—1
& < /S enr w3 iy — )2 ( [ en p(R)crwr i)

< \/Z]EM w?nax (yU - Ij)z ( kaN p(k) wMi; Wmin dk)

-1

2
wmazdmaz

IN

M\/Z]’GM(ZJU - zJ')Q( fkeNp(k) dk)il

Wmin

2
Wiy awAmaz
< —masTmar g,
min
Thus |ly; — x||]2 > 20“1]1';7,77, . Suppose for sake of contradiction that for all 4 > 0, there is an agent i € N

whose power constraint is not tight. That would imply that there are agents in N arbitrarily close to x,
which we just showed is not true. We conclude that there exists a v > 0 such that > jeM qjéizj =~ for all

ieN. O

Note that if Lemma C.3 holds for some v > 0, it also holds for any 4’ € (0,4]. In particular, later on we
will require that v < 1.

Recall that N is the set of agents i for whom ¢; = \/’ﬁ/\/Z]‘eJ\I wi (yis — 25)? ([ ey P(F)crwe; dk‘)fl.

e —1 .
This implies ¢; = 1/\/2jeM wi(yij — x5)%(n [ cn P(k)crwr; k) = 1/\/Zj€M w?(yi; — x;)%q; . For
each i € N, define 7, by

2
C> _
i =3 > wiiy —x)q " = > ;07

vtjeM JEM
By Lemma C.3,
2
C; —
,TE Z wfj(yij - J/‘j)ij Y=ri+y
i jeM
We know that ¢; = 1/\/ZJEM wfj(yij - xj)qu_l for every i € N, so % =7, + 7, and therefore
_ 1

C.3 Bounding T;

Our goal is to show that for all ¢ € N, Ai is close to 1/,/7. To do this, we need to show that 7; is small and
nonnegative. Nonnegativity is (much) easier, so we begin with that.

Lemma C.4. For allie N, 7, > 0.

Proof. Plugging in the expression for d;; from Lemma C.2, we have

Y= Y giciw; (yig — )
o (ciwij + Aig;)?

jeEM jeM
-y giciwi;(yij — x5)*
2
je ()\Zq])
_ < 2 2 1
2 Z wi;(yij — ;)7 q;
v jeEM
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Therefore
sz 2 2 —1 C? 2 2 —1
Ti>ﬁzwij(yij_xj) 4q; _szij(yij_xj) qg; =0
vt jeM v jeEM
O

Next, we prove an upper bound on 7;. The upper bound expression in Lemma C.5 appears quite compli-
cated, but notice that the denominator contains n®/2q, and we know that lim,,_,. n*/2a = oc.
273/2mwmaz
n3/2a/8wm7ln - Zmemaz ‘

Lemma C.5. For each agent i € ]\7, 7 <

Proof. We begin the proof with some algebraic manipulations on the definition of 7;:

2

C; -1
Ty = )\% Z w?j(yij - xj)ij - Z qj61'2j
tjeM jeM
2 e (g — )N 2
Ci 2 2 -1 ciwij (yij — x;5)
=5 ) wi (v —x)q; — %(—)
A7 %:4 Y ’ j%\:/[ Ciwij + Xigj
1 q;
2 2 2 j
Z J‘EXJ\; i = 23) N (cwij + Nigy)?
2 2 2 (Ciwij + )\iqj)z - )‘gqu
=G Zwij(yij_wj) 22q; (ciwij + Nig; )2
JeM 3 45\ CiWij iq;
g 5 9 cfw?j + /\gqu + 2c,wijAig; — )\?qu-
jeM 145\ CiWi5 145
2,2
2 2 2 Ci wij + 2Ciwij)\7;qj'
1 %\:4 i = ) Afgj(ciwij + Nigj)

C? 3
-2 Z wi (i —

vt jeM

;)°

ciwi; + 2X:q;
q;(ciwij + Xig;)*

_ 26? w3(y . ,)2 CiWsj + 2/\2‘(]]'
NS T T gilawi + Nigg) eiwi + 2Mig))
2¢3 ; 1
< S o wihlyy - w)
e T aleawis + i)

By Lemma C.1 (and the definition of ¢;), each agent’s power constraint is > jeM 5quj < . This means

that for alli € N and j € M, \/(Z < ﬁq{l/Z. Also recall that ¢;; = %ﬁ;?) (Lemma C.2). Therefore
i Wij i4dj

2¢3 3 9 1
Ti < 5 wi(yij — 25) ——————

A q;(ciwij + Xigj)
2¢2 _

- /\21 “’?j(yij — x5)0i54; !

i Jen

2¢2. /4 -1/2 _

= 3\[ > wllyi; — x4q; gt

7 jEM

Next, let A; = maxjen |yi; — xj|q;1/2. Recall that ¢; = 1/\/ZjeM wizj(yij - mj)qu_l for every i € N.
Since wij > Wimin, wWe have

\/ZjEM w?j(yij - xj)2q;1 > wmin\/ZjeM(yij - xj)2q;1 > Winind;

24



Thus ¢; <

L iy for all i € N. Therefore

QCl\F QCi\ﬁ
<5 7 > widid; = Winin A2 Z wija; !
7”»7/71 ]E]\l man

Ti

Lemma B.4 implies that for all j € M, fkeN p(k)crwy; dk > Sy/nac;w;;. Using the definition of ¢;, we get

3/2 -1 1
qj > Bn’?aciw;j, so ciwijq; - < ERCTER Therefore

2 _
Ti < \/> Z wzj czwijqj' 1)

wmzn

~ Bwm n3/2a)\2 Z Wi

v jeM

2/ AMWmaz

— 2
/meinns/za)\i

We can now solve for 7;:

n*20Bwmin < 2(T; +7) /TN Winaa
T; (n3/2aﬁwmin - Qmemaw) S 273/2mwmaw

273/2mwmaz

o ng/Qaﬂwmin - 2\ﬁmwma:c

Ti

Note that we assumed Bwy,inn®/2ac — 2,/MwWyq, > 0 when dividing both sides by that quantity. This is
true as n — oo, since lim,,_, o n%/2a = 0o by assumption. O

ng/zaﬁwmin - 2ﬁmwma1

For brevity, let n = . Thus 7 < 43/2 /5. Since we can always pick v < 1, we have

2mwWmaz

7 < 7/n. Recall that § is a constant, so n = @(n3/2a).
1

L C.6. For all N, <)< =
emma or all i € + [ \ﬁ S = \f’Y
Proof. By Lemma C.5,
N
1
Z J
V/n+a
> L
“ VA Em
o 1
n+1 f
This satisfies the first inequality. The second follows immediately from the fact that 7; > 0. O

D Bounding the net movement: || [, . p(i)d:(z) dil|2

Finally, we need to show that || [,_ p(7)di(z) di||2 is small. Recall that by Lemma C.2,

5 = CiWii (Yis — )
= G Wiy = %)
ciwij + Aigj
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for all i € N. We start by defining two approximations to d;:
5 = Ciwii(Yij — ;)
‘ Aigj
87 = ciwij(yiy — )4 VA
We first show that ||fieNp

that 0! approximates d; well, for each i € N. Finally, we show that the agents not in N do not matter too
much, since their combined measure is small (Lemma B.2).

(16! (x) di| |2 = 0 exactly. Next, we show that §; approximates §; well, and

Lemma D.1.
[ ien P03 () dil[, = 0

Proof.
|| ien P57 () di]

HfieN p(i)ciwi; (yi; — :l?j)qj_lﬁdi| |2
- H\ﬁq;1 Jien pli)ciwijyi; di — \ﬁ‘lg'71 Jien Pli)ciwijz; di| |2
Hﬁqj_l Jien Pl)ciwiyi; di - \ﬁqj_l ( Jien P()ciws; di) T ’ ’2

Since x; = (fieNp(i)ciwij di)_1 Jien Pli)ciwijyij di, we have
|‘fieNp(i)5§/(x) di‘ |2 = ||ﬁq{1 fiEN p(i)ciwg;yq; di — \ﬁqfl fieN p(i)ciwi;yi; di| |2
=0

as required.

Lemma D.2. For each i € ]\7,
27dmam

||§'Z - (S’LHQ < ,82713012

Proof. The expression ¢, — d; reduces to:

Ciwij + Aig; — Aig;
Aigj(ciwi + Aig;)
__awi(yy — )

Aigj(ciwij + Aigj)

ciwij (yij — ) -~ ciwij(Yij — @)
Aigj ciwij + Xigj

= ciwij(yij — ;)

Then using Lemmas B.4 and C.6, we have

ctw;(yij — x;)?
A2 ¢ (cowig 4 Nigj)?
- ctw;(yij — x;)°
- Ndj

Qrgs ([ CiWij\*
= Y ( q; )
i J
d2
— /\?,34716044
’72 (77 + 1 ) 2d2
= Binbal n maz

16; = &ll3 =
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As long as n > 1 (which is of course true as n approaches infinity), we have
2
2 v 2
||6; - 61‘”2 < 4’54”6(14 dma:fc

Altogether, this implies that
2fydma;v
B2n3a2

1167 = 62 <
as required.

Lemma D.3. For alli € N,

! " ﬁdmam
||6z - 61 ||2 < 677713/205

Proof. We have

LA ()
)
-5 )
_ ntl—vn
_\ﬁ \/ﬁ
— ntl-mn

VIV +1+m)
<V
Ton

Thus |6} — /|2 is bounded by

(o — s
18, — a7y < || S = 2)

\ — ci/a; wig(ys; — )|,
iqj

< Y leig; wij (yig — )|l

g -
.l (yij — ) (ciwijg; )2
n J

g _
= Yy - allacsa;”

< \ﬁdmaz
- 6777’7/3/204

Lemma D.4.

Jigr P(0)(6; = 67) diH2 = O(a™ 2™/

27



Proof. For §;, we trivially have ||0;||s < dimaz. For 6, by Lemma B.4 (and the definition of ¢;) we have

1 1
CiWijq; < e Therefore

ﬁdmax

—1
||5;/H2 = \ﬁciwijqj ||yl - £EH2 < 6713/2@

Since lim,, o, n*/?a = oo by assumption, we have [[07|]2 = O(1) (this is a loose bound of course, but

sufficient for our purposes). Therefore

i w6 = 87y ]|

AN

Sigx P@I16:ll2 di + [ 5 p(0)][67[]2 i
(dmaz +O(1)) [ p(0) di

IN

By Lemma B.2, figZN p(i) di = O(a™/?n™/*). Since dynaz is also a constant, we have ‘ ’figzif p(i)(6; — 0)) di‘ ‘2 =
O(a™/?pm/4). O

< YV +O(am/2nm/4+1)'
2

Lemma D.5. We have

n / Pl d

Proof. We have

[fien (@3 di]|, = [|[;en p(0)(87 = 67 + 0:) di,
= || e P! il |, + [ f e p(0)(3 — 67) ],

0. Thus

By Lemma D.1,

Jien p()5] diH2
1 e 23 il = || ien p(0)(3: = 67 di],
= ||Jics PO = ) i+ [ p)(6: = 57 ]|

< e PO = 87 il + || f g )65 = 7 |

where the inequality follows from the triangle inequality of norms. By Lemma D.4, we have ’ ’ S i p(3)(6; — ) di
2

O(a™2n™/*), so || [, p(i)d; di||, < ||[;ex p(0)(8; = 67) di]|, + O(a™/?n™/*). For the next sequence of
equations, we will use the triangle inequality, Lemmas D.2 and D.3, and fieN p(i)di < fieNp(i) di = 1.
| iex P(@)(0: = 07) dif|, = [| [ ;e P& — 07 + & — 0:) |,
< [ iew PO = 67) dil |, + [ [ s P8 — 03) i
Jiex P67 = 6ill2di+ [, g p(D)]|0; — 0|2 di

A

IN

27dmaz . . \/7}/ . .
= B2p3a2 Jiex p(i) di + ﬁnng/zadmw Jiexp(i)di
_ 2ydmaz al

- dma:ﬂ
BZn3a2 ' Bnm3/2a
RN Vil
2(nda?)  N(nda?)

Therefore

N gl val m/2, m/4
HfieNp(Z)(SidZHQS Q(n3a2) + Q(n3a2) -I-O(Ot 12y /)

To obtain the required bound for ||n Jien P(0)di(2) dz”

5 We simply multiply the above expression by n.
Lemmas B.1, C.6, and D.5 together imply Theorem 4.1.
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E Non-triviality of our solution concept

As mentioned in Section 1.1, our definition of an equal-power equal-A equilibrium may appear circular,
since we are maximizing welfare and evaluating A\; with respect to a utility scale which we get to choose.
In Section 1.1, we argued that intuitively, this is analogous to the definition of equality by allocating equal
amounts of an artificial currency. In this section, we argue that our solution concept is mathematically
nontrivial, by (informally) showing that a particular “obvious” choice for ¢ is not sufficient. Specifically, we
show that a uniform c (i.e., ¢; = ¢ for all ¢) cannot lead to an equal-power equal-A equilibrium in general.
Making this argument formal would require substantial algebra similar to that in Section C.2, which we feel
would obscure the primary intuition.
Recall Lemma C.2, where ¢; = n kaN p(k)crwy; dk:

. . . CiWij (yij — :Cj)

Lemma C.2. For every agent i and issue j, 0;; = T v

Suppose there exists some ¢ > 0 such that ¢; = c for all 7 € N. Then d;; reduces to

cwi;j (Yij — ;) _ wij (Yij — ;)
cw;; + Aien fkeNp(k)wkj dk  wi; +Ain fkeNp(k)wkj dk

ij =

As n goes to infinity, the \;n fkeN p(k)wy; dk term dominates the c;w;; term. Thus we can approximate ;;
by
5o Wig(yig — ) cwij(yi; — @)
PP =
T Nn fkeNp(k)wkj dk Aig;

Recall that for any agent i whose power constraint is not tight, we have A\; = 0; this is a standard property
of Lagrange multipliers. Clearly for those agents, we cannot have (1 — & )A < X\; < A for any A > 0. An
equal-power equal-A £’-equilibrium requires that the above hold for at least a 1 —¢’ fraction of the agents, so
at least a 1 — &’ fraction of the agents must have a tight power constraint. Thus in order to achieve an exact
equal-power equal-A equilibrium as n — oo, almost all of the agents must have a tight power constraint as
n — oo.

Let ¢ be an arbitrary agent with a tight power constraint. By Lemma C.1, this implies that jeM 51'23' q; =
~. Thus we have

cwij (Yig *%‘))2 .
Z ( Aigj 4=

jeM
2. 9 2 —1 .12
E c“wy; (Yij — x5) g~
jeEM
2 2 2 —1 .12
C E wij(yij_xj) q; ~ A
jeM

We need every pair of agents i,i’ € N to satisfy ); /Ar = 1. That means we need

ZjeM w?j(yij - xj)Q(fkeN p(k)cpwy; dk) !
ZjeM wz%j (yi/j — xj)Q(fkeN p(k)ckwkj dk)-t

Note that (fkeN p(k)cpwy; dk) ™! is just some constant. Consider a pair of agents i and ¢’ such that |y;; —x;| >
lyir; — x| and w;; > wy; for each j € M: then this ratio can never approach 1, even as n — co. For an
appropriate choice of distribution p, this means that there will always be constant measure set of agents
whose values of \; are not close to the Lagrange multipliers of other agents.

This means that in general, choosing the same scaling factor for each agent will not be sufficient for an
equal-power equal-\ equilibrium. Furthermore, the above reasoning intuitively suggests that we really do

need ¢; ~ 1/\/Zj€M w; (Yij — xj)qu—l for (almost) every i € N.

~
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