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Abstract

We study the problem in which a central planner sequentially allocates a single resource
to multiple strategic agents using their utility reports at each round, but without using
any monetary transfers. We consider general agent utility distributions and two standard
settings: a finite horizon T and an infinite horizon with v discounts. We provide general tools
to characterize the convergence rate between the optimal mechanism for the central planner
and the first-best allocation if true agent utilities were available. This heavily depends on the
utility distributions, yielding rates anywhere between 1/ VT and 1 /T for the finite-horizon
setting, and rates faster than /1 — v, including exponential rates for the infinite-horizon
setting as agents are more patient v — 1. On the algorithmic side, we design mechanisms
based on the promised-utility framework to achieve these rates and leverage structure on the
utility distributions. Intuitively, the more flexibility the central planner has to reward or
penalize any agent while incurring little social welfare cost, the faster the convergence rate.
In particular, discrete utility distributions typically yield the slower rates 1/v/T and /T — 7,
while smooth distributions with density typically yield faster rates 1/T (up to logarithmic
factors) and 1 — .
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1 Introduction

Resource allocation or auction design is one of the foundational problems in mechanism design
and has been thoroughly studied across economics, operations research, and computer science.
In this problem, a planner aims to allocate resources to n strategic agents while maximizing some
notion of global welfare, using reports/bids from the agents on their utility for the resources.
Importantly, agent reports are strategic; hence, the planner only has limited or partial informa-
tion about the agents’ preferences. To achieve positive results, fundamental tools in mechanism
design include money transfers between the agents and the planner. The large majority of ap-
proaches heavily rely on the use of such monetary payments to align incentives between the
strategic users and the central planner. For instance, the celebrated Vickrey-Clarke-Groves
(VCG) mechanism [Clarke, 1971, Groves, 1973, Vickey, 1961] ensures incentive-compatibility
while implementing optimal allocations by carefully selecting payment mechanisms. In many



applications, however, money transfers may be impractical. Enforcing payments from bene-
ficiaries to the central planner is typically undesirable when allocating public services: from
designing antipoverty programs [Bardhan and Mookherjee, 2005], choosing school assignments
[Ashlagi and Shi, 2016, Russell and Ebbert, 2011], allocating scientific equipment [Linden, 2022],
to distributing food to food banks. Cloud computing is another application in which memory
or computing resources may be scarce; hence, enforcing a scheduling policy is necessary, but
monetary transfers may be unpopular/inadequate, especially when allocating internal resources
[Ng, 2011].

Resource allocation without monetary transfers. Following these motivations, we con-
sider the setting in which monetary transfers are not allowed and focus on single resource
allocation for simplicity. The reports of the agents are strategic and hence form a perfect
Bayesian equilibrium. In a full-information setting where the planner has direct access to all
agent utilities, the optimal policy is to allocate the resource to an agent with maximum utility,
also known as the first-best allocation. Unfortunately, prohibiting the use of money severely
limits the ability to approximate the first-best allocation in light of negative results arising from
Myerson-Satterthwaite’s impossibility theorem [Arrow, 2012, Myerson and Satterthwaite, 1983].
For a single allocation, whenever there are at least 3 alternative allocations, it is impossible to
design a non-dictatorial incentive-compatible mechanism [Gibbard, 1973, Satterthwaite, 1975].
Indeed, without penalization from monetary transfers, agents can report as large utilities as
possible for the resource; utility reports from the agents carry virtually no information. In this
case, agent reports can at most signal whether agents have negative, zero, or positive utility for
the resource. We note that mechanism design without monetary transfers can be successful in
specific settings, e.g., if agent preferences are single-peaked, when matching users pairwise in
a bipartite graph (see Schummer and Vohra [2007] for an overview of classical results), or in
interdomain routing [Feigenbaum et al., 2007, Levin et al., 2008]; these exploit specific properties
of the problem that are difficult to generalize.

In a repeated allocation setting, however, the central planner can use future allocations to
align incentives by favoring or disfavoring agents. We consider two classical repeated settings in
the literature: an infinite-horizon setting with a fixed utility time discount factor v € [0,1) and
a finite-horizon T setting without discounts. To illustrate the benefit of repeated allocations,
the central planner can, for instance, fix budgets for each agent that serve as virtual currency.
This is routinely used in practice [Walsh, 2014], including for allocating computing resources in
distributed systems [Ng, 2011] or food to food banks [Prendergast, 2022].

Characterizing the convergence to first-best allocation. From the folk theorem [Fried-
man, 1971, Fudenberg et al., 2009], one can approximate the optimal first-best allocation arbi-
trarily well as agents become more patient v — 1, or when the horizon grows T' — oco. However,
this result is not quantitative in nature and does not provide direct insights into which allocation
mechanisms might be optimal.

The goal of this paper is to provide quantitative answers to the following set of questions:

1. What is the welfare gap between non-monetary and monetary mechanisms? Equivalently,
what is the welfare gap between strategic and non-strategic agents for non-monetary mech-
anisms? More formally, can we quantify the non-asymptotic social welfare gap between
the optimal first-best allocation (which can be achieved via monetary mechanisms) and



non-monetary resource allocation mechanisms for general utility distributions? Conceptu-
ally, we aim to understand how this gap depends on the utility distributions of the agents,
and on the patience of agents (either through the discount factor - or the horizon 7).

2. On the algorithmic front, what are (near-)optimal allocation mechanisms without mone-
tary transfers? Since the optimal allocation strategy may depend on the specific problem
at hand, through utility distributions and horizon and agents’ patience, we aim to provide
a generic non-monetary allocation mechanism strategy whose parameters can easily be
adjusted for any scenario to achieve near-optimal social welfare.

From a practical perspective, understanding the main drivers (Item 1) for the social welfare
gap can (1) help identify which applications are best suited for non-monetary mechanisms, or
(2) inform decisions that may impact utility distributions. As a preview, our results show that
the social welfare depends heavily on the geometry of utility distributions and identify a main
driver for achieving small social welfare gaps: favoring (approximate) utility ties between agents
is most beneficial for non-monetary mechanisms. In addition, characterizing the social welfare
gap has algorithmic implications (Item 2)—this will be used in the parameter choice for the
generic allocation strategy.

1.1 Overview of the contributions

To answer these questions, we use a geometric approach, in a similar spirit to Balseiro et al.
[2019]. Specifically, instead of solely focusing on approaching the social-welfare maximizing utili-
ties, one can consider the complete region of achievable utilities for all n agents by non-monetary
mechanisms, which we denote U: it is the collection of utility vectors (Ui)ie[n] for which one can
achieve expected per-round U; utility for all agents 4, using some non-monetary mechanism. In
this geometric perspective, the gap between non-monetary and monetary mechanisms precisely
corresponds to the gap between the achievable region U and the target region U* of utilities that
could be allocated if agents were non-strategic. At the conceptual level, our results show that
the local smoothness of this target region U* at welfare-maximizing points, precisely determines
the gap between monetary and non-monetary mechanisms.

Near-optimal allocation mechanisms. On the positive side, we construct allocation mech-
anisms (see Algorithm 1) that can achieve any utility inside a pre-specified ball within the target
region U* which has sufficient margin § > 0 to its boundary. This mechanism builds upon the
so-called promised utility framework [Abreu et al., 1990, Spear and Srivastava, 1987, Thomas
and Worrall, 1990] and tools from Balseiro et al. [2019], which reformulate the problem in a
dynamic programming form. Crucially, the larger the radius of this ball, the smaller this mar-
gin § is required to be. Geometrically, for a target region U* with smoother boundary, we can
employ our mechanisms to achieve utility vectors closer to social-welfare optimal boundary. In
words, our results show that non-monetary mechanisms perform best when agent utility dis-
tributions significantly overlap: situations with close-ties are particularly advantageous for a
central planner since they have flexibility to choose who to allocate the resource to without in-
curring significant social welfare cost. In fact, when exact ties arise frequently, our results prove
exponentially small social welfare gaps between monetary and non-monetary mechanisms.

We complement these positive results with corresponding negative results, which essentially
show that the local smoothness of the target region U* indeed characterizes the social welfare gap
between non-monetary and monetary mechanisms. This effectively transforms the multi-horizon



multi-agent game-theoretic resource allocation problem into a purely geometric question of un-
derstanding the local smoothness of U* (so that our mechanism Algorithm 1 can be implemented
with an appropriate ball parameter).

Unified perspective on v-discounted and horizon-1 settings. Up to minor modification
of the algorithms, we also show that the same tools described above can be used for both the
infinite-horizon setting with discount factor, and the finite horizon 7' setting. This unifies the
analysis and the algorithmic approach for both settings. Formally, the same results can be
achieved up to logarithmic factors by setting 1 — v ~ 1/T (see Theorems 6.1 and 6.3).

Characterizations of the non-monetary /monetary social welfare gap. Using this gen-
eral methodology, we can characterize the social welfare gap between non-monetary and mone-
tary mechanisms for general utility distributions, beyond prior results.

First, the non-monetary /monetary social welfare gap is always at most O(y/1 —~) (resp.
O(1/V/T)) for the y-discounted infinite-horizon (resp. finite-horizon T') setting (Theorem 5.1).
In particular, this holds for any number of agents and any utility distributions with bounded sup-
port. Beyond the universal asymptotic convergence guarantee from the folk theorem [Friedman,
1971, Fudenberg et al., 2009], this shows a universal convergence rate upper bound.

While this universal upper bound can be tight!, the convergence rate can be faster in general,
and depends on the local geometry of U* as discussed above. Specifically, while the distributional
assumptions from Balseiro et al. [2019] prohibited faster rates than 1 — «, we give non-trivial
examples of exponential convergence rates as fast as (1 — ~)e~¢/ vI=y (see Theorem 7.4 which
essentially corresponds to the case when any agent i € [n] can have ties for the first-best
allocation with non-zero probability). From a practical standpoint, this shows that when ties
between several agents are possible, our mechanisms which leverage this additional geometrical
structure can achieve significantly (exponentially) smaller social welfare gap. For the finite-
horizon case, faster rates than 1/ VT are possible but they cannot converge faster than 1 /T
(Theorem 6.2) as a result of the boundary at time 7. In particular, the exponential rates from
the infinite-horizon setting do not carry to the finite-horizon case. To the best of our knowledge,
this is the first example showing exponential gaps between the discounted and finite-horizon
settings for non-monetary resource allocation.

Our results provide general upper and lower bounds on the optimal social welfare gap for
arbitrary distributions (Theorem 5.8) While the bounds do not match in general, both share
the same form and give insights into (1) the dependency of the convergence rate in terms of the
utility distributions and (2) corresponding optimal allocation mechanisms. Intuitively, the main
driver is whether the central planner has enough flexibility to reward or penalize any agent in
future rounds, without incurring large social welfare costs. Accordingly, our mechanisms use this
flexibility to align incentives: the larger the flexibility, the closer one can approach the first-best
allocation.

Special cases and examples. In particular, we can give necessary (Theorem 5.5) and suffi-
cient (Theorem 5.3) conditions to reach the faster rate 1 — ~ from Balseiro et al. [2019] in the
infinite-horizon setting, significantly generalizing their results (the necessary and sufficient con-
ditions are both satisfied under their distributional assumptions). In the finite-horizon setting,

Lthis is typically the case for discrete utility distributions whose boundary of U* is piece-wise affine (non-
smooth), see Theorem 7.3.
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Table 1: Examples of social welfare gap (SWG) for various utility distribution classes for -
discounted and finite T-horizon settings. The first column gives universal bounds—always
valid—while others are consequences of our general distribution-dependent characterization
(Theorem 5.8). This includes distributions with well-behaved densities, discrete distributions
without significant ties (see Theorems 7.3 and 7.4), an example with intermediary convergence
rates, and scenarios with significant ties.

this corresponds to the fastest rate 1/7" up to logarithmic factors. At the high-level, we show
that these faster rates can be achieved if any agent i € [n] shares some common utility support
with some other agent j # i: the mechanism can easily then implement future penalties (resp.
rewards) on agent ¢ by allocating to agent j (resp. i) when their utilities are sufficiently close in
following rounds. Using this perspective, we introduce a sufficient condition for fast convergence
rates in terms of a graph structure between agents, which can be efficiently tested given their
utility distributions.

The previous example covers the case of smooth distributions (Theorems 7.1 and 7.2). On
the other extreme, we also take the example of discrete utility distributions (Theorems 7.3
and 7.5). In this case, the optimal convergence rate is usually /T — 7 (resp. 1/v/T) for the
infinite-horizon (resp. finite-horizon) setting.

In comparison, Gorokh et al. [2021] showed that for discrete distributions, one can reach
a convergence rate 1/T to the first-best allocation with artificial currencies, but in a weaker
form of Bayesian equilibrium in which incentive-compatibility constraints are only satisfied up
to y/logT/T terms. Our results show that the optimal rate at the perfect Bayesian equilibrium
is, in general, exactly ©(1/ VT), when incentive-compatibility constraints are perfectly enforced.
Intuitively, the incentive-compatibility gap from Gorokh et al. [2021] can be traded for the social
welfare gap from the central planner. Unlike Gorokh et al. [2021], our upper bound holds for
arbitrary distributions.

A summary of these social welfare characterizations for various utility distribution classes is
given in Table 1: (i) without any assumptions on the utility distributions one can always achieve
O(y/1 — ) convergence rate, (i) this is tight for discrete distributions in general, (ii7) but may
be improved to fast rates ©(1 — ), for instance when distributions have density bounded above
and below. (iv) Intermediate situations are also possible and we provide such an example in
Fig. 6, with convergence rate ©((1 —v)*/%). Finally, (v) when there are significant ties between
agents, exponential rates are possible in the discounted setting; however these do not translate
to the finite-horizon T' setting.



1.2 Related works

Single-time allocation without money. We first discuss the literature on one-shot resource
allocation without money. When there are two resources and agents share the same utility
distribution, Miralles [2012] characterizes optimal mechanisms and shows that these can be
constructed as combinations of lotteries and auction-like strategies. For several resources and
additive utilities for the agents, Cole et al. [2013], Guo and Conitzer [2010], Han et al. [2011] give
characterizations on the competitive ratio of strategy-proof mechanisms compared to the first-
best allocation, without making prior assumptions on the agent utility distributions. Slightly
different from our setting without money, the line of work including Chakravarty and Kaplan
[2013], Condorelli [2012], Hartline and Roughgarden [2008], Hoppe et al. [2009] studies the setting
in which the central planner can impose payments from the agents but cannot redistribute these
between agents. This setting is often referred to money burning: any utility signal in the form of
payment to the central planner is lost. As discussed above, impossibility results due to Myerson-
Satterthwaite’s impossibility theorem generally prohibit the central planner from converging to
the first-best allocation for a single allocation, while our focus is on designing mechanisms that
converge to this optimal allocation as fast as possible.

Repeated allocation without money. Closest to our work, we now discuss the literature
on the repeated allocation setting without transfers. While the folk theorem Fudenberg et al.
[2009] guarantees the existence of a mechanism that asymptotically converges to the first-best
allocation, Guo et al. [2009] explicitly provides a mechanism that achieves at least 75% of the
optimal welfare in the infinite-horizon setting, provided agents are sufficiently patient. On the
other hand, their mechanism may not converge to the optimal first-best allocation as v — 1.
Guo and Horner [2015] characterize the optimal allocation in the stylized setting in which the
central planner has a fixed cost and decides at each iteration whether to allocate the resource
to a single agent whose utilities evolve according to a two-state Markov chain.

We previously introduced budget-based mechanisms, also called artificial currency or script
strategies Friedman et al. [2006], Johnson et al. [2014], Kash et al. [2007, 2015], in which each
agent is given an initial budget that can be used as currency to bid on resources in each round.
These have the advantage of being very simple and interpretable, and their implementation in
several real-world applications has motivated the study of their theoretical performance [Budish,
2011, Gorokh et al., 2021, Jackson and Sonnenschein, 2007]. For instance, Gorokh et al. [2021]
shows that in the finite-horizon T setting and for discrete utility distributions their convergence
to the first-best allocation decreases as 1/T. However, their results hold under a weaker notion
of approximate Nash equilibrium in which incentive-compatibility constraints are only satisfied
approximately up to y/logT/T terms. In a similar spirit to artificial currencies, Elokda et al.
[2022] recently proposed the use of karma mechanisms and discussed its applications in ride-
hailing platforms, in which agents can receive an additional budget reward for accepting to give
the resource to other agents.

The work of Balseiro et al. [2019] is closest to the present paper. They consider the discounted
infinite-horizon setting where agent utility distributions admit densities bounded above and
below by some fixed constant. With these distributional assumptions and for two agents, they
provide allocation mechanisms that converge to the first-best allocation as ©(1 —~) for v — 1
and show that this is the best possible among all mechanisms up to constants. In comparison,
they show that budget-based mechanisms have a convergence rate of at most Q(1/1 — 7); hence,
budget-based strategies are suboptimal under these utility distribution assumptions. For n > 3



agents, they prove a O((1—~)"("+4) convergence rate for their mechanism, leaving a significant
gap compared to their (1 — ) lower bound.

Compared to these previous works, we give tools to prove convergence rates for general
utility distributions. As an example, with the specific assumptions from Balseiro et al. [2019],
we provide an allocation mechanism that achieves the optimal convergence rate ©(1 —+) for any
number of agents n. More precisely, the upper (resp. lower) bound holds whenever the utility
distributions have densities lower (resp. upper) bounded by a constant. Our work also aims
to reconcile the analysis for the finite-horizon and infinite-horizon settings by using the same
techniques for both.

Last, we make some comments about potential extensions of our current approach. In many
operational scenarios, the utility distributions of agents may evolve over time following a periodic
structure—say every p rounds—for instance, due to seasonality in food banks. We expect that
our current approach can be adapted to this non-i.i.d. setting by grouping p consecutive times
for the allocation function—effectively replacing p distributions with an appropriate mixture on
each length-p group. Beyond seasonality, utility distributions may also be dependent on the
past history of allocations. We leave for further work whether our results can have implications
for such adaptive utility distributions.

1.3 Organization of the paper

We define the model and the framework used for our constructions in Section 2. In Section 3, we
describe our general resource allocation mechanism and then present our main geometric tool to
derive social welfare lower bound gaps in Section 4. Using these two geometric tools, we derive
convergence rates for social welfare in the infinite-horizon setting in Section 5. In Section 6, we
show how the tools developed for the infinite-horizon setting can be used for the finite-horizon
setting as well, with only minor modifications. We provide examples of the results that can be
obtained with our characterizations for utility distributions of interest in Section 7. Lastly, we
conclude in Section 8.

1.4 Notations

For n > 1, we denote [n] := {1,...,n}. We also write R} :=[0,00) and 1 = (1,...,1) € R". By
default, we use || - || for the Euclidean norm || - ||2, otherwise, we will always specify the norm
within the paper. For any @ € R™ and r > 0, we denote B(xz,7) ={y € R" : |ly — x| < r} and
B°(x,r) = {y € R" : |[y — z| < r}, the closed and open balls centered at x respectively. We
let Sp,—1 = {y € R" : ||y|| = 1} be the unit n-dimensional sphere. For a compact C C R" and
any & € R", we define d(x,C) = maxyec ||y — ||, where the maximum is attained since C' is
compact. Next, for any subset S C [n] and € R", we denote xg := (z;);cs. For i € [n] we
also denote x_; = (x;);-;. We denote A, := {x € Rﬁ,zie[n] x; < 1} the probability simplex
(augmented with a do-nothing option). We denote by a ® b = (a;b;); the component-wise
product of two vectors a and b.

We use standard Landau notations. For two functions f, and g, we write f(z) = O(g(z)) if
there exists a constant C' such that f(z) < Cg(z) for all z in the support of f. We may specify
f(z) = O(g(x)) when the inequality f(z) < Cg(x) only holds in a neighborhood of a within
the support of f. We write f(z) = Q(g(x)) when g(x) = O(f(x)), and f(x) = O(g(z)) if both
f(x) = O(g(x)) and f(z) = Q(g(x)) hold. We write f(z) = w(g(z))if 0 < h(x)g(z) < f(z)



where h(z) — 0o as © — a. Last, the notations O(-) and ©(-) hide logarithmic factors in the
horizon T

2 Problem formulation and preliminaries

We first detail the model and give useful preliminaries about the promised utility framework.
Except for characterizations in Section 2.5, most statements in this section can be considered
standard in the literature.

2.1 Model definitions

We consider the sequential problem in which a central planner repeatedly allocates a single
resource between n agents. At every round ¢ > 1, each strategic agent i € [n] observes their
private realized utility w;(t), then reports a value v;(t) to the central planner only, and last,
having observed the reported values v(t) = (vi(t));g|n the central planner allocates the single
resource to one or none of the agents, which we represent by the index i(t) € {0,...n} where
i (t) = 0 signifies that the resource was not allocated at time ¢t. Alternatively, the central planner
selects a probabilistic allocation p(t) = (pi(t))icin) € An ={y = 0: 3, ¥ < 1}. Last, at the
end of the round, the reported values v(t) and allocation p(t) are made public to all agents.

Crucially, we suppose that the true utilities are independent between agents and independent
and identically distributed (i.i.d.) for each agent. That is, for any ¢ € [n], we have (u;(t))i>1 w
D;. We denote by F; the complementary cumulative function of D;, that is, F,J(:):) =Pyp,[u >
x]. We assume that the fixed distributions Dy, ..., D,, have bounded support in [0, 7] for some
fixed value v > 0, and are publicly known to the central planner and to all agents ¢ € [n]. Last,
we consider the case of myopic agents, that is, at time ¢, agent 7 does not have access to their
realized utilities at future times u;(¢') for ¢’ > t. Formally, write the history available at time
t as h(t) = (vj(t'),p;(t'),7 € [n],t' < t). At time ¢, the central planner strategy is given by a
function S; : [0, 7]"~D x AL=1 x [0, 7] — A,, and the allocation is given by p(t) = Si(h(t), v(t)),
while the strategy of agent i € [n] is given by a function o;, : [0, 7]"¢~1) x AL~ x [0, 3] — [0, 7]
and their report is given by v;(t) = o;+(h(t),u;(t)). For convenience, throughout the paper, u
represents a random utility vector with independent coordinates with u; ~ D;.

The goal of the central planner is to maximize the social welfare or equivalently, to minimize
the regret compared to the optimal allocation in hindsight i*(¢) € arg max;cp, u;(t). We consider
two different settings.

1. In the ~y-discounted infinite-horizon setting, the central planner and all agents share the
same discount factor v € [0,1). That is, the central planner aims to minimize the expected
regret

(1= | 0! (a0 - 1)

t>1 i€ln]
while agent ¢ € [n] aims to maximize their total discounted utility (1—-)E [thl Y (H)pi(t) |-

2. In the finite horizon T setting, the central planner aims to minimize the average regret




while agent i € [n] aims to maximize their total utility +E > terr) wit)pi(t) |-

The reports of the strategic agent form a perfect Bayesian equilibrium, as detailed below.
Using the same notations as in Balseiro et al. [2019], we let V;; be the expected remaining
utility of agent i starting from time ¢, given its own utility w;(¢) and the history h(t), with the
allocation strategy S = (Sy)¢>1, all other agents employing their strategy o_; = (0j4);j£i1>1
and agent i using strategy &; = (6, )y >1. Formally, we define V; +(S,0_;,6; | ui(t), h(t)) as

E [ A"t )pi(t) [ ui(t), h(t)

t>t

for the y-discounted setting, and

Zuz ) [ ui(t), h(t)

—t+1 prat

for the finite horizon T setting. In both definitions, p(¢’) is induced by the central planner
strategy Sy for t' > t starting from the history h(t), using the reports of agents j # i according
to o; and the reports of agent ¢ according to ¢;. The perfect Bayesian equilibrium constraints
then write

Vi, t,ui(t), h(t),Gi,  Vig(S,0_i,0i | ui(t), h(t))
> Viu(S,0-i,6: | ui(t), h(t)). (PBE)

2.2 Achievable utility sets

As an alternative reformulation, letting U = (Ui)ie[n] be the vector of realized utilities where
U; is the total expected utility gained by agent 4, the goal is to maximize the total utility 1" U
among realizable utility vectors U. For our purposes we will consider the more general problem
in which agents can have weights a € R} \ {0} and the goal of the central planner becomes
maximizing the total utility ' U. Equivalently, letting V;(S, o) := Ey,1)[Via (S, o [ ui(1))], we
aim to characterize the region of achievable utilities:

{U = (Vi(5,0))icpn) € RY : S, 0 satisfy (PBE)},

which we denote U, for the v-discounted setting, and Vr for the finite horizon 7" setting.

Full-information set. We first characterize the optimal allocation baseline, which corre-
sponds to the full-information setting in which the central planner has direct access to all
agent utilities (u;(t));c[n) before deciding its allocation. This also corresponds to the setting in
which agents are non-strategic. The set of achievable utilities in this full-information setting is

= { ’U,sz ze[n]v p: [0,’1_)]71 N An} )

We can also easily characterize the Pareto-optimal points in this set of achievable utilities. This
boundary is parametrized by weights a € R%} \ {0} with the corresponding maximizing utility
vectors arg maxyycy« a'U=E [max,-e[n] aiuz-]. Such a-optimal vectors exactly correspond to
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first-best allocation functions that always allocate the resource to ¢ € argmax;cp, oju;. By
default, we say that & € U* is optimal if it is 1-optimal.

Recall that the central planner aims to maximize the social welfare, corresponding to equali-
tarian weights o = 1. Hence, the optimal regret in the vy-discounted setting, which corresponds
to the social welfare gap between strategic and non-strategic agents is

SWG(v) := max 1'U — max 1'U. (1)
Uel* Uel,
By abuse of notation, we denote by SWG(T') the social welfare gap in the finite-horizon-7'
setting, that is, replacing U, with Vr in Eq. (1).

Remark 2.1. While the central planner mainly focuses on equalitarian weights o = 1, it turns
out that the geometry of the boundary of U*—or equivalently, maximizing utility vectors for
weights a # 1—is crucial to characterize the optimal social welfare gap and construct corre-
sponding mechanisms.

No-information set. We next define the set of utilities that can be achieved without reports,
that is without information on the utility realizations. This corresponds to a setting in which
the central planner selects a fixed allocation p € A,,, which gives the following frontier

Ut = {(pi]EuiNDi [ui])ie[n]ap € An} .

For intuition, if P(u; = 0) = 0 for all i € [n], we have UM = Uy = V;. We will see, however,
that if this does not hold we may have UN! C Uy = Vi, see Theorem 2.4, scenario 3(b).? Using
mixed allocation strategies, we can easily check the following.

Fact 2.1. The sets U*, UNT, U, and V1 are conver sets of R for ally €[0,1) and T > 1.

2.3 The promised utility framework

Before giving our results, we present a convenient reformulation of the sequential allocation
problem in terms of dynamic programming, referred to as the promised utility framework [Abreu
et al., 1990, Balseiro et al., 2019, Spear and Srivastava, 1987, Thomas and Worrall, 1990]. We
give below an introduction and summary of the framework for the y-discounted infinite-horizon
setting as detailed in Balseiro et al. [2019].

We focus on the ~-discounted infinite-horizon setting for now. In its direct form, maximiz-
ing social welfare requires solving an infinite-horizon perfect Bayes equilibrium. However, the
symmetry of the problem in time allows to drastically simplify the formulation. In light of the
revelation principle, we can without loss of generality suppose that the mechanism is incentive-
compatible hence agents report truthfully. Say we want to design an allocation strategy to
ensure that the final utility vector is U. The first decision is to decide on the allocation function
for the first time step t = 1 which we denote p(- | U) : [0,09]" — A,. It takes as input the
agent reports v(t = 1) = u(1) and outputs the allocation distribution p(1). We then denote by
W(-|U):[0,9]" — R™ the remaining utility to be gathered by the agents at future times t > 2,
that is,

Wi(v |U) = (1=yE | > 7wl |u(l) =v
t>2

2Specifically, the optimal vector U constructed therein is outside U™’ = Conv(0; {E[u;]e:, i € [n]}).
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Note that the history also includes the allocation p(1) but this is completely subsumed by the
knowledge of u(1l) = v via p(1) = p(v | U). The problem at time ¢t = 2 is now perfectly
equivalent to the original problem except that now the central planner aims to ensure that the
utility vector to realize is W (u(1) | U).

This motivates focusing only on the allocation function and the promised utility function:
to achieve a region R C U*, it suffices to specify two functions p(- | U) : [0,9]" — A, and
W( | U):[0,0]" — R” for all U € R, where the later is viewed as a utility promise to the
agents. These should satisfy the following constraints. The promise-keeping constraint checks
that the target utility U is met: for all i € [n] and U € R,

Ui = E[(1 = y)uipi(w [ U) +yWi(u [ U)]. (2)

Second, the central planner should ensure that the promised utilities can be fulfilled for any
possible reports of the agent. That is,

YU € R,Vv € [0,7]", W(v|U) € R. (3)

The last constraint is to ensure that (PBE) is satisfied, which can be simplified since we supposed
that the mechanism is incentive-compatible. Having defined the interim allocation P;(v | U) :=
Ey_,[pi(v,u_; | U)] and the interim promised utility W;(v | U) = E,,_,[W;(v,u_; | U)] for all
i € [n], the perfect Bayesian incentive-compatibility equations write for all U € R, i € [n], and
u € [0,7],

u € argmax(l —y)uP;(v | U) +yW;(v | U). (4)

v€E[0,7]

Fact 2.2. A region R' CU* can be achieved in the infinite-horizon vy-discounted setting if and
only there exists a superset R 2O R/, functions p(- | U) and W (- | U) for all U € R satisfying
Egs. (2) to (4).

When ~v > 0, we can further characterize the form of the allocation and promised utility
functions following a standard argument from Myerson [1981]. Given the incentive-compatibility
constraint Eq. (4), without loss of generality, we can suppose that the functions P;(- | U) are
non-decreasing. For convenience, we say that a choice of allocation function p(- | U) is non-
decreasing if the corresponding interim allocation function P;(- | U) is non-decreasing for all
i € [n]. Then, Eq. (4) implies

Wi(vi [ U) = Wi(0 | U)

_1=7 </ Pi(v | U)dv Pi(v,-|U)vi>. (5)

Combining this with the constraint from Eq. (2), we obtain for all U € R, i € [n], and v; € [0, 7],

Wiv: | U) = HU + (=) (/0 P(v | U)do

v
Py | U)os — / Fi()P(v | U)dv)]. (6)
0
This formula can be found in Balseiro et al. [2019] as Eq (10). This equation effectively replaces

the promise-keeping constraint Eq. (2) and the incentive-compatibility constraint Eq. (4). Fur-
ther, we can check that W;(v; | U) is non-increasing in v; by re-writing [* Pi(v | U)dv — P;(v; |
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U)vi = [, (P(v | U) — Pi(v; | U))dv. The promised utility function only needs to satisfy the
following validity equation for the interim promise: for all U € R, i € [n], and v € [0, 7],

Wi(v | U) = Ey_,[Wiv, u_i | U)]. (7)

As a summary, we have the following characterization.

Fact 2.3. Let v € (0,1). A region R CU* can be achieved in the infinite-horizon y-discounted
setting if and only if there exists a superset R 2 R', functions p(- | U) and W (- | U) for all
U € R satisfying Eqs. (3) and (7), where the interim future promise is defined as in Eq. (6).

2.4 A convenient choice of promised utility functions

Given an allocation function p(- | U), the remaining choice of the mechanism design is in the
form of the promised utility function W (- | U) so that it satisfies Egs. (3) and (7). We introduce
a specific choice of form for these promised utility functions that will be useful for our mechanism
design constructions.

The specific construction is somewhat more general than the present sequential allocation
setting. Consider the following problem: given n independent random variables Zi,...,Z, and
a direction @ € R", we aim to construct a coupling (Z1,...,Z,) such that (1) for all i € [n],
E[Z; | Zi] = Z;, and (2) that is as far along the direction « as possible in the worst-case sense.
That is, we aim to solve the problem

mgxmig o' Z(w), st. Vien),E[Z| Zi] = Z. (8)
we

Taking the expectation, any coupling Z satisfying the marginal constraints must satisfy

mig o' Z(w) <Ela'Z] = a'E[Z]. 9)
we
This value can also be reached for instance using the following coupling from Balseiro et al.
[2019]. For i € [n] such that a; = 0, we can let Z; = Z;. Otherwise, we define
- 1 - .
Zi=Z;—— S % (Zj - E[Zj]) . (10)
n—1 oy o

We can easily check that this coupling reaches the upper bound from Eq. (9) since the coordinates
of ~Z are independent. This coupling forces the vector Z to lie in the hyperplane {x : o' (2 —
E[Z]) = 0}.

Balseiro et al. [2019] used this construction to specify the future promise functions: for any
U, letting Z; := W;(v; | U), they use the promise function W (v | U; a(U)) defined as the
previous coupling for some pre-specified vector a(U) € R™ \ {0}. For our purposes, we will use
a slightly different coupling. The term «; in the denominator leads to instabilities that we can
mitigate by using the coupling from Eq. (10) only for the variables ¢ with largest value of |a;].
Let i1 and 42 be the indices of the largest and second-largest components of a respectively. We
pose

Zin — . Lz —E[Z)]) i=1,

N P e
Z={2,- DG mz) - )
Z;i i & {i1,i2}.

—~

Both couplings defined in Egs. (10) and (11) are optimal for the previous optimization problem.
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Figure 1: Illustration of the two scenarios (a) and (b) from Theorem 2.4 which correspond to
cases in which there is already an optimal allocation strategy for v = 0 (resp. 7' = 1) in the
infinite-horizon (resp. finite-horizon) setting. Figure (a) corresponds to the scenario in which
agent i dominates all other agents. Figure (b) corresponds the scenario in which agent i; and
io have non-zero utility mass at 0 and the support of u; for i € {i1,i2,i3} follow a hierarchy.

Lemma 2.2. For any o € R", the couplings defined in Egs. (10) and (11) are solutions of the
problem in Eq. (8) with value aT(E[Z])iE[n].

With this construction at hand, to specify an allocation strategy for the central planner, we
may only specify the allocation function p(- | U) and the directions a(U). By defining W (- | U)
via Eq. (11), the constraint Eq. (7) is automatically satisfied. The only constraint that remains
to be checked to have a valid allocation is Eq. (3), which asks that the future promises stay
within the constructed region.

Remark 2.3. We are now ready to state our main results. For ease of exposition, we state all
our main results in the following Sections 3 to 7 for equalitarian weights o = 1. Note that these
can easily be generalized to arbitrary weights o € R’ \ {0} by replacing the valuation v; of an
agent i € [n] by a;v;.

2.5 Characterization of scenarios without social welfare gap

For technical purposes, we need to treat separately trivial cases when the regions Uy = V; already
contain an optimal utility vector. In words, these corresponds to cases when the optimal social
welfare can be achieved with memoryless mechanisms which allocate based solely on reports at
the current iteration. In the following, we show that this may only happen in two scenarios
(see Fig. 1 for an illustration). The first one corresponds to the case when one agent’s utilities
dominates all others, while the second one involves some slightly more complex hierarchy between
agents. In both cases, we can give simple optimal mechanisms:

Lemma 2.4. First, we have Uy = V1. Neat, the following are equivalent.

1. There exists an optimal vector in Uy (SWG(0) = 0). In particular, U, and Vr always have
an optimal vector for all v € [0,1) and T > 1.

2. For all i € [n], either

(a) there exists j # i such that P(u; > u;) =1,
(b) or there exists [m;, M;] such that P(u; € [m;, M;]U{0}) =1 but P(u; € (my, M;)) =0
for all j # 1.
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3. FEither one of these scenarios holds

(a) There existsi € [n] such that for all j # i, P(u; > u;) = 1. In which case, Elu;]e; € Uy
15 optimal, and is reached by the mechanism that always allocates to agent i.

(b) There exists a subset of agents S = {i1,...,ix} € {i € [n] : a; > 0} and a sequence
my = 00 > myg > mg > ...mu_1 > 0 for which: (1) If |l < k, D;, is supported on
{0} U [my, my—1] and Pyp, (u = 0) > 0. (2) D;, is supported on [0,mg_1]. (3) For
i ¢S, we have P(u; < w;, ) = 1.

In this case, U = 2 cp P(ui, =0, ' < D)E[u;]e;, € Uy is optimal, and is reached
by the following allocation mechanism for reported utilities v € [0,0]": p(v) = €y
where [(v) = min{l : v;, > 0} U {k}.

The proof is given in Section A.1. In light of the second characterization of Theorem 2.4,
and even when Uy does not contain an optimal vector, we note for agents i € [n] satisfying either
condition 2(a) or 2(b), ensuring incentive-compatibility while optimizing for social welfare is
somewhat straightforward (see Theorem A.1 for more details). Indeed, if condition 2(a) holds,
then it is possible to ignore agent i, never allocating to them, and still yield an optimal utility
vector by allocating to j instead. On the other hand, if condition 2(b) holds, the reports of
agent 7 are also not really necessary to reach an optimal vector. Knowing the utilities u; for the
other agents j # ¢ and whether u; > 0 is sufficient: if this is the case, we can allocate to agent i
when max;; u; < M; and to an agent in arg max;.; u; otherwise.

This motivates the definition of the complementary set of agents, for which more work is
needed to ensure incentive-compatibility: I := {i € [n] : i does not satisfy 2(a) nor 2(b)}. As it
turns out, ties between different agents are especially convenient for the central planner since
it can freely decide how to break ties without incurring social welfare cost. It will therefore be
useful to define the set of agents I augmented with these convenient agents, on which it suffices
to focus.

I:=Tu{ic[n]:Pu = m;z,xuj >0) > 0}. (12)
JFT

3 A generic resource allocation mechanism

We are now ready to detail our generic resource allocation mechanism for the ~-discounted
setting. The extension to the finite horizon-T" setting is discussed in Section 6. The mechanism
aims to achieve any utility vector within a pre-specified ball B(«x,r) which has sufficiently large
margin within the full-information region U*, that is, B(x,r+0) C U* for some margin parameter
0 > 0. We refer to Fig. 2 for an illustration. The corresponding Promised Utility Mechanism
(PUM) requires an appropriate margin to successfully achieve utility vectors in the target ball,
as detailed below.

Lemma 3.1. Fizy € (0,1). Let x € U* and 1,0 > 0 such that B(x,r +0) CU*. If

1—

sy >o- T, (13)
L=~ r

then the mechanism PUM(x,r,0) (see Algorithm 1) does not fail and achieves any utility vector

within B(zx,r). In particular, when this holds we have B(x,r) C U,. Here,

max;e () Elu;] 2
min; e, (Blug] — 2 —7) '

C = 4n’v> (1 +
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Figure 2: Illustration of Theorem 3.1 (left) and Theorem 4.1 (right) with 2 agents. (1) On
the left, if the gray ball B(a,r) is within the full-information utility set &* with a margin ¢
satisfying Eq (13), then PUM(z,r, ) is successful and B(x,r) is contained in U,. The region
U* here corresponds to agents having uniform utility distributions on [0,1]. (2) On the right,
the ball B(x,r) separates the region U* in two connected components, the one C closest to the
boundary being included within a margin é. If 0 satisfies the constraints from Theorem 4.1,
then the gray region is outside U, (note that the region is slightly smaller than the connected
component C (corresponding to the dash-dotted ball). The region U* here corresponds to agents
having uniform utility distributions on {1/6,5/6}.

As remark, we aim to use this mechanism for balls B(x, ) that are close to the social-welfare-
maximizing boundary of U*. Hence, the margin § to this boundary intuitively corresponds to the
suboptimality incurred by PUM compared to monetary mechanisms. Effectively, this reduces the
multi-horizon resource allocation problem into a purely geometric one: finding the ball satisfying
the margin condition Eq. (13) which is closest to the social-welfare-maximizing boundary of U*.
Importantly, the required margin is smaller for larger balls—with larger radius —which hints
to the fact that smoothed boundaries for U* will allow for smaller social-welfare gaps. This
intuition will be formalized in the following sections.

We now describe the PUM resource allocation strategy. From the promised utility framework,
one only needs to specify appropriate allocation and promised utility functions p(- | U) and
W(-|U) for U € B(xz,r). Ideally, for a point on the boundary U = x + ry with y € S,,_1, we
aim to use the allocation function realizing the utility vector « + (r +0)y in the full-information
case and construct the promised utility function using the form described in Section 2.4 with
a(U) =  — U. The intuition is that this choice of allocation and promised utility function
pushes the promised utility vector W (wu | U) towards the center of the ball. In practice, as
per Eq. (11), we need to lower bound the second-largest component of a(U), which will require
considering a larger region R O B(x,r) on which the allocation and promised utility functions
are defined.
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N =

Input: Ball B(z,r), margin § with B(x,r 4+ §) C U™, target utility Uy € B(z, )
Initialize U < Uy
for t > 1 do
Decompose U = s ® (Zie[n] giE[u;lei + qo(x + Ty)> where ¢ > 0,27 ;¢ <1,
YyEeS,_1,8€ [0, l]n.
Fix an allocation function p(-) realizing utility @ + (r + §)y in the full-information case
Compute interim functions P;(-) := Eq,_, [#(-, u_;)] and W;(-) according to Eq. (6) for
i € [n]
Observe reports v = (v;);e|,] at round ¢ and select allocation s © (Eie[n] gie; + qofo(v))
Define W using Eq. (11) for & = —ry, and Z; = W;(v;) for i € [n]
Update U <~ s ©® (Zie[n] ¢iEluile; + %W)
if U ¢ R as defined in Eq. (14) then Mechanism fails. break;
Algorithm 1: Promised Utility Mechanism PUM(x, r, d) for the y-discounted setting

Formal construction of the mechanism. Precisely, we construct these functions on the
region
R:={y:0<y<zz¢e Conv(UN! B(z,1))}. (14)

To give some intuition about this utility set, we have Conv(UN!, B(z,r)) = Conv(0; {E[u;]e;,i €
[n]}; B(x,r)). This is the convex hull of the target ball with the trivial allocations that always
allocate the resource to a single agent ¢ € [n]. Additionally, we extend this region in all directions
—e; for i € [n] so long as points stay within the positive orthant R’!. For any U € U*, we fix
p(+; U) an allocation function which reaches the utility vector U when having access to the full
information of agent’s utilities.

We start by specifying the allocation strategy for extreme points U of R that still belong to
the ball B(x,r), for which we can use the strategy described above. Writing U = « 4 ry where
Yy € S,_1 is a unit vector, we define the allocation function via p(- | U) := p(; & + (r + J)y) and
a(U) =z — U = —ry. We then extend the definition of the allocation function to the whole
domain R. To do so, note that any vector U € R can be characterized by 0 < U < y where
y € Conv(UN!, B(z,r)) and is also an extreme point of R. In particular, y can be written as
the convex combination of 0, vectors E[u;|e; and some extreme point ¢ of R within the ball
B(x,r) (we only need one point from B(zx, ) at most because the ball is strictly convex). Such
a decomposition can be obtained via standard Carathéodory constructions. As a summary, we
obtain

Y= Z ¢iEluile; + gy, where q > O,Zqz‘ <1,

i€[n] i<n

and U; = s;y; where s; € [0,1] for all ¢ € [n]. We then define the allocation and promised utility
function via

pi(- |U) =s; Z giei +qopi(- |9) |, i€ [n]

i€[n]

Wi | U) = si [ Y aiBluilei + qoWi(- | ) |, i € [n].

i€[n]
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Note in particular that for all the extreme points U = E[u;]e;, the allocation function p(- | U) =
e; always gives the resource to agent i, as should be expected. The complete PUM strategy is
summarized in Algorithm 1.

Remarks on Theorem 3.1. As an important remark, the term C from Theorem 3.1 should
be viewed as a constant. Indeed, since we aim to bound the social welfare gap SWG(y) for
non-monetary mechanisms, we can use Theorem 3.1 with small balls locally close to an optimal
utility vector U € U*. For sufficiently small balls and close to this optimum point, the term C
becomes

maX;e|y] E[u;) > 2

C ~ 4n%p? (l + —
minen) (Elug] — U;)

which is independent from . Further, the term C from Theorem 3.1 can be greatly simplified
if one has additional structure in the problem, as exemplified by the following assumption.

Assumption 3.2. The utility distributions of the agents i € [n] have support in [v,v], where
v>v>0.

Lemma 3.3. Under Theorem 3.2, we can choose C' = v?(2n + ©/v)? in the statement of Theo-
rem 3.1.

The sufficient condition from Theorem 3.1 can be generalized by splitting agents into groups
and applying the resource allocation mechanism to each group separately. For simplicity, we defer
the complete statement of this lower bound tool on the achievable region U4, to the Appendix
(Theorem B.2).

4 A geometric tool for proving lower bounds on the social wel-
fare gap

In this section, we present our main tool for proving social welfare gaps between non-monetary
and monetary mechanisms, for the ~-discounted infinite-horizon setting. Equivalently, we aim
to show that some regions in the full-information region U* cannot be achieved by non-monetary
mechanisms.

As a reminder, Theorem 3.1 showed that any ball B(x,r) with sufficient margin ¢ within
the full-information region U* is achievable by non-monetary mechanisms. Intuitively, we show
a corresponding negative counterpart: if the ball B(x,r) is too close to the boundary of U*,
then the region between the ball and this boundary cannot be achieved. More formally, we
show that if the ball B(x,r) is so close to the social-welfare-maximizing utility vectors of U*
that it cuts the region U* in (at least) 2 components, under appropriate margin conditions, the
social-welfare-maximizing component cannot be achieved (see the right figure of Fig. 2 for an
illustration). The corresponding statement will therefore be local, that is, we focus on the region
of U* that is close to being optimal for the social welfare: {y : 1Ty > max, ¢y 1"z — ¢1} for
some c; > 0:

Lemma 4.1. Suppose that Uy does not already contain an optimal vector (see Theorem 2. for
a characterization). There exist two constants c1,co > 0 such that the following holds. For
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v € (0,1) and r > 0, suppose that U* \ B°(x,r) has a connected component C C {y : 1Ty >
max,ey 11z —c1}. If

1 —
C C B(x,r+9), 6:min<02 7,7“>,
yr

then the region C :=C \ B° (:B, r+ 17%5) is not achievable by non-monetary mechanisms: U, N

C = 0. In particular, for any U € C, writing U = x + |U — z||d,

l—x
maxd' (y—x) <r+ ——0.
max (y — =) S

We make a few remarks about this result. First, the margin ¢ required (6 = (9(1_—77)) has
exactly the same form as the margin required for our positive results in Theorem 3.1. This
will be essential to show that our mechanisms achieve near-optimal social welfare. Second, the
condition C C {y : 1Ty > max,¢y+ 1"z —c1 }, which localizes the region of interest, is mild since
the constant ¢; > 0 is independent of 7 (especially since it is possible to reach points that are
c1-close to optimal for sufficiently small v from the folk theorem). Last, ideally, Fig. 2 should
prove that the full component C is not achievable by non-monetary mechanisms, however, for
technical reasons, we prove this result for a slightly smaller region C. Fortunately, this will not
affect our near-optimality guarantees.

As for Theorem 3.1, the statement can be refined by considering a subset of agents. In
particular, it is useful for future proofs to consider the setting in which a single agent i € [n]
competes for the allocation against all other agents [n] \ {i}. The precise statement is deferred
to the Appendix (Theorem C.3).

5 Social Welfare Gap Characterizations for the discounted infinite-
horizon setting

Using the tools developed in the previous section Theorems 3.1 and 4.1 (and generalizations
Theorems B.2 and C.3), we now derive our main characterizations of the social welfare gap for
the discounted infinite-horizon setting.

5.1 A universal rate O(,/1 —7)

As a first consequence of Theorem 3.1, we show that for appropriately chosen parameters, the
mechanism PUM always achieves social welfare gap at most O(y/1 — ). As a remark, the folk
theorem only ensures asymptotic decay of this social welfare gap. In comparison, to the best of
our knowledge, this is the first result which achieves a quantitative universal convergence rate
to first-best allocation as agents are more patient, irrespective of utility distributions or the
number of agents. 3

Theorem 5.1. The optimal social welfare regret always satisfies SWG(y) = O(/1 — 7).

3Gorokh et al. [2021] also provide general bounds for the finite T-horizon setting but for the weaker notion of
approximate PBE, and therefore are not comparable to our perfect PBE guarantees.
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Figure 3: Visual proof of Theorem 5.1 (left) and Theorem 5.2 (right) given an optimal vector
U with U; > 0 for all i € [n]. (1) On the left, the dotted region satisfies J[,c,,[0, Us] € U*.
We can then fit a ball B(«,r) as in the figure with r = 6 = , /CPTV, satisfying Eq (13). Hence
B(x,r) € Uy and as a result d(U,U,) = O(v/T—7). (2) On the right, if B(x,r9) C U* is
tangent at U, we can choose 7,4 satisfying 7 + & = ro and § = C'1=2. These satisfy Eq (13).

yr
Note that § ~ 01;—07 as v — 1, which gives d(U,U,) <6 = O(1 — 7).

The proof of this result proceeds by showing that any vector U € U* is at distance at most
O(v/1T—7) from U,. In the standard case where U € U* satisfies 0 < U; < E[u;] for all i € [n],
Theorem 5.1 is a simple consequence of Theorem 3.1 of which Fig. 3 gives a visual proof. We
first note that J[,c;,1[0, Us] € U*. To prove the desired result, it then suffices to construct a ball

B(x,r) within this region and that satisfies the constraints Eq (13) with r = § = 1/01_77 as

depicted in the left figure of Fig. 3.

While this already shows that non-monetary mechanisms can have good non-asymptotic
performance in general, the convergence rate of the social welfare gap may be significantly faster
when the boundary of U* is smooth. This is also captured by Theorem 3.1: the smoother the
local boundary of U*, the larger the radius r of the ball that can be fit close to that boundary,
and the smaller the margin 0 ~ (1 —7)/r that is needed. In particular, in ideal cases where the
ball has radius r independent of v, Theorem 3.1 shows that the mechanism PUM yields smaller
social welfare gap O(1 — 7). We detail these scenarios in the following section.

5.2 Sufficient conditions for faster rates O(1 — )

We now discuss situations when fast social welfare gap convergence rates O(1 — 7) can be
achieved. Roughly speaking, these correspond to the ideal convergence rate: these are precisely
the fastest rates achieved in Balseiro et al. [2019] for the case of n = 2 agents and well-behaved
smooth utility distributions. Additionally, these will correspond to the fastest convergence rate
that may carry over to the finite-horizon setting (see Section 5 and Theorem 6.2). From a prac-
tical perspective, understanding conditions for fast convergence rates is helpful to understand
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which distributional properties are most desirable for the implementation of non-monetary mech-
anisms. As a warm-up, we start with a simple geometric condition. Intuitively, if the boundary
of U* is locally smooth at the neighborhood of optimal utility vectors, then one can achieve the
faster rate:

Theorem 5.2. Suppose that there exists an optimal vector U € U* such that a ball tangent to
U of radius ro > 0 is contained within U*, i.e., taking x = U — rol we have B(x,rg) C U*.
Then, SWG(vy) = O(1 — 7).

For instance, Theorem 5.2 implies that whenever the boundary of U* is twice-differentiable
locally around an optimal point U then one can fit a ball tangent to U within the convex set
U* (see Theorem D.3 for a quick proof or Barb [2009, Theorem 1.0.9] for a stronger statement).
This result is obtained by applying Theorem 3.1 with the parameters x, and r,§ > 0 such that
0= Clv_—ﬂ (to satisfy Eq. (13)) and r + 0 = rg. This gives a social welfare gap of 6 = O(1 — ).
This construction is depicted in the right figure of Fig. 3. While Theorem 5.2 gives a purely
geometric condition, it can be translated into explicit conditions on the utility distributions:
intuitively Theorem 5.2 requires that any two agents may simultaneously have near-optimal
utilities with non-negligible probability. This condition can however be significantly generalized,
as detailed below.

Our main characterization for fast convergence rates O(1 — ) converts this infinite-horizon
continuous incentive-compatibility problem into a purely combinatorial test: whether a certain
directed graph G admits a partition into strongly connected components. We start by giving
the main intuitions about this result then formally state it in Theorem 5.3. Intuitively, the
graph G contains an edge ¢ — j when the central planner can use agent i to enforce incentive-
compatibility on agent j through added rewards/penalties. This flexibility typically arises when
1 and j share similar utilities: the central planner can then freely choose which agent to allocate
to, without incurring significant social welfare cost. On each strongly-connected component of G,
we then show that the central planner can enforce incentive-compatibility at a low social welfare
price. In turn, if G admits a partition into strongly connected components, the central planner
can enforce incentive-compatibility for all agents simultaneously and achieve fast convergence
O(1—7).

We now give the formal construction for the graph G. As discussed in Section 2.5, it suffices
to focus on the agents in I as defined in Eq. (12). For any pairs of agents i, j € I, we introduce
the function

f(77; 27.7) =E |u ]lu]-:maxle[n] ul]lUje[ui,(lJrn)ui] :

This function quantifies to what extent (1) agent j has the highest utility among all agents
and (2) agent i has near-highest utility, simultaneously. To give some intuitions, notice that
under this event, the central planner has the flexibility to allocate the resource either to agent
i or j at a small social welfare cost proportional to 7. On the other hand, because of the
incentive-compatibility constraints Eq. (4), the central planner needs to be able to penalize
agent j on future rounds if they reported a high utility v;(t) at time ¢, and similarly, reward
agent j on future rounds if they reported a low utility v;(¢) (notice that the interim promised
utility Wj(v;(t) | U) is non-increasing in v;(t) from Eq. (6)). Therefore, the higher the value of
f(n;d,7), the easier it is for the central planner to fulfill its future promises/penalties to agent
j, leveraging agent i.
We then consider the following graph G on I such that for i # j € I,

i—j = f(ni,)) 77309(?7)- (15)
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Figure 4: Utility distributions with n = 3 agents (left) and corresponding graph G (right). (1)
On the left, utility distributions are a mixture of atoms—represented with bullets—and uniform
distributions on intervals—represented in rectangles. E.g., D; has an atom on x = 3/4 of mass
3/4 and a density of 1 on [0,1/4]. Formally, D1 = ;Unif([0, 1])+385/4, D2 = §Unif([5, 3])+26y s,
and Dy = FUnif([3, 1))+ %51/8—1— %51/2, where Unif(/) and 6, denotes the uniform over an interval
I and the Dirac at x respectively. (2) On the right, the graph G as defined in Eq. (15). Intuitively,
i — 7 when the central planner may select agent ¢ while agent 7 had highest utility, without

incurring large social welfare cost. Since {1,2,3} is strongly-connected, Theorem 5.3 implies
SWG(y) = 01 — ).

Fig. 4 gives an illustration of G for concrete utility distributions. From the previous discussion,
i — j may be interpreted as follows: the central planner can use agent i as a lever to flexibly
ensure incentive-compatibility for agent j. In turn, we can show that fast convergence rates can
be achieved if G is sufficiently connected.

Theorem 5.3. Suppose that there exists a partition of agents I = Iy Uy - --U 1, such that for
all s € [q], |Is| > 2 and I is strongly connected in G. Then, SWG(v) = O(1 — 7).

The proof of Theorem 5.3 uses the more involved version Theorem B.2 of Theorem 3.1
which allows to group agents according to the suitable partition. At the high-level, within
each strongly-connected component I; for i € [g], a central planner has enough flexibility to
ensure incentive-compatibility for agents in I; leveraging other agents from I;. In particular,
this requires each component I; to have at least 2 elements, as stated in Theorem 5.3. Note
that when |I| > 5, this strongly connected condition is stronger than simply assuming that for
all i € I, there exists j,j’ € I such that i — j and j' — 4, as can be seen in Fig. 5.

The conditions in Theorem 5.3 hold under many standard distributional assumptions, as
shown below.

Corollary 5.4. Denote by m the infimum of the support of max;cj, u;. Suppose that for any
i € 1, there exists j € I with j # i such that either

o there exists m; > 0 such that P(u; = m;),P(u; = m;) > 0, and P(ur, < my;) > 0 for all

k¢ {i,j},

e or there exist b; > a; > m such that both u; and u; have an absolutely-continuous part that
has density bounded away from zero on [a;,b;] by some constant.

Then, SWG(vy) = O(1 — 7).

As a comparison, the main result from [Balseiro et al., 2019] implies that if the distributions
Dy,...,D, have a density on [0,7] that is bounded above and below by constants, one can
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Figure 5: Example of graph for which each node has an incoming and outcoming edge but
does not admit a partition into strongly connected components. For any partition of the nodes
{1,...,5} into sets of size at least 2, node 3 is not strongly connected within its component.

achieve a O(1 — v) convergence rate. In particular, Theorem 5.4 shows that this holds even if
one only has densities bounded below.

5.3 Necessary conditions for faster rates O(1 — )

We next also derive necessary conditions for having the faster rates O(1 — v). Intuitively, we
show that if G has an isolated node i.e., there exists ¢ € I with no inner edges and no outer
edges, then O(1 — ~) rates are impossible. Formally, we introduce the following function

g(n) i=min > (f(mi.3) + F1:5:1))

which quantifies the maximum ability of the central planner to fulfill its future promises/penalties
for the worst agent i € I (leveraging any other agent). In particular, if this bound decays as
g(n) =n—0 o(n) then G has an isolated node.* We then show that the condition g(n) =,_0 o(n)
is necessary for achieving fast rates for social welfare. This formalizes the intuition that if no
agent can be leveraged to flexibly fulfill the future promise of some agent ¢, then achieving the
fast rate O(1 — ) is impossible.

Theorem 5.5. If g(n) =,—0 o(n), then SWG(v) = w(1 — 7).

While this necessary condition does not exactly match the sufficient conditions from Theo-
rem 5.3, these are written in similar format: enough flexibility to penalize/reward each agent,
as quantified by the function f, is necessary to achieve faster rates.

5.4 Convergence rate bounds for general distributions

We are now ready to give our most general characterizations. While Theorem 5.3 and Theo-
rem 5.5 focused on characterizing conditions for reaching the faster rate O(1 — ), the method-
ology can be used to characterize any rate between /1 —~ and 1 — v more generally.

Recall that the function f(n;4,7) measures the central planner’s flexibility to meet future
promises/penalties for agent j by leveraging agent i. We will show that a larger value of this
function leads to a faster convergence rate of the social welfare. Specifically, when characterizing
fast rates O(1—+y), we focused on lower bounds on f of the form f(n;4,7) = Q(n). In comparison,
when weaker lower bounds are available, weaker convergence rates are still achievable.

Warm-up example with 2 agents. Before diving into the general multi-agent case, we start
with a simpler example that illustrates important intuitions. We consider the 2-agent scenario
with I = {1,2}, and assume for simplicity that each agent gives similar amount of flexibility

“Note that converse also holds whenever f is non-pathological, e.g. if for all i # j € I, f(0;4,7) =n—0 O(n™i3)
for some «;,; > 0.

23



w

Dy

2 1 2
a L. F(:2,1) = ©(7?)
0 0.5 1 1.5 H

Figure 6: Utility distributions with n = 2 agents (left) and corresponding graph H (right).
(1) On the left, D; is uniform on {1/2,3/2}, and Dy has density 3(1 — 2z)? on [0,1]. (2)
By construction, the central planner incurs cost < n when allocating to agent 1 while agent
2 had higher utility only with probability ©(n?), and vice versa: f(n;1,2), f(1;2,1) = O(n?).
In turn, this implies f(n;{1,2}),9(n) = ©(n?). Hence, Theorem 5.8 (or Prop. 5.6) implies
SWG(7) = O((1 —7)**).

for the central planner to enforce incentive-compatibility on the other agent in the following
manner:

f;1,2), f(n;2,1) = ©(1), n€l0,1],

for some parameter p > 1. Here, larger flexibility f(n;1,2), f(n;2,1) correspond to smaller
values of p. Note that in this scenario, the quantity g(n) = ©(nP) also coincides with f(n;1,2)
and f(n;2,1) up to constant factors. We refer to Fig. 6 for a concrete example where p = 2.
The following result derives upper upper and lower bounds on convergence rates for this
scenario. Specifically, it gives social welfare bounds between ©(1 — ) and O(y/1 — v) depend-
ing on the flexibility of the central planner to enforce incentive-compatibility, as quantified by
f(n;1,2), f(n;2,1) through the parameter p. If the planner has larger flexibility to implement
rewards/penalties—for smaller values of p—the convergence rate is faster.

Proposition 5.6. Fiz p > 1. Suppose that I = {1,2} and f(n;1,2), f(n;2,1) = O(nP) for all
1
n € [0,1]. Then, SWG(7) = O((1 — ) )/2).

This gives tight social welfare gap characterizations in the case when the flexibility functions
f(n;1,2), f(n;2,1) are polynomial, interpolating between the fast rate O(1 — ) (when p = 1)
and the slow rate O(y/1 — ) when the flexibility functions are smaller (p — 00).

General setting. Going from the 2-agent case to the general multi-agent setting requires
a few notations. In particular, we first introduce a way to aggregate the flexibility functions
f(n;i,7) into a single quantity governing the social welfare convergence rate. Formally, let H be
the graph on I with capacities f(n;1,j) for any pair i # j € I. We denote by Hg this graph
restricted to a subset of agents S C I. Now fix any partition I = I U o U--- U I, with |I;| > 2
for all s € [g], which we denote P. For any n > 0, we define

f(n;P) := min min {max-flow from i to j in HIIS} )
selg] ijels
7]
We refer to Fig. 6 for a visualization of the graph H and how to derive f(n;P) for a concrete
example of utility distributions. Importantly, f(n;P) measures the central planner’s ability to
meet future promises/penalties using the partition P to group agents, that is, only leveraging
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agents from the same group to meet their incentive-compatibility constraints. Hence, we will
show that the higher this quantity, the faster the convergence rate for the social welfare. In
comparison, in the 2-player case, the only possible partition is to group all agents together
I, = {1,2}; accordingly we have f(n;P) = min(f(n;1,2), f(n;2,1)).

Remark 5.7. In the definition of f(n;P), the constraint on the mazx-flow between any two
elements of a group I is analogous to the constraint that Iy was strongly connected within
G in Theorem 5.3. Precisely, we can check that if a partition P satisfies the constraints for
Theorem 5.3 then f(n;P) =p—0 Q(n), since there is a path between any two nodes i # j € I
within Is using only edges with capacities (n).

As in Theorem 5.3, the choice of the partition P allows for further flexibility for the central
planner. Nevertheless, we always have f(n; P) < g(n) since the max-flow from or to some node is
at most the total capacity of its incident edges. Hence, g(n) intuitively upper bounds the ability
of the central planner to ensure incentive-compatibility for agent 4, leading to lower bounds on
convergence rates.

We are now ready to derive general upper and lower bounds on convergence rates using
f(m;P) and g(n). As in the 2-agent scenario, the following result gives social welfare upper
bounds between O(1 — v) and ©(y/1T —7) depending on the flexibility of the central planner to
enforce incentive-compatibility as quantified by f(n;P): the larger the function f(n;P)—hence
the more flexibility the planner has to implement rewards/penalties—the faster the resulting
convergence. These upper bounds are complemented by corresponding lower bounds depending
on g(n). While upper and lower bounds do not match in general, they share a similar form and
can be tight—e.g., see Theorem 5.6 and Section 7. We refer to Fig. 6 for a visualization of an
explicit example when these yields tight rates strictly between ©(1 — ) and ©(1/1 — 7).

Theorem 5.8. There exist C,Cy > 0 (see Eq. (60) for their definition) such that the following
holds. Fix any partition I = Iy U Iy U--- U1, with |Ig| > 2 for all s € [q], denoted P. Then, for
any € [1/2,1),

SWG(y) < C(1 —7) + Cy/1—~-inf {1}U

{n € (0.1]: ¥ € 1, S P) = Cpr/T— w’;} | (16)

On the other hand, there exist c,,mo,c > 0 depending only on Di,...,D, such that for any
7 € [9/10,1),

SWG(y) > c/1 — -
sup {0} U {n € [0,7m0] : g(n) < ¢y/1 =7} (17)

This general social welfare characterization recovers all previous results: the universal con-
vergence rate O(y/1 — ) from Theorem 5.1, the sufficient conditions from Theorem 5.3 under
which rates O(1 — v) can be achieved,® the corresponding necessary conditions from Eq. (17).°
and the 2-agent scenario Theorem 5.6.

We now briefly discuss the main difference between the upper and lower bound from The-
orem 5.8. The lower bound Eq. (17) corresponds to a 2-agent subproblem where one agent

"From Theorem 5.7, whenever P satisfies the constraints from Theorem 5.3 we have f(n;P) = Q(n).
5Theorem 5.8 shows that g(n) =,—0 2(n) is necessary for achieving rates O(1 — ).
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Figure 7: Sample trajectories of promised utilities for n = 2 agents and v = 0.99. The full-
information region U* (resp. no-information region &™¥! is drawn in bold solid (resp. dashed)
black line. The ball B(x,r + 0) C U* is drawn in regular black line. The region R (defined
in Eq. (14)) on which the mechanism is implemented is drawn in dashed gray line. Figs. 7a
and 7b each show 10 sample trajectories for a conservative margin § = 0.04 and a tighter margin
0 = 0.01 respectively. Plots on the right show a zoomed view of the same sample trajectories as
their left plot. Crucially, with a tighter margin, trajectories in Figs. 7a and 7b linger along the
boundary, where social welfare is the largest.

¢ € I plays against the best utility among all other agents max;; u;; while the upper bound
Eq. (16) uses the full partition P, hence considers more complex interactions between groups of
agents. Therefore, the bounds intuively coincide whenever there is no asymmetric advantage in
clustering—see the 2-agent scenario from Theorem 5.6—or under specific partition-symmetric
structure of agents.

5.5 Mechanism trajectory and efficiency

To illustrate our proposed mechanism for reaching the convergence rates from Theorem 5.8,
we consider the same n = 2 agent setting as in Fig. 6, in which agent 1 has a discrete utility
distribution and agent 2 has a uniformly-continuous utility distribution. Given a ball B(x,r)
and an adequate margin § such that B(x,r + §) remains within the full-information region U*,
the mechanism implements the strategy described in Section 3 to fulfill promises within this ball
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B(z,r).

In Fig. 7 we show sample trajectories of promised utilities under this mechanism. These
trajectories follow the same general behavior: starting from the initial promised utility on the
boundary of B(x,r), they slowly drift away from this boundary and asymptotically converge
towards the boundary the no-information region ™! where promised utilities are straightfor-
ward to fulfill. Specifically, Fig. 7 shows trajectories for the same choice of ball B(x,r+¢) C U*
but different margins d. Notably, if the mechanism converges for smaller values of this margin,
its social welfare is increased since it may reach utility vectors closer to the boundary of U*.
The margin § for which our proofs ensure convergence are given by the constraints within The-
orem 3.1. While the order of magnitude from these constraints cannot be improved in general
given our proposed lower bounds, the specific constant C' therein may be overly conservative.
In Fig. 7a and Fig. 7b we show the convergence of the mechanism for a conservative margin
and a tighter margin respectively. For conservative margins J, the promised utilities easily drift
towards UN!. In comparison, for tighter margins as in Fig. 7b, sample trajectories lingers close
to the boundary of the region B(x,r) (first 500 iterations), where the algorithm achieves the
highest social welfare efficiency.”

As a remark, promised utilities are not guaranteed to remain within the ball B(x, 7). Indeed,
we recall that the mechanism PUM from Section 3 instead considers an enlarged region R (see

Eq. (14)).

6 From the discounted infinite-horizon setting to the finite-
horizon setting

Up to minor changes, the mechanisms as well as the tools designed to characterize the social
welfare gap in the discounted setting also carry to the finite-horizon 7T setting. At the conceptual
level, our main finding is that the difference between the infinite-horizon discounted and finite-
horizon settings is essentially only that in the finite-horizon case, the unavoidable last round
T allocation alone forces Q(1/T) social welfare gap (see Theorem 6.2). This is because on the
last round, the central planner can no longer enforce future rewards/penalties: this corresponds
to a one-shot resource allocation problem without money for which incentive-compatibility is
impossible in general (see Myerson-Satterthwaite’s impossibility theorem). In comparison, in
the infinite-horizon setting, much faster rates including exponential ones are possible (see The-
orems 7.3 and 7.4): these are precluded by the last round allocation in the finite-horizon case.

A simple observation is that the utility regions Vr are still linked by a dynamic programming
formulation. In turn, the promised utility framework still applies up to modifying the discount
factor to be horizon-dependent v(7') = 1 — 1/T. Naturally, for longer horizons, agents are more
patient: 7(7) is increasing in the horizon 7. This is formalized by adapting Facts 2.2 and 2.3
to the finite-horizon case, which we defer to the Appendix (see E.1).

6.1 Lower bounds on the social welfare gap
We can now compare the regions Vr for T' > 1 to the region U, 7).

Lemma 6.1. For any T' > 1, we have Vp C Uy ().

"This empirical behavior confirms the intuition from Theorem 3.1: the curvature of regions on which promised
utility trajectories can be confined depends on the available margin §. For smaller margins, smoother region with
larger curvature radius r are required.
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As a direct consequence of Theorem 6.1, all techniques developed earlier to give upper bounds
on U, (1 also apply to Vr. In particular, Theorem 4.1 (and Theorem C.3), Theorem 5.5, and the
second claim Eq. (17) from Theorem 5.8 all hold by changing ¢, to Vr and v to y(T)) =1-1/T.
In addition, we can easily prove that in the finite-horizon T setting, one cannot reach faster
rates than O(1 — v(T')) = O(1/T). Intuitively, this is because on the last allocation iteration,
the reports of the agents carry no information, hence the central planner can only reach a utility
vector within Uy for this iteration, which incurs a non-zero (constant) regret.

Lemma 6.2. Suppose that Uy does not already contain an optimal vector (see Theorem 2.4 for
a characterization). Then, there exists C > 0 such that for all T > 1, we have SWG(T') > %

6.2 Mechanisms for the finite-horizon setting

We now show that the positive results from the y-discounted setting can be extended to the
finite-horizon case, yielding the same social welfare gap guarantees up to logarithmic factors.
The main argument is the following, which shows that utility vectors within a ball with almost
the same margin as in Theorem 3.1 within U* are still achievable with an adjusted variant of
the mechanism introduced in Section 3.

Lemma 6.3. There exist co > 1 and ro > 0 (depending only on the utility distributions) such
that the following holds. Fix T > 2, x € U*, and r,0 > 0 such that B(x,r + 0) CU*. If

r0>r>6>c001;(;§?(1+1ng), (18)
where C' is as defined in Theorem 3.1, then a variant of PUM(x,r,0) can achieve any utility
vector in B(x,T).

In particular, we can simplify the statement as follows. Suppose that the assumptions of
Theorem 3.1 are satisfied with v = 3(T) = 1 —InT/T and the constant C' = ¢oC, as well as
ro >r>49. Then, B(xz,r) C Vr.

As a result, all guarantees on the infinite-horizon mechanism—Theorems 5.1 and 5.3, The-
orem 5.4, and the first claim Eq. (16) from Theorem 5.8—hold for the finite-horizon case by
changing U, to Vr and v to 1 —InT'/T.

For the sake of conciseness, we give the main structure of the variant mechanism here and
defer the complete description to the Appendix (see Algorithm 2). It constructs a ball B; :=
B (w(t),rt) C V; with an appropriate margin 0; within U* and ensures that when ¢ iterations
remain, it only needs to fulfill a utility vector within this ball B;. When only 1 iteration
remains, the ball must start within the region B; C UN!; however, as the horizon t € [T] grows,
the ball slowly converges to the target By ~ B(x,r). The specific trajectory depends on the
parameters r and § and is illustrated in Fig. 8. At the high-level, it proceeds in two phases: (1)
first decrease the radius of the ball and the margin together, &; ~ r; = ©(1/4/t), until the target
radius r is reached, (2) then decrease the margin via §; = ©(1/(rt)) while keeping the radius
constant. This trajectory of the achievable balls within V; for t € [T illustrates the evolution of
the strategy of the central planner throughout the sequential allocation problem.

In comparison to Theorem 6.1, in general Theorem 6.3 essentially requires a sub-optimal
choice v = 1 — InT/T}; ideally, this should hold for v = ~(T) to match the social welfare
gap lower bounds from Theorem 6.1. We note that in some cases, Theorem 6.3 only requires
v =1—0(1/T), yielding tight results compared to the v-discounted setting (the extra factor
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Figure 8: Illustration of the mechanism to approach the gray radius-r ball in the finite-horizon
T setting (see Theorem 6.3). For all ¢t € [T] we construct a ball within V4. The mechanism
has two phases. For ¢t = 1, we can take the blue radius-ro ball within 4N C V. We first
start by reducing the radius to r until we reach the red ball. As t grows, the radius reduces as
= VO =
red dotted circles. The second phase is to decrease the margin from é; = r (as shown in the red
dotted circle) towards the desired margin ¢, all while staying within the dashed region which
1—(t)

v(E)r -

which requires conserving a margin d; = r; depicted in the blue and

belongs to U*. In this phase, the margin decreases as 6, = C

In § vanishes when J = ©(r), see Theorem 7.5 for a concrete example). In other cases, however,
this InT" term may not vanish, typically when utility distributions are somewhat smooth. While
we believe that this logarithmic gap is essentially necessary, we leave this question open. The
core of the problem is captured in the following simple scenario.

Open Question 1. Consider the n = 2 agent finite-horizon T resource allocation setting where
the utility distributions are uniform U([0,1]) for both agents. Characterize the behavior (in T')
of SWG(T).

Our results show that the social welfare gap is between (1/7") and O(InT'/T"). We conjecture
that the answer is In7'/T, which would imply that there is a separation between the infinite-
horizon and finite-horizon settings beyond the fact that faster rates than 1/7" are not achievable
in the finite-horizon setting.

7 Examples and special cases

In this section, we apply the general methods described above to simple utility distributions of
interest.

7.1 Utility distributions with density

We start with smooth utility distributions. Balseiro et al. [2019] shows that if the utility dis-
tributions have density upper and lower bounded by a constant on the domain [0, 7] then the
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convergence rate is ©(1 — «y). Using the previous results, we can give further details about this
convergence: in Theorem 5.4 we showed that having densities bounded below is sufficient to
have a convergence rate O(1—+), and Theorem 5.8 implies that having densities bounded above
is sufficient to prove that the rate of convergence is (1 — 7).

Corollary 7.1. Suppose that the utility distributions D1, ..., D, admit a density upper bounded
by some constant on [0,0] and Uy does not already include an optimal vector. Then, SWG(y) =
QL — 7).

If they admit a density lower bounded by some constant on [0,0], then SWG(y) = O(1 — 7).

For the finite-horizon setting, we have the following.

Corollary 7.2. Suppose that the utility distributions D1, ..., D, admit a density upper bounded
by some constant on [0,0] and Uy does not already include an optimal vector. Then, for any
T > 1, we have 7 < SWG(T) < % for some constants ¢, C' > 0.

7.2 Discrete utility distributions

We next turn to the other extreme case of discrete utility distributions. In this case, Theorem 5.8
implies that the social welfare gap is typically Q(y/1 — «), which can be reached by Theorem 5.1.
In some cases, however, when significant ties between agents arise, the convergence can be much
faster (exponential) as detailed below. Geometrically, this corresponds to the case when the
boundary of U* is perfectly flat at social-welfare-maximizing utility vectors.

Theorem 7.3. Suppose that all utility distributions D1, ..., D, are discrete. Suppose that Uy
does not already contain an optimal vector. If there exists i € I such that for all j # i, P(u; =
uj = maxjep u > 0) = 0, then SWG(y) = O(y/1—7). Otherwise, there is a constant ¢ > 0

such that SWG(v) = O ((1 — 7)6—0/\/@)‘

The second case of Theorem 7.3 corresponds to the case when with non-zero probability there
are (significant) ties between different agents. Ties are especially advantageous for the central
planner because it can therefore decide which agent to allocate to without incurring any social
welfare cost. As a result, exponential rates may also arise beyond purely discrete distributions,
as detailed below.

Theorem 7.4. If for all i € I there exists j # i with P(u; = u; = maxjep, w > 0) > 0,
then there exists a constant ¢ > 0 that only depends only on the utility distributions such that

SWG(y) = O ((1 - y)e*c/m).

Achieving these faster rates requires an additional tool compared to Theorem 3.1. Indeed,
applying directly this result would only prove a convergence rate O(1 — +): this is the fastest
rate that can be proved with Theorem 3.1 in its direct form. In practice, however, these can be
combined with gluing arguments to yield faster rates when the frontier of U* is particularly flat.
Roughly speaking, as per Theorem 3.1, achieving exponentially small social welfare gap requires
using balls with larger radius, which is prohibited by the diameter of U4*. However, this issue
may be solved by truncating this large-radius ball and gluing it to smaller-radius balls whose
achievability can directly be guaranteed by Theorem 3.1. We give an illustration of this gluing
strategy in Fig. 9. Repeatedly applying this process in turns yields exponentially small social
welfare gaps.
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Figure 9: Illustration of how the gluing strategy achieves faster convergence rates when the
frontier of the full-information region U* is close to flat. The figure depicts a region U* with
an exaggerated piece-wise affine boundary for illustration purposes. In Fig. 9a, the dashed gray
region corresponds to the region that can be shown to be achievable in U/, using Theorem 3.1
directly, which is limited by the maximum-radius ball tangent to the region of optimal utility
vectors that can be fit within U* (represented with a dotted circle). The necessary margin d
is inversely proportional to the radius of the corresponding black ball (Eq. (13)). The gluing
strategy artificially increases this radius as follows: In Fig. 9b we consider the dashed blue balls
which can be proved to be within ¥, directly using Theorem 3.1. Using the blue regions as
anchor, we then glue the red arc in Fig. 9c, resulting in a smaller margin . This results in the
extra red-dashed region which we prove is within U/,. The gluing strategy can be used with an
arbitrary number of layers to obtain exponentially small social welfare gap.

By Theorem 6.2, such exponential rates cannot be extended to the finite-horizon setting. In
this case, we obtain the following social welfare gaps.

Corollary 7.5. Suppose that all utility distributions D1,..., D, are discrete and that Uy does
not already contain an optimal vector. If there exists i € I such that for all j # i, P(u; = u; =
max;ey) w > 0) = 0, then SWG(T) = ©(Jz). Otherwise, £ < SWG(T) < I for T > 1
for constants ¢,C > 0.

8 Conclusion and future work

We consider a sequential resource allocation problem without monetary transfers, for any number
of agents and general utility distributions and aim to understand the social welfare gap between
monetary and non-monetary mechanisms. Our results uncover a rather surprising richness of
the social welfare landscape, depending on geometrical properties of the utility distributions
of agents—essentially the smoothness of the Pareto-frontier of the full-information achievable
utility set. At the high-level, our results show that scenarios for which approximate ties between
utilities of agents are frequent are most favorable for non-monetary mechanisms; this intuition
is further quantified by corresponding social welfare gap characterizations. On the algorithmic
side, we propose unified resource allocation mechanisms (PUM) based on the promised utility
framework. Conveniently, while the social welfare gap depends heavily on utility distributions,
it suffices to use this generic mechanism for appropriately distribution-dependent parameters
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to achieve near-optimal social welfare gap guarantees among non-monetary mechanisms. Addi-
tionally, we unify the analysis of the infinite-horizon y-discounted and finite T-horizon settings,
which formalizes the links between both settings using analogous resource allocation mecha-
nisms.

These general characterizations uncover new quantitative insights on the social welfare gap
for non-monetary mechanisms. First, our mechanisms can always achieve a social welfare gap
O(v/I—=7) and O(1/y/T) for the infinite-horizon and finite-horizon settings respectively. At
the high-level this shows some quantitative efficiency of non-monetary mechanisms irrespective
of the number of agents or their utility distributions; in comparison, the folk theorem ensures
asymptotic convergence without specific rates. While this bound is typically tight for discrete
distributions, considerably smaller social welfare gaps are possible depending on the geometry
of the utility distributions: as small as O(1/T) for finite T-horizon, and even exponentially
small in the infinite-horizon setting. Our quantitative bounds show that the main driver for
the convergence rate is whether the central planner has enough flexibility to penalize or reward
agents in future rounds, where this flexibility corresponds to scenarios when agents have similar
utility for the resource.

While we focused on the standard resource allocation setting, other models without monetary
transfers could also be studied. In particular, one could consider the setting in which the central
planner also has a utility for the resource but still aims to maximize social welfare. This is
equivalent to the mixed strategic/non-strategic setting in which a subset of the agents is strategic
and at least one of the agents is not: their utilities are directly revealed to the central planner.
As it turns out, our results also directly apply to this allocation problem. All lower bounds
on the achievable utility region can still be achieved in this setting since the central planner
has more information and hence can implement the same mechanisms. On the other hand, as
emphasized in the proofs, all of our upper bounds on the achievable utility regions are derived
in the setting for which a single agent ¢ € [n] is strategic and all other agents [n] \ {i} are not:
the only incentive-compatibility constraint used is that for agent ¢. Because this is a simpler
problem for the central planner, our upper bounds on the achievable utility region (showing that
some regions cannot be achieved) still hold. In summary, all our characterizations are still valid
for the mixed strategic/non-strategic allocation model.

Among other potential extensions, one could consider multiple resources, constructing mech-
anisms that do not rely on lotteries (in our constructions, the allocation at each iteration is a
lottery on the simplex A,,), or considering correlations between the utilities of the agents for
the resource. Our mechanisms also heavily rely on the assumption that the central planner
has perfect knowledge of the geometry of the full-information utility set close to the optimal
welfare boundary, determined by the agent utility distributions. Note that only the local ge-
ometry of the welfare-maximizing boundary is useful for our constructions. From our analysis,
such perfect knowledge seems necessary to design near-optimal mechanisms given the intricate
dependency of the optimal convergence rates on the boundary geometry. A natural question
is to understand the trade-offs between maximizing social welfare efficiency and requiring min-
imal information from agent utilities for the central planner. As an initial remark, in light of
the proof of Theorem 5.1, the universal rates O(y/T — v) and 1/v/T only require the knowledge
of a single near-optimal utility vector in the full-information setting. We recall that optimal
allocations in the full-information setting simply correspond to first-best allocations. Hence,
the only information that is required is an estimate of the utility gathered by each agent under
a first-best allocation. This is similar in flavor to mechanisms from artificial currencies which
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require an estimate of the budget to allocate to each agent.

Another interesting research direction is to tighten the link between the infinite-horizon and
finite-horizon settings. Our results show that there can be a clear separation between the two,
since exponential convergence rates are possible for the infinite-horizon setting but not for the
finite-horizon case: the gluing strategy we propose does not carry to the finite-horizon setting.
Except for these exponential rates, however, our analysis shows that the main tools for the
infinite-horizon setting can be used for the finite-horizon case up to logarithmic factors InT
by taking v(7) = 1 — 1/T. While we give some examples in which there is no logarithmic
gap between these two settings, it is unclear whether such a gap is necessary in general. We
conjecture that this is the case, and formalize in Open Question 1 the simplest case for which
such a gap may exist.

Acknowledgments.

This work is being partly funded by AFOSR grant FA9550-23-1-0182.

References

D. Abreu, D. Pearce, and E. Stacchetti. Toward a theory of discounted repeated games with
imperfect monitoring. Fconometrica: Journal of the Econometric Society, pages 1041-1063,
1990.

K. J. Arrow. Social choice and individual values, volume 12. Yale university press, 2012.

I. Ashlagi and P. Shi. Optimal allocation without money: An engineering approach. Management
Science, 62(4):1078-1097, 2016.

S. Balseiro, H. Gurkan, and P. Sun. Multiagent mechanism design without money. Operations
Research, 67(5):1417-1436, 2019.

S. Barb. Topics in geometric analysis with applications to partial differential equations. PhD
thesis, University of Missouri—Columbia, 2009.

P. Bardhan and D. Mookherjee. Decentralizing antipoverty program delivery in developing
countries. Journal of public economics, 89(4):675-704, 2005.

E. Budish. The combinatorial assignment problem: Approximate competitive equilibrium from
equal incomes. Journal of Political Economy, 119(6):1061-1103, 2011.

S. Chakravarty and T. R. Kaplan. Optimal allocation without transfer payments. Games and
Economic Behavior, 77(1):1-20, 2013.

E. Clarke. Multipart pricing of public goods. Public Choice, 11:17-33, 1971.

R. Cole, V. Gkatzelis, and G. Goel. Positive results for mechanism design without money.
In Proceedings of the 2013 international conference on Autonomous agents and multi-agent
systems, pages 1165-1166, 2013.

D. Condorelli. What money cannot buy: Efficient mechanism design with costly signals. Games
and Economic Behavior, 75(2):613-624, 2012.

33



E. Elokda, S. Bolognani, A.Censi, F. Dorfler, and E. Frazzoli. A self-contained karma economy
for the dynamic allocation of common resources. arXiv preprint arXiv:2207.00495, 2022.

J. Feigenbaum, M. Schapira, and S. Shenker. Distributed algorithmic mechanism design. Algo-
rithmic Game Theory, 14:363-384, 2007.

E. Friedman, J. Halpern, and 1. Kash. Efficiency and Nash equilibria in a scrip system for P2P
networks. In Proceedings of the 7th ACM Conference on Electronic Commerce, pages 140-149,
2006.

J. W. Friedman. A non-cooperative equilibrium for supergames. The Review of Economic
Studies, 38(1):1-12, 1971.

D. Fudenberg, D. Levine, and E. Maskin. The folk theorem with imperfect public information.
In A Long-Run Collaboration On Long-Run Games, pages 231-273. World Scientific, 2009.

A. Gibbard. Manipulation of voting schemes: A general result. Econometrica, 41(4):587-601,
1973.

A. Gorokh, S. Banerjee, and K. Iyer. From monetary to nonmonetary mechanism design via
artificial currencies. Mathematics of Operations Research, 46(3):835-855, 2021.

T. Groves. Incentives in teams. Econometrica, 41(4):617-631, 1973.

M. Guo and V. Conitzer. Strategy-proof allocation of multiple items between two agents without
payments or priors. In AAMAS, pages 881-888, 2010.

M. Guo, V. Conitzer, and D. M. Reeves. Competitive repeated allocation without payments. In
International Workshop on Internet and Network Economics, pages 244-255. Springer, 2009.

Y. Guo and J. Horner. Dynamic mechanisms without money. Technical report, IHS Economics
Series, 2015.

L. Han, C. Su, L. Tang, and H. Zhang. On strategy-proof allocation without payments or priors.
In International Workshop on Internet and Network Economics, pages 182-193. Springer,
2011.

J. D. Hartline and T. Roughgarden. Optimal mechanism design and money burning. In Pro-
ceedings of the fortieth annual ACM symposium on Theory of computing, pages 75—84, 2008.

H. C. Hoppe, B. Moldovanu, and A. Sela. The theory of assortative matching based on costly
signals. The Review of Economic Studies, 76(1):253-281, 20009.

M. O. Jackson and H. F. Sonnenschein. Overcoming incentive constraints by linking decisions
1. Econometrica, 75(1):241-257, 2007.

K. Johnson, D. Simchi-Levi, and P. Sun. Analyzing scrip systems. Operations Research, 62(3):
524-534, 2014.

S. Kakade and J. Langford. Approximately optimal approximate reinforcement learning. In
Proceedings of the nineteenth international conference on machine learning, pages 267-274,
2002.

34



I. A. Kash, E. J. Friedman, and J. Y. Halpern. Optimizing scrip systems: Efficiency, crashes,
hoarders, and altruists. In Proceedings of the 8th ACM conference on Electronic commerce,
pages 305-315, 2007.

I. A. Kash, E. J. Friedman, and J. Y. Halpern. An equilibrium analysis of scrip systems. ACM
Transactions on Economics and Computation (TEAC), 3(3):1-32, 2015.

H. Levin, M. Schapira, and A. Zohar. Interdomain routing and games. In Proceedings of the
fortieth annual ACM symposium on Theory of computing, pages 57—66, 2008.

C. Linden, 2022. NRO internal document.

A. Miralles. Cardinal bayesian allocation mechanisms without transfers. Journal of Economic
Theory, 147(1):179-206, 2012.

R. B. Myerson. Optimal auction design. Mathematics of operations research, 6(1):58-73, 1981.

R. B. Myerson and M. A. Satterthwaite. Efficient mechanisms for bilateral trading. Journal of
economic theory, 29(2):265-281, 1983.

C. Ng. Online Mechanism and Virtual Currency Design for Distributed Systems. Harvard
University, 2011.

C. Prendergast. The allocation of food to food banks. Journal of Political Economy, 130(8):
1993-2017, 2022.

J. Russell and S. Ebbert. The high price of school assignment. Boston Globe, 12, 2011.

N. Satterthwaite. Strategy-proofness and Arrow’s conditions: Existence and correspondence
theorems for voting procedures and social welfare functions. Journal of Economic Theory, 10
(2):187-217, 1975.

J. Schummer and R. Vohra. Mechanism design without money. In Algorithmic Game Theory,
chapter 10, pages 243-266. Cambridge University Press, 2007.

S. E. Spear and S. Srivastava. On repeated moral hazard with discounting. The Review of
Economic Studies, 54(4):599-617, 1987.

J. Thomas and T. Worrall. Income fluctuation and asymmetric information: An example of a
repeated principal-agent problem. Journal of Economic Theory, 51(2):367-390, 1990.

W. Vickey. Counterspeculation, auctions, and competitive sealed tenders. The Journal of
Finance, 16(1):8-37, 1961.

T. Walsh. Allocation in practice. In Joint German/Austrian Conference on Artificial Intelligence
(Kiinstliche Intelligenz), pages 13—24. Springer, 2014.

35



Appendix

In this Appendix, we give the proofs and further details on the results of the main paper. First,
in Section A, we prove the preliminary results from Section 2 on the promised utility frame-
work, including the proof of Theorem 2.4 which characterizes situations when there is no social
welfare gap between monetary and non-monetary mechanisms. Next, we prove the guarantees
from Section 3 in Section B on our proposed allocation resource mechanism, together with a
strengthened version of this guarantee Theorem B.2. In Section C, we next prove our main
geometric tool to prove lower bounds on the social welfare gap from Section 4, together with
a strengthened version Theorem C.3. Next, we derive our main characterizations for the dis-
counted infinite-horizon setting from Section 5 in Section D, including the universal O(y/1 — )
rate from Theorem 5.1, the characterizations for faster rates O(1—+) from Theorems 5.3 and 5.5
and the full characterization from Theorem 5.8. As a consequence of the previous results, we
then prove the results on specific cases from Section 7. In particular, we detail when and how
exponential convergence rates can be obtained via the gluing strategy for the infinite-horizon
setting. Last, we prove our results on the finite-horizon setting in Section E. In particular, we
prove results from Section 6 showing how tools for the infinite-horizon setting can be used for
the finite horizon. As a consequence of these derivations, we prove the results for the special
cases in Section 7 in the finite-horizon setting.

Technical notations. For convenience, we introduce a few useful notations. For any S C [n],
denote by Pg : R — RS the projection onto the coordinates of S. For y € R, and r > 0, we also
denote by Bg(y,r) the ball B(y,r) in RY. Next, we denote Z = MaX;c(n] Ui, Z—; = MaXjz; Uj
for i € [n]. Last, for S C [n] we denote Zs = max;es u; and Z_g = max;gg u;.

A  Proofs from Section 2

The results Facts 2.1, 2.2, and 2.3, and Theorem 2.2 can be considered as known in the literature,
e.g. see Myerson [1981] and Balseiro et al. [2019] (Proposition 2.1, Proposition 2.2); these are
given for completeness. First, we check that the utility regions are convex.

Proof of Fact 2.1 Let 6 € [0, 1]. For any resource allocation setting, consider two realizable
utilities U1 and Us. From the revelation principle there exist two incentive-compatible allocation
strategies S1 and S» realizing utilities U1 and U5 respectively. Consider the allocation strategy
S which first samples a Bernoulli B ~ B(#), then implements S; if B = 1 and S5 otherwise,
for all times. By linearity, under truthful reporting, this allocation realizes the the utilities
U + (1 — 0)U,. It only remains to check that truthful reporting is still a PBE for S, which
is a consequence of the linearity of the value function V; as detailed below. Fix any agent i,
time ¢, utility w.(¢), and history h(t). For any reporting strategy o, for time ¢, we denote by
0;,¢ o truth; the concatenated strategy for agent ¢ which uses strategy o;; at time ¢ and truthful
reporting for following rounds. We have

Vit(S, 04 0 truth;, truth_; | w (i), h(t))
=P[B =1|u(i),h(t)] - Vi (S1,0i 0 truth;, truth_; | u.(i), h(t))
+P[B =0 | u(i), h(t)] - Vit(So,0i+ o truth;, truth_; | u (i), k(1))
>P[B =1]w(i),h(t)] - Vit(S1, truth;, truth_; | u(i), h(t))
+P[B =0 | u(i), h(t)] - Vit (So, truth;, truth_; | w (i), h(t))
= V;i+(S, truth;, truth_; | w.(7), h(t)),
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since both S and S9 are incentive-compatible. In words, it is not advantageous to deviate from
truthful reporting at a single round ¢ from any state. Then, truthful reporting is a PBE by
backwards induction (or e.g., using the performance difference lemma [Kakade and Langford,
2002]). |

We next prove Fact 2.2 which gives necessary and sufficient conditions for a utility region R
to be achievable in the y-discounted setting.
Proof of Fact 2.2 We start with showing that the condition is sufficient to show R’ C R C U,.
To do so, we use the allocation function p(- | U) for U € R as the strategy at all times. Precisely,
fix an arbitrary vector Ug € R. Suppose we have constructed U;_1 for ¢ > 1, recalling the
notation v(t) for the agent reports at time ¢, we pose

p(t) :=pv(t) |Ui—q) and Uy:=W(v(t) | Us—q).

It is well defined since by induction U; € R for all ¢ > 0 from Eq (3). We denote by S the
constructed strategy. We now check that truthful reporting for all agents o = truth forms a
perfect Bayesian equilibrium.

To do so, we check that for all i € [n], any time ¢t > 0, the expected remaining utility of
agent ¢ by reporting v at time ¢ is exactly W;(v | Uy—1). Indeed, for any strategy o; for agent i,
we have

‘/;7,5(5, truth_i, ag; ’ ui(t), h(t))
= > (= DE [ T i) [piu—i (), vi(t) | Up)] | uilt), h(t)

t'>t

= S (=B [ ) P (#) | U ) | walt), Uiy
t'>t

@) t'—t / / /

< S B = )t Pi(ui(t') | Upy) + 4 Wilws(#) | Uy )
>t

—AWi(vi(') | Up—1) | wi(t), U]
= (1 =ui(®)Pi(ui(t) [ Up—1) + y(Wi(ui(t) [ Ur—1) — Wivi(t) | Uy-1))
+ Z’Ytl_tE [Utul,z' - ’YWi(Ui(t,) | Up—1) | ui(?), th]

t'>t
In (i) we applied the incentive-compatibility equation Eq. (4), and in (i7) we took the expectation
over u;(t') ~ D; within each expectation and used Eq. (2). Now note that by construction, for
t' > 1 we have
Wi(vi(t') | Up—1) = Eq_, ) [Wilu—i(t'),vi(t)) | Up—1] = Eo_ 1) [Ut]-
As a result, with a telescoping argument, we obtain

Vig(S,truth_;, 05 | ui(t), h(t)) < (1 — v)ui(t) Pi(ui(t) | Us—1) +v(Wi(ui(t) | Us—1),

where the only inequality used is that of (¢), which is an equality for o; = truth, that is when
agent i reports truthfully. This exactly shows that Eq. (PBE) holds. We can now check that

37



under truthful reporting,
Vi(S, truth) = E[V;, 1(S, truth | u;(1))]
= E[(1 = Nui(1)Pi(ui(1) [ Uo) +v(Wi(ui(1) | Uo)] = Uo,,

—~
.
~

where in (i) we used the previous computations and in (i7) we used Eq. (2). Therefore we
checked that Ug € U, for any arbitrary Uy € R.

We now prove that it is necessary. Let R be an achievable region, that is R C U,. By
definition of U, for all U € U, there is a strategy S(U) that realizes U. By the revelation
principle, without loss of generality, truthful reporting is a perfect Bayesian equilibrium. We
define p(v | U) := p(1) where p(1) is the first allocation of the strategy S(U) having received

reports v. Let @;(t) "Dy be independent sequences for all i € [n]. We then let

W |U):= Z’y t)|v(l)=v|, wvel0v]".

t>2

That is, W (v | U) is the expected remaining utility knowing that the first reports were v.
By construction, since S(U) realizes the utilities U, Eq. (2) is satisfied. Next, note that for
any first reports v(1) = v, the strategy S(U) starting from time 2 exactly realizes the utility
vector W (v | U) (the allocation problem is time-invariant): Eq. (3) holds. Last, we assumed
that truthful reporting satisfies Eq. (PBE). Consider any strategy o; which reports an arbitrary
value v;(1) = v(u;(1)) but truthfully reports at all times ¢ > 2. Taking the expectation of
Eq. (PBE) for strategy o; and ¢t = 1, over the realization of the first allocation p(1) shows that
Eq. (4) holds. [

We now turn to the second characterization from Fact 2.3, which characterizes the form of
the interim utility promise, following an argument from Myerson [1981].

Proof of Fact 2.3 Fix v € (0,1). Given Fact 2.2, it suffices to show that Eqs. (2) to (4) are
equivalent to Egs. (3) and (7).

We start by supposing that Egs. (2) to (4) hold. We only need to show Eq. (7). Fix U € R.
For readability we omit | U from all functions below. First, for any u,v € [0,0] with v < v,
applying Eq. (4) to v and v implies that

) = e < Wit) = Wilu) < ~—(Pu) = Aiw)u.
Note that the function P;(-) takes values in [0, 1] since p(-) takes values in A,. Also, the
previous equation implies in particular that P;(-) is non-decreasing and that W;(-) is constant
on any interval on which P;(-) is constant. We can therefore sum the previous equations for
u = u; and v = w41 for regular partitions 0 < ug,...,ur = w for a fixed w € [0, 9] interpreting
the sums as Riemann integrals (possible because P; is non-decreasing hence well-behaved) which
implies

1—~ [P s 1y
Wi(w) — Wi(0) = - -7 PS> (y)dy = / P(x)dz)  (19)
v P;(0) Y
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This proves Eq. (5). We next use Eq. (2) to compute
Ui = Ey,[(1 — v)ui Pi(wi) + yWi(ui)]

— AWi(0) + (1 = )E,, [ /0 B(az)dx] — AWi(0) + (1 — )E,, [ /0 ' P@-<x>nui>xd4

= yW;(0) + (1 — ) /OU Fy(z)P;(x)dx.

Plugging this formula for ;(0) into Eq. (19) gives the desired formula for the interim allocation
Eq. (6). Eq. (7) holds by definition of the interim promise W;(- | U).

Now suppose that Egs. (3) and (7) hold. Using the previous computations, we note that
Eq. (2) is satisfied. It only remains to check the incentive-compatibility constraint Eq. (4).
Having fixed U € R, for any i € [n] and u,v € [0, 9], we have

(1 —y)uP;(v) + yW;(v) =U; + (1 — ) <R(v)(u —v)+ /OU Pi(x)dx — /Ov F,(a:)]%(x)dw)

v+ (-7 ([ Pas - [ F@p@as) + 02 (B - Pe).

Only the last term depends on v, hence the quantity is maximized for v = u because P;(-) is
non-decreasing. This proves Eq. (4) and ends the proof. [

Last, we prove Theorem 2.2 which shows that the couplings from Eqgs. (10) and (11) are
optimal.
Proof of Theorem 2.2 From Eq. (9), the optimal value of Eq. (8) is upper bounded by
a'E[Z]. For both couplings in Eqs. (10) and (11) we can easily check that for all realization
w, Z € {y: o'y = a"E[Z]}. Next, by independence of the variables Z; for i € [n], we can
also prove that in both cases for all i € [n], E[Z; | Z;] = Z;]. Hence these couplings satisfy the
constraints and achieve the value o' E[Z] which ends the proof. [

A.1 Characterization of cases with no social welfare gap

We now turn to the main result in this section, which is the Theorem 2.4. This gives a charac-
terization of cases when Uy = V; already contains an optimal utility vector.

Proof of Theorem 2.4 First note that the perfect Bayesian equations Eq. (PBE) characterizing
V1 for t =T =1 are identical to those for Uy for ¢ = 1, which is the only time step that matters
for the total utility V' (S, o) since v = 0. Hence we directly have Uy = V;. We now turn to the
main claim of the result.

Proving 1. = 2. We introduce the preorder > such that ¢ > j if and only if P(u; > u;) =1 (it
is reflexive and transitive, but not antisymmetric). Let T = {i € [n], ] # 4,7 = 1), which gives

VieT\Vj#i, P(u; >u;)>0. (20)

This implies in particular that P(u; = 0) < 1. For every i € T, recall the notation Supp(D;) for
the support of D;. We define

m; := inf(Supp(D;) \ {0}) and M, := sup(Supp(D;) \ {0}). (21)
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Note that these are well-defined since Supp(D;)\{0} # 0, otherwise P(u; = 0) = 1. In particular,
M; > 0. By assumption, there exists an optimal vector Uy € Uy. Hence, by the revelation
principle, there is an allocation function p(-) that reaches U and is incentive-compatible as per
Eq. (4). Now fix i € T. Because Uy is an optimal vector, with probability one on u, we have
pi(u) > 0 only if i € argmax;cp,j uj. We also recall that P;(-) is non-decreasing by hypothesis.

J
As a result, for all u € Supp(D;) we have

P(Z_; <u) < Pi(u) <P(Z_; < ). (22)

In particular, this holds for w € {m;, M;}. In our setting, because v = 0, the incentive-
compatibility constraint implies that for all u € (0,9], u € arg max,¢[o 5 uF;(v) where P;(v;) =
E[pi(vi,u—;)]. This implies that P; is constant on (0, ] for all i € [n]. Together with Eq. (22),
this shows that

r—m;] x—m;
Hence, either m; = M;, or P(Z_; < m;) = P(Z_; < M;). In both cases, we obtained P(Z_; €
(my, M;)) = 0, while Supp(D;) C [m;, M;] U{0} hence P(u; € [m;, M;]U{0}) = 1. For any j # i,

0= P(Z_Z' S (mz,Mz)) > P(Uj € (mZ,M,) and Vk §é {i,j},uk < Mz)

= P(Uj < (mZ,MZ)) H ]P’(uk < Mz)
kg{i.j}

However, Eq. (20) implies that for all k£ # 4, we have P(uy < M;) > 0. Together with the
previous equation this gives P(u; € (m;, M;)) = 0, which holds for all j # i.

Proving 2. = 3. We suppose that the second statement of Theorem 2.4 holds. Further,
suppose that scenario 3(a) does not hold, that is, ([n],>=) does not have a maximum element.
We now construct the set M as the set of maximal elements, that is

M={icn]:jri=i=j}

On M, the preorder > is symmetric, hence is an equivalence relation and induces equivalence
classes. We define S as a set containing exactly one representative for each equivalence class of
= on M. Note that for any ¢ # j € S we have neither ¢ > j nor j = . By assumption, we
also have |S| > 2. For any i € M, we have P(u; = 0) < 1, otherwise for all j € M, j > ¢ and
there would be only one equivalence class. Let T' be the union of equivalence classes that are
singletons. Note that T coincides with the definition from the proof that 1. = 2., hence elements
of T do not satisfy assumption 2(a) as seen in Eq. (20). Hence they must satisfy assumption
2(b): defining m;, M; as in Eq. (21),

]P’(u, € [mZ,MZ] U {0}) =1 and P(Uj € (m,,MZ)) =0, j#i. (24)

For i € M \ T, there exists j € M with j # ¢ in its equivalence class. Then, i > j and j > i,
which implies that the distributions D; and D; are identical and are equal to a Dirac. We can
define m; = M; > 0 as the value such that P(u; = m;) = 1. Note that with these values,
Egs. (21) and (24) hold for all i« € M. Note that M \ T only contains one equivalence class,
otherwise we would have ¢,j € M \ T with say m; < m; which implies that ¢ is not maximal.
In summary, |S\ 7| < 1.
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We next prove that for all i,j € S, M; ¢ (m;, M;). Otherwise, by definition of M; in
Eq. (21) for all € > 0 we have P(u; € (m;, M;)) > 0 contradicting Eq. (24). Similarly, we have
mj ¢ (m;, M;). This implies that all intervals (m;, M;) for i € S are disjoint. We order them by
increasing order S = {i1,...,ix} where M;, > m; > M;, > my, > ... > M;, > m;,.

For any i € T and j € S\ T, we must have m; < m;, otherwise m; > M; which implies
J = i since P(u; = m;) = 1. This shows that the element j € S\ T if it exists, appears last
j = ip. For any | € [k — 1], we have i; € T so Supp(D;,) C [mi,, M;,] U{0}). Then, we must
have P(u;, = 0) > 0, otherwise we would have 4; > 4;41. We also note that m;,_, > M;, > 0.
By construction of S, for any i ¢ S there must exist j € S such that j = . If j = 4; where
! € [k — 1] we must have P(u; = 0) = 1 since we just proved that P(u;, = 0) > 0. Hence, in all
cases i = 1.

Up to renaming m;, by my, this ends the proof of the characterization 3(b). It is straight-
forward to check that the proposed allocation function p(-) is incentive-compatible and reaches
the utility vector

U= Puy, =0,' <)E[u]e;.
le[k]

In particular, U € Uy. We can easily check that it always allocates to the agent within {i;, ! € [k]}
with maximum value, which is sufficient since 45 = ¢ for all ¢ ¢ S. This ends the proof of 2. = 3.

Proving 3. = 1. This is immediate because the vector U € U is optimal. |

When U does not contain an optimal vector, the characterization from Theorem 2.4 does
not hold: there exist agents ¢ € [n] that do not satisfy assumptions 2(a) nor 2(b). However,
we can still give a simple characterization of the distributions D; for indices i € [n] that satisfy
one of these conditions, as detailed in the following lemma. We recall that I denotes the set of
agents that do not satisfy 2(a) nor 2(b).

Lemma A.1. Let J = {i € [n]\ I :Vj # i,P(u; > u;) >0} and K = {i € [n]\ (T UJ) : Vj #
i,P(u; > uj) > 0}. There is an ordering of J = {ji, ... 7j\J|} and values 0 < m < mj < M; <

mj, < Mj, < ... < mj, < Mju\ such that

o Fori¢ TUJUK, P(u; = maXen] uj) = 0.

o Fork € K, P(uy, < m) =1 and P(up, = m) > 0. Further for each k € K there exists
j(k) # k such that P(ujq) > m) =1 and P(ujyy > m) > 0.

o Forje J, P(u; € [mj, M;JU{0}) =1 and P(u; € (my, M;)) =0 for all i # j. Also, for
j € J\{ir}, P(u; = 0)>0.

e Either P(uj, =0) >0, K =0, or: m;j; =m and P(uj, =m) > 0.

Proof By construction of K, if i ¢ [ UJ U K there exists j € [n] such that P(u; > u;) = 1.
This proves the first claim. We now suppose that K # (. For k € K since k ¢ I U J,
there exists j(k) € [n] with j(k) # k such that P(ux > wuj4)) = 0. Using the definition
of K we obtain P(u;g) = ur) > 0. Since ug and wujq,) are independent, the two previous
equations imply that there exists a value my such that P(uy < my) = 1 = P(uj) > my) and
P(ur = mg), P(ujy = my) > 0. Further, if K contains two distinct elements k& # k', then by

definition of K we have 0 < P(up > uj)) < Plug > my). As a result, we have my > my.

41



By symmetry, we obtain mjy = my. In other words, there is a single value m such that for all
ke K:
Plupy <m)=1 and P(uy=m) >0,

and if K # () there exists lx € [n] such that P(u;,, > m) =1 and P(u;,, =m) > 0.

Next, we turn to elements of J. For j € J, let m; := inf Supp(D;) \ {0} and M; :=
sup Supp(D;). By definition of J, we know that for all i # j, P(u; € (mj, M;)) = 0. Using the
same arguments as in Theorem 2.4 we show that the intervals (m;, M;) for i € J are all disjoint,
which ensures that there is an ordering J = {j1, ..., s} satisfying the desired inequalities. The
only remaining piece is to check that mj, > m, provided that K # (). Indeed, since j; € J and
up = m with non-zero probability for k € K, we have m ¢ (m;,, M;,). By definition of J, we
also have 0 < P(uj, > ) < P(uj, > m). Hence, M;, > m which implies M;, > mj, > m.

By definition of J, for I € [|.J| — 1] one has P(u;, > uj,,,) > 0. From the previous character-
ization of the supports of u; for j € J, this implies that P(u;,_, = 0) > 0. This proves the third
claim.

Suppose that K # () and J # (). Then for k € K by definition of K we also have 0 < P(uy >
uj,) = P(uj; < m). This implies either P(uj, = 0) > 0 or m;, = m and P(u;, =m) > 0. |

B Proofs from Section 3 for the main resource allocation mech-
anisms

We now prove Theorem 3.1 which gives conditions for a ball to be achievable within i/, by the
mechanims PUM.

Proof of Theorem 3.1 Fix parameters v, @, r,J satisfying the assumptions. To show that
B(zx,r) C U, we construct an online allocation strategy that reaches these utilities. In fact, we
give an allocation strategy to reach utilities

R:={y:0<y<zze ConvU", Blz,r)}.

Definition of the allocation function. We briefly recall the definition of the allocation
function as defined in the main document. For convenience for any U € U*, we fix p(-;U) an
allocation function which reaches the utility vector U when having access to the full information
of agent’s utilities.

We start by specifying the allocation strategy for extreme points U of R that still belong
to the ball B(x,r). Following the promised utility definition above, we only need to specify
an allocation function p(- | U) and a direction a(U) for these utility vectors U. In particular,
these can be written as U = x + ry where y € 5,1 is a unit vector. We define the allocation
function via

p(-|U):=plsz+(r+d)y) and a(U)=x-U = —ry.

We now extend the definition of the allocation function to the whole domain R. To do so,
note that any vector U € R can be characterized by 0 < U < y where y € Conv(U™!, B(zx, 7))
and is also an extreme point of R. In particular, y can be written as the convex combination
of 0, vectors E[u;|e; and some extreme point ¢ of R within the ball B(ax,r) (we only need one
point from B(zx,r) at most because the ball is strictly convex). Such a decomposition can be
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obtained via standard Carathéodory constructions. As a summary, we obtain
Y= Z QZE[ul]e’l + QO?Q; where q > 07 ZQZ < 17
i€[n] i<n

and U; = s;y; where s; € [0, 1] for i € [n]. We define the allocation and promised utility function
by

p(-|y) =Y aei+qp(-|9) and p(-|U)=spi(-|y), i€[n]. (25)
i€[n]
W(|y)=> ¢Eulei+q@W(|9) and Wi(-|U)=sWi(-|y), i< nl. (26)
i€[n]

Checking that this is a valid allocation strategy for region R. Using the promised
utility framework, to show that this is a valid strategy for utilities within R, we only need to
show that Eqs. (3) and (7) are satisfied. That is, we check that the future promised utilities
remain within R and their expectation with respect to other agents’ utility matches the interim
future promise defined as in Eq. (6). We start by proving that this is the case for the extreme
points U of R in the ball B(x,r). For these utility vectors, because we used the choice of
allocation strategy from Eq. (11) we only need to check Eq. (3). We prove the stronger statement
that these stay within the ball B(x, ).

As above, we write U = @ + ry with y € S,,_1. Note that a(U) is the normal vector
to the boundary of R at U. Further, a(U) € R?. Indeed, fix i € [n] and construct U®
such that Ui(l) = 0 and UJ@ = Uj for all j # i. By construction of R using the rectangles
we still have U®) € R so by convexity of R, 0 < a(U)T(U — U%) = o;(U)U;. Now because
B(x,r + ) CU* C R}, we must have U; > 0. This proves that «;(U) > 0.

Intuitively, the choice of «(U) = @ — U pushes the promised utilities towards the center of
the ball B(x,r). Further, we can also characterize the expectation of the promised utility vector
which we denote W := E[W (v; | U)]. By the promise keeping equality Eq. (2),

YW =E[W (v |U)] = U — (1 — )(E[uipi(v | U)])icfn.

Now because the incentive-compatibility constraint is enforced and by definition of the allocation
function, we have E[u;p;(v | U)| = Elup;(u;x + (r + 6)y)] = x; + (r + d)y; for all i € [n].
Combining this with the previous equation gives,

W:U—lgryéy:zc+<r—1_’yv6)y. (27)

Hence, the term in § from Eq. (27) also pushes future promise vectors towards the ball center.
Using the definition of the promised utilities given the interim promise utility from Eq. (6),
for any ¢ € [n] since W;(v; | U) is non-increasing in v;,

1—7
~

Now let 41,42 be the indices of largest and second-largest value of |o;(U)| respectively. By the
coupling formula from Eq. (11) and because a(U) > 0, we have

v R 1—77@ n Zj;éilaj(U) a;, (U) 1—7@ n a;, (U)
IW(o |0) =Wl < (+ = +%<U>>§ - (2 +%(U>>. (25)

U.

Wites | U) = W < W0 |U) = Wio | U) = = [ (R0 |0) = Ptw | 0o <
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We now give an upper bound on «;, (U)/a;,(U). We recall that the region R contains all
extreme points E[u;]e; for ¢ € [n]. Hence, since a(U) is a supporting hyperplane of R at U, we
have,
0< a(U)T(U - E[uil]eh) < oy (U>(Ui1 - E[UH + 0412 Z U
J#i

In the second inequality, we used the fact that for all j # i1, we have 0 < a;(U) < a4, (U).
Because we can write U = x +ry for y € S,,_1, we have U;, < x;, +r. Similarly, for any i € [n],
we have U; < x; +r < 2x;, where in the last inequality, we used the fact that x —re; € R C R'}.
Then,

i (U)(Elugy ] — xiy — 1) < 204, (U Z zj < 2nag,( )Hel?}}(x“
J#i =
which implies
a;, (U) 2n max;cp,) i

@i, (U) ~ minep (Blug] — 2 —r) (29)

Putting this together with Eq. (28) gives

1—v max;e ) Elu]
HW(U|U)—W|!2SHW(U!U)—WHlﬁT'Qm 1+ :

min,e ) (Elu;] — z; — r)

max;ep] Elu;]
min;ep) (Elui]—xi—1)

For convenience, we will write V' := 2nv (1 + ) We recall that by construction

of the promised utilities, Theorem 2.2 shows that W (v | U) lies in the hyperplane of equation
aU)"(x — W) =0, that is y ' (x — W) = 0. Given Eq. (27), to show that for all v, we have
W(v |U) € B(x,r), it suffices to show that

1
(7’ — T’Y(S, sup |[W(v |U) — W||2) € B(0,r).

To prove this, using § < rv/(1 —~) we compute

S G A e e e

Y
1_

| \/

[’yér —(1- )VQ] > 0.

This ends the proof that whenever U is an extreme point of R within the ball B(x,r), the future
promised utilities W (v | U) stay within the ball B(z,r) C R.

It remains to check that Egs. (3) and (7) hold for all other utility vectors U € R. As in
the definition of the allocation function, we write U; = s;y; where s; € [0,1] for i € [n], and
Yy = Zie[n ¢iElu;le; + qoy where ¢ > 0, >, ¢; < 1, and ¥ is an extreme point of R within
the ball B(x,r). In the definition of the allocation function from Eq. (25), the only component
that is non-constant for v € [0, 0]™ is the contribution of p(- | ). By linearity, Eq. (7) is then a
consequence of the definitions Egs. (25) and (26). We turn to Eq. (3). In the previous part, we
showed that W (- | §) € B(a,r) for all possible reports. As a result, by linearity this directly
shows that the future promised utilities stay in the the corresponding ellipsoid £(U) defined
below:

Vo € [0,0]", W(v|U) € q (si(@B[uwi] + q07i))icpn) + 2 @ Z(sizi)Q <r?}.=E&U).

i€[n]
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We can easily show that £(U) C R by construction of the region R. This ends the proof. M

In Theorem 3.3, we simplified the form of the constant C from Theorem 3.1 under Theo-
rem 3.2 which asks that all valuations are lower bounded by some fixed value v > 0. To give
some intuitions, the term C' in Theorem 3.1 essentially measures how close the tentative ball
B(x,r) is to the limiting hyperplanes { € R" : x; = E[u;]} for ¢ € [n]. Under Theorem 3.2, the
following result gives geometrical properties of the optimal set U*, which intuitively imply that
points in the optimal set U* are sufficiently far from the hyperplanes {x € R" : z; = E[u;]} for
i€ [n].

Lemma B.1. Under Theorem 3.2, we have

U*CRLN m w:Qij < 0(Efu;] — x;)
i€[n] JF#i

Proof We already characterized the extreme points of UU* as 0 together with the utilities reached
by optimal allocation functions p(-) for a-weighted objectives for a € R’} \ {0}.

Now for i € [n], consider the weights o such that a; = 0, and o; = v for all j # i.
From Theorem 3.2 the valuations always lie in [v, 7], hence, the allocation function that always
allocates the resource to agent i is a-optimal. This allocation reaches the utility vector E[u;]e;.
Because this allocation is a-optimal, this proves the constraint U* C {a: calx < ﬂE[ul]} |

We are now ready to give the proof of Theorem 3.3.
Proof of Theorem 3.3 Going back to the proof of Theorem 3.1, we aim to improve the upper
bound of a;, (U) /e, (U) from Eq. (29) using Theorem B.1. Up to rescaling, we suppose without
loss of generality that «;, (U) = v. Now suppose by contradiction that a;,(U) < v. In particular,
for all j # i1, we have a;;(U) < «;,(U) < v. Further, Theorem B.1, since U € R C U*, we have

vy Uj < 0(Eu,] - Uyy)
J#i

Combining the previous remarks gives,

a(U) (U - Elui,Jei,) < (aiy — )Ui, + v Y Uj — 0(E[ug,] = U,) < (i, — 0)Ui,.
JFi
We briefly argue that U;, > 0. We recall that U = x + ry for some element y € S,,_;. Further,
because a(U) € R}, we must also have y € R’} otherwise U wouldn’t be a-optimal within
R. Because B(z,r +6) € R} and r +6 > 0, we have U;, > x;, > 0. This proves that
a(U)T (U — E[u;,]e;,) < 0. This contradicts the fact that a(U) is the normal of a supporting
hyperplane at U of R, which contains in particular E[u;,]e;,. In conclusion, a;, (U)/a, (U) <
v/v. We can now use the same proof as for Theorem 3.1 with V' := 9(2n + v/v). [

To understand the optimal policies for some social welfare, it may be useful to focus locally
on this direction o = 1. In particular, it may be possible to ignore some irrelevant agents in
[n]. This leads to a stronger local version than the statement given in Theorem 3.1.
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Lemma B.2. Fiz v € [0,1). Let U an optimal vector and © € U* such that for all i ¢ I, we
have x; = U;. Let r,0 > 0 and suppose that there is a partition I = I, U... U1, with |I5| > 2 for
all s € [q] such that

Vs#s e€lgl, P(Z,=21,=2>0)=0, (30)

and for all s € [q],
Br, ((xi)ier,, v +0) € Pr, U N{y : Vi ¢ I,y = Ui}). (31)

max;cn] E[u;]
minge (g1 se1, (E[wi]P(Z1,=2>0

2
Then, if Eq. (13) holds with C := 4n?v? (1 + )7%4)) , we have

Bz,r) N {y:Vi¢ Ly =z} Ca+{0}"N e &) BL(0,r) CUy.
s€[q]

As a remark, note that while Theorem 2.4 essentially shows that only agents in I need to be

carefully treated (all others can be treated perfectly even with v = 0), Theorem B.2 takes all
I agents into consideration. Precisely, we added agents i € [n] such that P(u; = Z_; > 0) > 0.
Adding these agents can only help to satisfy the constraints from Theorem B.2. Indeed, by
construction there is some other agent j # ¢ with j € I such that P(u; = u; = Z) > 0 hence we
can group ¢ and j in the same set of the partition I = I;U...U ;. As a result, the set of optimal
vectors of U* is perfectly flat along the direction (1x=; — Tx=i)re[n), hence we can always fit a
ball to satisfy Eq (31). In summary, taking agents I \ I into account within Theorem B.2 was
without loss. On the other hand, these I'\ I agents bring extra flexibility that can be beneficial
for agents I to satisfy Eq (31). This flexibility will be useful in Section D.5 for discrete utility
distributions.
Proof of Theorem B.2 We define J and K as in Theorem A.1. Throughout, we use the
characterizations in this lemma. First, note that if £ € K and m > 0, then P(ux = Z_; > 0) >
P(ur = ujy = m)P(V5 & {k,j(k)},u; < m) > 0, where we bounded the second term using
the definition of & € K. Hence, this implies k € I. Therefore, for any ¢ ¢ I we have either (1)
i¢ TUJUK or (2) i€ K and m =0, or (3) i € J. In all cases, either z; = U; =0 or i € J.

Then, for any V € {y : Vi ¢ I,y;, = x; = U;}, and any allocation p(-) that realizes V' in the
full-information setting, we have

Vig IUJ, pi(u)=0(a.s.) (32)
Vie J\I, pi(u) = lyjziu<m;Lu>0 (a.5.). (33)

This is because by assumption, U is an optimal vector. For convenience, we pose for i ¢ I,

0 i¢IUuJ
P (u) = &
Lvjstiuy<m; Lu;>0 1€ J\ 1.

It will be useful later to view [n] \ I as part of the partition as well hence we pose Iy := [n] \ I.
We can easily check that Eq. (30) is also satisfied for all » # 7’ € {0,...,q} since

P(Z,=Z1>0)<> Puy=2Z>0)=0.

i€l
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We first focus on coordinates within I for some fixed s € [q]. Let V e U*N{y : Vi & I, y; =
Ui} and p(-; V) an allocation that realizes V' in the full information setting. Because U is an
optimal vector, we have

E [Z_ISI].Z7[S >le] =< Z Ui<E [Z—Is]lzfls ZZIS]
igl,

Because of Eq. (30), we have P(Z_r, = Z;, > 0) < >, P(Z1, = Z;, = Z > 0) = 0. Then,

Z Vi= Z Ui=E[Z 10z >2,]

i1, i1,

As a result, on the event & := {Z_;, > Z;,}, without loss of generality, we can suppose that p
allocates to agents in [n] \ Is:

Viel, P(pi(u)>0,E)=0. (34)

In the above, we used the fact that if Z_; = Z;, = 0, we have u; = 0 for all + € I,. Thus
allocating to agents in I in that case is useless. We suppose that Eq. (34) will always be satisfied
by the allocations of the form p(-; V') from now. Note that 1 -P(&) =P(Z;, > Z_1,) =P(Z;, >
Z_1,,%1,>0)=P(Z, =Z > 0) > 0. In the last inequality, we used 0 C I C I.

Eq. (34) is also a characterization in the following sense. Consider the resource allocation
problem with only agents I; but such that there is no allocation on the event £. Denote by
Uz e R{f the utility region that can be achieved in this setting. Then,

Uy =P, (U N{y:Vi¢ s,y =U}). (35)

Indeed, Eq. (34) shows the inclusion O and for the inclusion C, any allocation from the game with
agents [, can be completed on & by allocating the resource to any agent in arg max;g; ;. In
particular, by assumption, we have By, ((z;)ier,,7+9) C UZ. In this setting with I agents, we can
also define the region UN! that can be achieved without reports, that is UN! = Conv(E[u;](1 —
P(&;))es,i € Is). The only difference with a standard resource allocation problem between
agents I is the constraint on &. However, the proof of Theorem 3.1 still holds in this setting
as specified below. We construct the utility region

R = {y eRbs:0<y<zze C’onv(blé\”,BIS((xi)iejs,r))} )

We then specify an allocation strategy for extreme points U of R, that still belong to the ball
B(x,r). We write U = x + ry where ||y|| = 1 and pose

PO U) = pI (a4 (r+0)y) and aU)=a-U,

where p(*)(-; z) is an allocation function that realizes z € U in the full information setting.
We then extend the definition of p(®)(- | U) and W) (- | U) to the complete region R as in

Theorem 3.1 in Egs. (25) and (26). The proof of Theorem 3.1 shows that if = > ¢ > Csl;—ﬂ,

o 2-9 max;er, Elug] 2 . . .
where Cs = 4|I4|*v (1 + ] (6117p(gs)),xr7“)> , then the allocation and promised utility
functions constructed are valid on R (they satisfy Eqgs. (3) and (7)). We can check that this is

the case since with the choice of parameters, C' > max ¢[q Cs.
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We now pose Rg := (z;)ier, and construct an allocation mechanism to reach the utilities

R:= Q) Rs2x+{0}° e ) B (0,r),

0<s<q s€lq]

by treating each cluster I of agents separately. We pose for all U € R, i € [n] and u € [0,0]",

= pES)(uIS | Ufs)% i€ ls,s €]
p(u|U):=1<", ‘
P (u) 1 € Iy.
(s) o
W(u|U) = {Wz (ur, |UL) i€ lseld
Li 1 € Ip.

By design of the events &, we still have p(u | U) € A,, (there are no collisions between different
partitions). By construction, Eq. (3) holds and Eq. (7) is satisfied for all ¢ € I. It only remains
to check that Eq. (7) holds for i € Iy = [n] \ I, which is equivalent to checking both Eq. (2)
and the incentive-compatibility constraint Eq. (4). Eq. (2) is directly satisfied by Eqgs. (32)
(0)

and (33). For the incentive-compatibility, note that for ¢ ¢ I the definition of p; ’(u) only uses
the information 1,0 about u;. Hence the interim promise PZ.(O) (u;) is constant on (0,7]. As a
result, the allocation is also incentive-compatible for agent i (this is always true if u; = 0).

Altogether, this shows that R C U/, which ends the proof. |

C Proofs from Section 4 to prove lower bounds on the social
welfare gap

We now prove Theorem 4.1 that gives tools to prove upper bounds on the achievable region U4, .
To prove this result, we first need to derive some properties of valid mechanisms for the central
planner.

Using the promised utility framework, we suppose that we are given a utility region R,
allocation functions p(- | U) and promised utility functions W (- | U) satisfying Egs. (3) and (7).
We start by showing that to achieve the utilities from a point U in the boundary of &* in the
full information setting, the allocation function needs to discriminate enough between low and
high agent utilities. In practice, this will be helpful to derive a lower bound on the range of
interim future promises if one aims to reach the boundary of U*. We recall the definition of I
as the set of indices that do not satisfy conditions 2(a) nor 2(b) from Theorem 2.4.

Lemma C.1. Leti € I. Define q; := min{v € [0,7] : P(u; < v) > 1/2} the median of D;. Then,
there exists n; > 0 such that the following holds. Fiz any allocation function p : [0,0]" — A,
that is non-decreasing (that is, for all i € [n], P;(u;) = Eq_,[pi(u)] is non-decreasing) and such
that (Elu;pi(u)])ien) is an optimal utility vector. Then,

Ey,~p; (| Pi(us) — Pi(gi)| min(ug, ;)] > n;.

Proof Fix an index i € I satisfying the assumptions. We decompose [0,7] \ Supp(D;) as a
union of disjoint intervals (ag, by = 9] U [a1 = 0,b1) U |J>o(a, b). We note that u; ~ D; is not
a constant random variable otherwise posing m; = M; would satisfy 2(b), where u; = m; almost
surely, contradicting i € I. This implies that b; < ag.
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Now fix an optimal allocation p for the social welfare. Because it is optimal, with probability
one on u, we have p;(u) > 0 only if i € arg max;¢p,; uj. We also recall that P;(-) is non-decreasing
by hypothesis. As a result, for all u € Supp(D;) \ {ax, bk, k > 0} we have

P(Z_; <u) < Pi(u) <P(Z_; <u). (36)

Next, because P; is non-decreasing, we have P;(v) > P(Z_; < ag) and

(37)

Yu € [ak,bk], P(Zfi < ak) < H(u) < [P)(Z,i < bk), k>1
Yu € [ao,@], ]P)(Z_Z‘ < a()) < PZ(’U,) < PZ(T))

We now consider the problem of minimizing the desired quantity

Eu;~p, | P (ui) — Pi(q;)| min(ui, ¢;)]
= Eui [Qipi(ui)]lui>qz'] - Eui [ulpl(ul)]luz<qz] =+ (E[uiﬂui<fh] - QiP(ui > Qi))Pi(Qi)v

under the constraints Eqgs. (36) and (37). We can directly check that the optimum is achieved by
setting P*(u) equal to the upper bounds from Eqs. (36) and (37) if u < ¢;, and set P (u) equal to
their lower bounds if u > ¢;. For ¢;, we have P (¢;) = P(Z_; < ¢;) if E[u; 1y, <q,] < ¢:P(ui > ;)
and P(¢;) = P(Z_; < g;) otherwise. We denote n; := E,,p,[|Pi(u;) — P;(g;)| min(u;, ¢;)] the
corresponding value of P. As a result, we obtained that for any optimal allocation function,

E[|P;(u;) — Pi(q;)| min(u;, ¢;)] > ;.

Note that to prove the desired result, it would suffice to show that n; > 0. The main
point is that this lower bound 7; is tight since the interim function P} can be achieved by an
optimal allocation function that either allocates to the agent with index arg max;_; u; or i (only
if u; = Z_;). Hence, to end the proof it suffices to show that for any allocation function p that
is optimal for the social welfare, one has E[|P;(u;) — P;(¢;)| min(u;, ¢;)] > 0. Suppose this is not
the case by contradiction, hence P;(u) = P;(q;) for D;-almost all u € (0,v]. We recall that P; is
non-decreasing. Therefore, letting m; = inf Supp(u;) \ {0} and M; = sup Supp(u;), if M; > ¢
we obtain that P; is constant on the interval [g;, M;). Similarly, if m; < ¢; then P; is constant
on (my, ¢;]. In all cases, we showed that P; is constant on (m;, M;). Hence, Eq. (36) implies that

P(Z_; <m;)> lim Pj(zx)= lim Pi(z)>P(Z_; < M,).

Tz—m; x—M;"

Because m; < M;, the previous equation implies P(Z_; € (m;, M;)) = 0. On the other hand, by
construction we have P(u; € {0} U [m;, M;]) = 1. Since condition 2(a) from Theorem 2.4 does
not hold because i ¢ I, for all j # i, we have

]P’(Z_i < Mz) — HI[D(uj < M;) > HIP’(uj < u;) > 0.
J#i J#i

Combining this with the previous equation implies P(Z_; < m;) > 0. We now fix j # i. We
have
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Therefore, P(u; € (m;, M;)) = 0. This holds for all j # 4, hence condition 2(b) of Theorem 2.4
holds which contradicts the definition of ¢ € I. This ends the proof that 7; > 0 and the desired
result. |

We note that having ¢ € Iis necessary to obtain such a constant 7; > 0. Indeed, suppose
that condition 2(a) from Theorem 2.4 holds. In that case, there are optimal allocations that
never allocate the resource to agent i (since there is an agent j that always has at least the same
utility), which results in having P;(u) = 0 for all v € [0,]. On the other hand, if condition 2(b)
holds, there is an interval [m;, M;] such that P(u; € [m;, M;]U{0}) = 1 but P(u; € (m;, M;)) =0
for all j # ¢. Then, taking into consideration the reports of agent i is not really necessary: we
can safely allocate the resource to agent ¢ if and only if Z_; < m; and w; > 0 (if u; = 0, then
truthful reporting is always an equilibrium for agent 7). This optimal allocation then yields a
constant interim allocation probability P;(u) = P(Z_; < m;) for all u € (0, v].

We now use Theorem C.1 to derive a the lower bound on the range of the interim future
promise W; even when the realized utility is not on the boundary of U*, but somewhat close
to it. Having the realized utility vector U close to the boundary is necessary, otherwise, for
instance if U € UN!, we can use a constant allocation function p(-) so that W;(v) is constant
for v € [0,] for all i € [n].

Lemma C.2. Fiz v € (0,1] and an index i € I. Define ¢; € [0,7] as in Theorem C.1. Then,
there exists d;,m; > 0 (n; is the same as in Theorem C.1) such that the following holds. For
any allocation function p : [0,0]" — A, that is non-decreasing (that is, for all i € [n] P; : u; —
Eo_,[pi(w)] is non-decreasing) and such that

T T
— . . < 5
maxl z—1 (Eluipi(w)])icm < 6,

the interim promised utility function W;(-) for i € [n| constructed via Eq. (6) using the interim
allocation functions P; is non-increasing and satisfies

1 —
B W) = Wiai)| 2 =

Proof The fact that the interim promise function W;(- | U) is non-increasing is direct from the
definition in Eq. (6). We omit the terms | U in the rest of the proof for readability. From the
same definition, for any 0 < a < b < v,

Wia) = Wi(h) = - ( / ' (Pb) = P(w))dv — / "(Pia) - a<v>>dv)

I ek TN C o B 1= i p
— ((a(b) Playa+ [ #0) a@))dv) > 1Y (p) - Pa)a.
As a result,
E|W;(u;) — Wi(q:)| = E[(Wi(q:) — Wi(wi)) Lu;>q,] + E[(Wi(ui) — Wi(qi)) Lu;<q:] (38)
> B (IR ) — P | minui, )] (39)

Hence, we aim to lower bound the expectation on the right-hand side. First, recall that
maxgey+ 1T = E[Z] = Emax(u;, Z_;), and that the maximum is attained for any first-best
allocation function. Next, for u € [0, 0], we have

1T (Efuipi(w)))ie) < Eluipi(u) + Z-i(1 — pi(w))] = E [ui Pi(ui) + Z-i(1 — pi(w))] .
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Now for any value u € [0,v], let z;(u) = inf{v : P(Z_; > v) < 1— P;j(u)}. In particular, since
P;(-) is non-decreasing, so is z;(-). We can check that

Ey_;[Z-i(1 = pi(w)] S Eu_,[Z-i17_suuy] + 2i(wi) [P(Z-i > 2i(wi)) — (1 — Pi(u;))] -

Because of the second term in the right-hand side, we define a variable B; ~ B(P(Z_; > z;(u;)) —
(1 — P;(u;))) which is independent from u_;. Putting the previous equations together yields

arcré%{)i €T ( [Uzpz<u)]>z€[n} =

E[max(ui, Z—i) — Z—iﬂZ,i>zi(u¢) — ui]lZ,¢<zi(ui) — ]lZ,Z:zi(ui)(Z—iBi + ui(l — Bz))] = A(PZ>
(40)

This inequality is tight in the following sense. For any non-decreasing function P;, there is a
non-decreasing allocation function p(-) with interim allocation function P; for agent ¢, and
max 1’z — 1T(E[uipz-(u)])i€[n] = A(P).
xel*
This allocation can directly be obtained from the definition of A(F;): when Z_; < z(u;) we
allocate to agent i, when Z_; > z;(u;) we allocate to some agent in arg max;; uj, and if

Z_; = zi(u;) we allocate to one of these two cases depending on the value of B;. In summary,
for any 6 > 0,

{PZ() : 3 non-decreasing p(-), max 17z — 1T(E[uipi(u)])ie[n] <0, P(-) = Eu_,[pi(- u_z)]}
reU*

= {non-decreasing P, : [0,0] — [0,1], A(P;) <d}. (41)

As a result, we now only focus on non-decreasing interim allocation functions P; satisfying
A(P;) < 6. The set of non-decreasing functions on [0, 7] — [0, 1] is closed for the product measure
(point-wise convergence) and so is the set of functions satisfying the constraint A(FP;) < n by the
dominated convergence theorem. Further, Tychonov’s theorem implies that the set of functions
[0,7] — [0,1] is compact for the product measure. This therefore implies that the following
optimization problem

non—decreasiégP,-:[O,z‘)]—)[[),l] EuiNDi HPZ(UZ) B Pz(@h)‘ min(u“ Qz)] - B(é)

A(P;)<é

achieves its minimum, and further that B(d) — B(0) as 6 — 0. Note that 6 = 0 corresponds
to the case when the allocation is exactly optimal for the social welfare. This is the case that
was covered by Theorem C.1, which shows that B(0) > n; for some constant 7; > 0 (that only
depends on 4, and the distributions Di,...,D,). In particular, there exists ; > 0 such that
B(d;) > ni/2. Through Eq. (41), this exactly shows that for any non-decreasing allocation
function p satisfying the constraint 17 — 17 (E[u;p;(w)])iefn < 6, we have

E[|Pi(u;) — Pi(g:)| min(u;, ¢;)] > %
Together with Eq. (39) this ends the proof. n

Theorem C.2 gives a lower bound on the range required for the interim future promised
utilities. In fact it shows a stronger statement about their dispersion which is necessary for
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our proofs. We now make use of these range lower bounds to show that some regions of U*
cannot be achieved by If,. Intuitively, because future promised utilities need to remain within
the achievable region U, (see Eq. (3)) if interim promised utilities are somewhat scattered, this
gives a local upper bound on the maximum curvature of 4.
Proof of Theorem 4.1 We start by specifying ¢; and co. By the second characterization of
Theorem 2.4, we have I # (), otherwise, Uy would already contain an optimal vector. Fix such
an index i € I. Let &;,7; > 0 be the constants for which Theorem C.2 holds. We pose ¢; := d;
and ¢y := n?/16.

Next, fix some parameters ~,x,r and § satisfying the assumptions of the lemma. Since
U*\ B°(x,r) is compact, so is the component C. By contradiction, we suppose that i, N (C \

B°(x,r + 1;7 ) # 0. We consider a solution Uy to the following optimization problem
—x|. 42
ey — =] (42)

The maximum is attained because both C and U, are compact. Further, by assumption,
1—
U —z| > 7+ T”a.

Because U € U, there exists a mechanism for the central planner that reaches this utility.
Using the promised utility framework, we fix a non-decreasing allocation function p(- | U) and
a promised utility function W (- | U) for all U € U, that satisfy Eq. (3) (promises stay within
U,) and Eq. (7) (interim promises W;(v; | U) as defined in Eq. (6)).

Step 1. Let Uy := (Eluipi(v | Uo)])ieln) € U*. As a first step, we aim to show that

1'U, > 172 -4, 4
Ul_ineg}f z i (3)

By Eq. (3) and the convexity of U, we have
1—
Uy = E[W(u| Up)| = UHT’Y(UO—Ul) cu,. (44)

In the equality, we used the form of the interim promises Eq. (6), or equivalently, Eq. (2). We
next write Uy = & + oy, where rg > r 4 1_775 and y, € Sp,—1. We argue that it suffices to show

that yg (U1 — Up) > 0 to obtain Eq. (43). Indeed, if this holds, then for any U € [Ug, U], one
has
IU —2| > yo (U —2) =yg (U~Up) +ro =19 >

Because U* is convex, [Up,U;| C U*. Combining this with the previous equation shows that
[Up, U] € U*\ B°(x,r). Hence U; belongs to the same component C as Uy. By assumption,
CC{y:1Ty >max,1"2 —c;} and we posed ¢; = ;. This proves Eq. (43). We now show

yg(Ul — Uo) Z 0. (45)

By contradiction suppose that this does not hold, then Eq. (44) implies that y (U — Ug) > 0.
The same arguments as above then show that for any U € [Ug, U],

|U — x| > yg (U —Uq) +ro > ro.
The previous arguments further show that Uy € C. Recall from Eq. (44) that Uy € U,. Hence,

the previous inequality contradicts the definition of U as a maximizer of the problem in Eq. (42).
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Step 2. We are now ready to apply Theorem C.2 to the allocation p(- | Uy) since the resulting
utility vector Uy satisfies the necessary conditions as checked in Step 1. We obtain
l—n

Euw;np | Wius | Ug) — Wilgs | Uo)| > 7% (46)

where ¢; := min{v € [0,7] : P(u; < v) > 1/2}. Define pp = %, with the convention

0/0 =0 and let B ~ B(pg) be a Bernoulli variable independent from all other variables. Define
Uy = 2Bu[W (ui, u—; | Uo)Ly,<q, + BW (ui, u—; | Ug)Lu;—q,]
U_ = 2EU[W(ui7u—i | U0>]lui>qz' + (1 - B)W(uivu—i ’ Uo)lui:qi]'
From Eq. (3), by convexity of U, and because P(u; < ¢;) +P(u; = ¢;, B = 1) = 1/2, both utility
vectors satisfy U ,U_ € U,. The goal of this step is to show that either U or U_ have a

better objective than Uy for the optimization problem Eq. (42), to reach a contradiction. We
first give a few properties about U_ and U . We note that

U, +U_

U = EW(u| Uy) = 2+ (47)
Next, recalling that the interim allocation function W;(- | Uy) is non-increasing, we have

U+ -U-|

2 Uq)i—(U-)i

= (U1)i = Wilgi | Uo) + Wilai | Up) = (U-);

= 2By [(Wilui [ Uo) = Wilgi | Uo)) Lui>q) + 2B, [(Wilgi | Uo) = Wi(ui | Uo))lu;<g,]

= 2By, [Wi(ui | Uo) = Wi(gi | Uo)l.
Combining with Eq. (46) yields

l—7
U+ -U-| = oyt (48)

We now lower bound ||[Uy — x||. By Eq. (44), and recalling that Uy = « + roy,, we obtain

1 _
Tyl (U1 - Uy).

Yo (U —x) =19 —
Within Step 1, we also showed that U, € C C B(x,r + J), where in the last step we used one of
the assumptions. Hence, yJ (U1 — Ug) = yg (U1 — ) — 19 < (r + ) — rg < J. Putting the two
previous equations together yields
T I—v
||U2—$||ZyO(U2—$)ZTQ—T(SZT, (49)
where in the last inequality we used the assumption on 3. We now argue that Uy € C. Indeed,
since Ug, Uy € U*, by convexity [Ug,Us] C U*. Next, for any U = (1 — 0)Uy + 60U, for
6 € [0,1],

1_
yJ(U—m):yJ(UQ—a:)wa(UO—UQ)sz”eyJ(Ul—Uo)zr.
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In the first inequality, we used Eq. (49), and in the second we used Eq. (45). As a result, using

similar arguments as before, we have [Ug,Usz| € U* \ B°(x,r), hence U € C implies Us € C as

well. Next, by Eq. (47) we can write Uy = Us+A and U_ = Uy—A where A := (U, -U_)/2.
Suppose that (Us — )" A > 0. Then,

Uy —a|? = |U2 —2|® + | AP +2(Uz —2) ' A

11—~ 2
S =)
Y
Loy (1= 9 452 2, 1=7(1=v,
2r2+< N +40%) —2rgd | >r5+ —— | ——n; — 2rod
where in the second inequality we used Eq. (48) and in the third inequality we used Eq. (49).
We now recall that by hypothesis § = min(cy 177,7“). Hence, from the choice of co, 2r¢d < 4rd <

yr

1;%773. Putting the two previous inequalities together, we obtain |U+—x|| > ||[Ug—x| = ro. We
recall that Us € C and by assumption (U — )" (U4 — Usg) > 0. Since we also have Uy € U*,
the same arguments as in Step 1 show that U € C. This contradicts the definition of Ug as
the maximizer of the problem in Eq. (42).

In the other case when (Uy—x)" A < 0, the same arguments show that [|[U_ —x| > [|[Uo—x||
and U _ € C, reaching the same contradiction. This ends the proof of the desired result:

U N (c \ B° <:I:,7'+ 1;%)) ) (50)

Proof of the second claim. We now prove the second claim of the lemma as a simple conse-
quence of Eq. (50). First, note that because U, is compact, the maximum in maxyey, dT(y —x)
is well defined. Fix U =« + ||[U — z||d € C such a maximizer. Consider any point y € U, such
that d' (y — ) > ||[U — ||. Then, by convexity of U*, we have [U,y] C U*. Further,

U-2)(y-U)=|U-zl|d (y—=z) - |U-=z|*>0
Then, the same arguments as in Step 1 show that since U € C, we must also have y € C.

Because we have y € U, Eq. (50) implies that y € B°(x,r + 1_775) In particular,

1—~
AT (y—2) < |y — | |d] < ( n ﬂ) Id].
This ends the proof. |

In some cases, it may be useful to design lower bounds based on a subproblem instead of the
full resource allocation problem as stated in Theorem 4.1. Intuitively, we may want to focus on
the impact of a single agent ¢, which corresponds to a 2-agent setting in which one has utility
u; and the other has utility Z_;. In practice, this setup will be very useful, and we specify the
corresponding lower bounds in the result below. This is a simple consequence of Theorem 4.1.
For any @ = (x;,z_;) € R? and r > 0, we define the sets

B(x,ryi) ={y eR": (y; —2:)* + 1y, —a_y)> <r?}
B(x,r;i) = {y e R": (y; — )+ (1 y_;, —z_;)* < r’}.
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Lemma C.3. Fiz an index i € I. There exist two constants c1,co > 0 such that the following
holds.

For v € (0,1), r > 0, and (x;,x_;) € R?, suppose that U* \ B°(x,r;i) has a connected
component C C {y : 1Ty > max,cyy+ 172 —c1}. If

1—
C C B(x,r+0;i), 0 =min <02 7r7,7> )

U, N (C\Bo (m,r—i—l;ryé;i)) = 0.

In particular, for any U € C, writing (Uj, 1IZ-U_i) =z + ||(Us, 1LU_,~) —x||(d;, d—;),

then we have

1—
max d;(y; — ;) +d_i(1_y ; —x_;) < (r +— ) 1d].
YyEUy

Proof In the proof of Theorem 4.1, we first used the characterization from Theorem 2.4 to
show that there exists some index i € I (I # ). From then, the only incentive-compatibility
constraint that was used within the proof was that of agent i. Precisely, it only uses Eq. (7) for
agent i to use the fact that the interim promised utility is given according to Eq. (6) for which
Theorem C.1 gives bounds.

As a result, the lower bounds also hold in a setting in which agents j # i are non-strategic,
that is, the central planner observes all utilities u; for j ¢ i. If we denote by Z;Iw the utility
region that can be achieved in this setting, we clearly have U, C Z/N{W- since there are fewer
constraints. From the perspective of maximizing the total utility, this corresponds to the setting
in which there are effectively two agents, agent ¢ with the same utility distribution u; ~ D; and
an agent —¢ that has utilities u_; := Z_;. We denote by D_; its distribution and introduce the
linear mapping

d:UeR"— (U, 1", U_,).

Let U and U, ; be the regions achievable with full information, and in the y-discounted strategic
setting for this 2-agent allocation problem. We first show that U} = ®(U/*). Since these are both
convex sets, it suffices to focus on extreme points: by definition of D_;, for any d € Ri \ {0},

mrgzzi)/cz d'x = Emax (dju;, d_;Z_;) = _,,?émi(d“d 1) = max d'o(x).

Importantly, we also have

(I)(uv) - (I)(Z;[%i) =Uy;. (51)

The first inequality is immediate from U, C Z;{%i and the equality comes from the definition of
D_; and ®. Before applying the proof of Theorem 4.1, we only need to check that D; still does
not satisfy the conditions 2(a) nor 2(b) from Theorem 2.4 in the new 2-agent setting for the
divection d := (1,1). Using the assumption i € I, for all j € [n] we have P(u; > u;) > 0 hence
since u; and u; are independent, there exists m; such that P(u; > m;),P(u; < m;) > 0. Then,

P(u; > u_;) > P(u; > mgxmj,Vj #i,u; < my) I | P(u; < mj) m?in]P’(uZ > mj) > 0.
JF JF
J#i
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Hence 2(a) does not hold. Now suppose by contradiction that 2(b) holds and let [m;, M;] the
guaranteed interval such that P(u; € [m;, M;]U{0}) =1 and

0= P(U,Z € (mi, Mz)) = P(Zfl S (mi, Mz))

In the proof of Theorem 2.4 (within the proof of 1.= 2.), we showed that this implies P(u; €
(mi, M;)) = 0 for all j # i, which contradicts the hypothesis i € I.

Therefore, we are ready to apply the proof of Theorem 4.1 for the 2-agent game for direction
1 =(1,1) and agent i. Indeed, we can check that in the 2-agent setting, B(x,r) = ®(B(x,r;i))
and similarly for their open counterparts. Hence, using U} = ®(U*),

Ui \ B°(m,r) = U\ B®(x,r;1)),
and as a result ®(C) is a connected component of U \ B°(x, ), which satisfies
dC)CP({y:1Ty>max1'z—c;}) ={yeR?: 1Ty >max1"z — ¢},
zeU* zeU}
®(C) C ®(B(x,r +0;i)) = B(z,r+9).

Thus, the proof of Theorem 4.1 gives

S(U,) N <<I>(C) \ B° (w,r + 1;%)) Cuin (<I>(C) \ B° (:L',r + 1;%)) 0,

where in the inclusion we used Eq. (51). This gives the desired result. The second claim is a
direct translation of the second claim from Theorem 4.1 that we obtained on this 2-agent game.
|

To simplify the use of Theorems 3.1 and 4.1, we give simple equivalent computational con-
straints to prove that a ball belongs to U*, directly in terms of the distributions Dy, ..., D,.

Lemma C.4. Let x and r > 0. B(x,r) CU* if and only if mincp, v; > r and

Vao e RT\ {0}, E [maxaiui] >a'x+ |alr

i€n
Proof Any convex set C is the intersection of its supporting hyperplanes. Hence,

B(x,r) CU* <= Va #0, max a'y> max a'y
yeu* yEB(x,r)

< B(z,r) CR} and VacR}\{0}, E [mﬁ(aiui] >a'x+ |alr
€[N

This ends the proof. |

D Characterizations in the discounted infinite-horizon setting

In this section, we prove our main results concerning lower bounds for the reachable region U4,
compared to the full-information reachable set U*. Before doing so, we need to introduce a
pruning procedure that will help “pre-condition” the allocation problem.
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D.1 A pruning procedure

For a given vector U € U*, we consider the following recursive pruning process. First let
I(U) = {i € [n] : U; > 0} and initialize U®) = U. For any k > 0, if there exists i € I(U) with
Ul-(k) > Efu;], we let igyq :=i. If P(u; = 0) = 0, pose U*+D .= 0, otherwise

U™ — Elu;,Jes,

(k+1) ._

If for all ¢ € I(U), U; < Elu;], the process stops. We denote by K the index of the last
constructed index ix and denote U := UKV the final constructed vector. We pose .J (U) =
{ie I(U):U; > 0}.

Properties of this pruning process are given below in Theorem D.1. The last claim shows
that the pruning procedure preserves the regions U, while deleting agents. Essentially, this
shows that without loss of generality, we can assume that 0 < U; < E[u;] for all i € [n] (those

are properties satisfied by (U;);cs(w)), which will be useful to derive general lower bounds.

Lemma D.1. Let U € U* and construct construct iy,...,ix, U and J(U) according to the
pruning process above.

1. For all k € [K], U® e u*. In particular, Ui(k)

ke [K —1], Plu, =0)>0.

< Elu;] for all i € I(U). Also, for

Vk € (K], Uy, = Elug] [[Plus, =0) and U = (Uiligsw))iem + [ ] Plus, =0)-U.
<k ke[K]

3. U € U*. Equivalently, (Uj)jeJ(U) belongs to the achievable set U* for the full-information
game in which only agents J(U) are present.

4. Fiz~v €[0,1) and denote by Z;{7 the achievable set for the y-discounted game in which only

agents J(U) are present. Then, U € Uy if and only if (Uj) jcywu) € Uy-

Proof Suppose that for some k € {0,1,..., K} we have Uu® ey By construction, u® >

ik
E[u;,]. However, since U®) € U* we also have v < E[u;,]. This proves Uk = E[u;,]. Also,

(2% 23]
i, € I(U) hence E[u;, ] > U;, > 0. As a result, P(u;, > 0) > 0 and any allocation function p(-)
that realizes U®) allocates to agent i, whenever u;, > 0, D;, -almost surely. This implies that

for any 7 # iy,

U = Eluipi(w)] = Eluipi(w) Ly, ~o] = P(u;, = 0)E[u;pi(0,u_;,)]-

1

If P(u;, = 0) = 0, then we had U® = E[u;, ]e;, and the process ends with & = K. Otherwise,
the previous equation already shows that the allocation in which we force u;, = 0, that is

puc [0,9]" — (pi (0, u—ik)]li?fik)id"]’ (52)

realizes U %+ Indeed, it only suffices to check Elu;, pi(u)] =0 = Ui(:ﬂ). As a result, UKD ¢

U*. This proves the first claim of the lemma as well as U = U5+ € y/*, which is the third

claim. The above arguments also show Ui(f) = E[u;,] for all k € [K], and that Ui(k) = 0 for all
i1¢ I(U) and i € {iy,...,ix_1}. We can then prove the second claim by simple induction.
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Proving that U € U, = U e U,. To prove the last claim, further suppose that Uk e U, for
v €10,1) and some k € {0,1,...,K}. If P(u;, = 0) =0, we know that Uk =0 ey, C U,.
From now, we suppose that

Py = ]P’(uik = 0) > 0.
Let p(- | V) and W (- | V') be valid incentive-compatible allocation and promised utility functions
for all V' € U, (that is, satisfying Eqgs. (2) to (4)). Let I = {i € [n],Ui(k) > 0}. We denote
Ry =U,N{V :V;, =E[u;,], Vi ¢ I}, V; = 0}. In particular, U® e Ry. For any V € Ry,

Elui,] = Vi, = (1 = V)E[ugpi, (w | V)] +1E[Wi, (u | V)]
< (1 - V)E[ulk] + ’YE[U%] = E[ulk]

In the inequality, we used the fact that W (v | U®) € U, C U*, hence W;, (v | UM) < E[u,,].
The above computations show that before, D;, -almost surely, p(- | U(k)) allocates to i whenever
ui, > 0. Also, almost-surely W(u | U®) € Ry, as well. Without loss of generality, we can
assume that this the case deterministically for all w € [0, 9]™ (up to modification of the promised
utility function on zero-measure regions). We now define

V —Elu;,|e;
L:Z{P[U’C]G’C,VGR,{}.
e

We construct the following allocation and promised utility functions similarly as in Eq. (52),

p/(v | V/) = (pi(oav—ik | E[ulk]elk + kal)ﬂl;ézk)ze[n]a
1
W/(’U ’ V/) = E(Euik"’pik [Wi(uim’v—ik ‘ E[ulk]elk + kal)]]li;éik)ie[n]a

for all V' € R}, and v € [0,9]". We can check that

V — E[u%]elk

W/ V/ —
@I V)= —

,  where V. =E,, [W(u;, v, | E[ui]e;, + PV')] € Ry.

Here we used the fact that Ry, is convex since U, is convex. Thus, Eq. (3) is satisfied, that is all
promised utilities stay within R).- Then, the same arguments as for Eq. (52) show that for any
V' e R}, letting V := E[u;, |e;, + PV’ we have

(Efuspi(w | V)])iepm) — Elug,Jes,
P '

(Eluipi(w | V)])icpm) =
On the other hand,

ELE,/ [W(u;k,u_lk\V)]—E[uzk]ezk . w| V)] = Elu; Je;
B[W/ (] V')] = .  EalW (0 V) B e

Combining the two previous equations we obtain
(1 =) (Euipi(w | V)])iepn +7EW (u| V')

(1 =) (Blups(w | V)])igpn + YEW (u | V)] = Elug, Je;,
Py

_ ‘N/ — E[ulk]elk _ V,
P ’
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where in the second equality we used the fact that p and W satisfy Eq. (2). The previous
equation shows that p’ and W also satisfy Eq. (2). Last, for any i # iy and u,v € [0, 9] we have

(1 —~)uP;(v | V) +Wi(v| V)
Py

(1 =NuP(v | V') +Wi(v | V') = :
Hence, because p, W is incentive-compatible (Eq. (4)), so is p/, W’ (we recall that for i, the
utility of agent i, is always 0). This ends the proof that U (k+1) ¢ R}, € U,. The induction then
shows that U € U, and hence (Uj) e ) € Uy

Proving that U € U, = U € U,. Now suppose that (f]j)jeJ(U) € LNLY, which implies in
particular U € U,. Let R' = U, N{V : Vi ¢ J(U),V; = 0}. Let p’ and W’ be valid incentive-
compatible allocation and promised utility functions for V' € U,. We can easily check that for
any V' € R/, then almost surely W/(u | V') = 0 for alli ¢ J(U), which implies W'(u | V') € R'.
Without loss of generality, we suppose this is the case (up to modifying W on zero-measure
regions).

We next define Py := []jex) P(ui, = 0) and Vi := 3015 Eu,, [T P(uwi, = 0)ey,, we pose

R:={Vo+ PV V' R}

We consider the allocation p’ which always tries to allocate to agents iy, 142, ..., 75 with this pri-
ority order whenever they have non-zero utility, then resorts to using the allocation p. Formally,
for all v € [0,7]" and V € R, letting V' = (V — V))/ P, € R’ we pose

e if maxer) vl >0, |=min{k € [K]: vl >0}

p(v|V) :{

W(U | V) =Vo+ PkW’(v | V,).

p' (v | V') otherwise,

We now check that p, W are valid for utility vectors in R. By construction of W it directly
satisfies Eq. (3). Next, for any V' € R, with the same notation V' = (V — V) /P, € R’ we have

(1 =) (Efwipi(u | V)])iem) + 1E[W (v | V)]
= (1= (Vo+ Pe(Eluspi(w | V)])ie) +7(Vo + BEW'(v [ VI)]) = Vo + BV = V.

In the second equality, we used the fact that p’, W' satisfy Eq. (2). This shows that p, W
also satisfy it. All that remains to check is the incentive-compatibility constraint Eq. (4). For
any k € [K], assuming all other agents are truthful, agent iy is allocated the good whenever
u;, = 0 for all [ < k and its report satisfies v;, > 0. Hence we only need to check that incentive-
compatibility when wu;,, = 0, which is immediate. For any i ¢ {ix,k € [K]} and u,v € [0,7], we
directly have

(1 =yuPi(v | V) +yWi(v | V) = Py (1L = uP(v | V') + W (v | V")),

hence the incentive-compatibility is guaranteed by that of p’, W’'. This ends the proof. |
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D.2 A universal O(y/1 —7) convergence rate

With the pruning procedure and Theorem 3.1, we now show that without any assumptions, the
distance between the boundary of U, and the optimal region U, is at most O(y/1 — ). This
implies Theorem 5.1.

Theorem D.2. For any U € U*, construct iy, ...,ik, U and J(U) according to the pruning
process. If |J(U)| < 1, we have U € Uy. Otherwise, there exist vy € [1/2,1) and C' > 0 such
that

vy € [,1), dU;U,) <Cy/1—1.

2
Precisely, introducing the constant C = 4|.J(U)|*5? (1 + maxse(w) Blud )) < 00, we have

minje 5 ) (Elus]-U;
C =2C/]J(U)] [T P(ui, = 0) and yo = max <1/2, 1 — minje s [73/(326‘)) < 1.

Proof Fix U € U* and define iy, ...,ix, U, and J(U) according to the pruning process. If
|J(U)| <1, it is clear that (ﬁj)jeJ(U) € Uy, and Theorem D.1 ensures that U € Uy. We suppose
that this is not the case from now. By construction of the pruning process, for all j € J(U), we
have U; € (0,E[u;]), and U; = 0 for all i ¢ J(U). We therefore consider the reduced problem
in which only agents in J(U) are present. By Theorem D.1, U € U*, hence the utility vector
(Uj)je J(U) can still be reached in this simplified setting with full information. We denote by
ur = {(zj)jesw) : ® € U*} the reachable utilities in this setting. By slight abuse of notation,

we will still denote by U the vector ([NJj)jGJ(U).

2
Note that R = [[;c [0, 0;] € U*. Let € = 4]J(U)|*0? <1 + —mesw) Elul ) and

min;e ;) (Blu;]-U;)

pose 1 =0 = CN'I_TW Next, using v > g, we have

2(r+0) <41/2C(1 — ) < jgl}i(%) U;.

As a result, with = U — (r 4+ 6)1, we have B(x,r +6) C R C U*. Since v > 1/2, the choice
of parameters x,r,d satisfies the assumptions of Theorem 3.1. Thus, B(x,r) C U,. In turn,
Theorem D.1 implies that with P := [, ;5 P(u;, = 0), we have

(Uiligsw))iem + P - Bywy(z,r) CUT,
where By (z,7) = {y : (y;)esw) € B(z,7), Vi ¢ J(U),y; = 0}. Hence,
dU,U*) < P-d({U,U*) < P-d(U,B(z,r)) = P(\/|J(U)|(r +8) —r) < 2P\/[J(U)]r.

This ends the proof of the theorem. |

D.3 Improved rates for smooth full-information regions U/*
We first prove the following lemma.

Lemma D.3. IfU* is twice-differentiable locally around an optimal point U, then it contains a
ball tangent to U of radius O(1/||H(U)||) where ||H(U)|| is the operator norm of the directional
Hessian H(U) of the boundary at U.
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Proof Up to restricting to a subset of agents, suppose without loss of generality that U; > 0
for all ¢ € [n]. In particular, «* has non-empty interior. Consider the Taylor expansion of the
boundary of U* at U in coordinates given by the tangent hyperplane at U. Then, the boundary
of U* is locally upper bounded by 22" H(U)xz + o(||z[|*) < [|H(U)|| - ||z||*> where H(U) is the
directional Hessian at U and ||H (U)|| is its operator norm. Recalling that &* is convex and has
non-empty interior, this shows that &/* contains a ball tangent at U of radius O(1/||H(U)|). B

Next, we prove the geometric result Theorem 5.2, which is a direct application of Theo-
rem 3.1.
Proof of Theorem 5.2 Fix B(xz,r) a ball tangent at U = x + r1 to U*. Let C > 0 be the
corresponding constant in Eq. (13) from Theorem 3.1. The constraint Eq. (13) is satisfied for
r(y) =1-0(y) and §(y) = 2C 1;7 for 1—+ sufficiently small. Therefore, Theorem 3.1 implies that
B(z,r(y)) C U,. We conclude by noting SWG(vy) < /n-d(U, B(z,r(y)) = v/nd(y) = O(1—7).
|

We next prove Theorem 5.3, which gives more flexible and combinatorial conditions under
which faster rates O(1 — 7) can be achieved. The most complete statement of this result is
given below (and in particular implies Theorem 5.3, see condition (SC3) below). We recall the
notation Pg : R” — RS for the projection on coordinates S.

Theorem D.4. Suppose that there exists a partition I = Iy U Iy U --- U I, with |Is] > 2 for

all s € [q], an optimal vector U € U* and r > 0, such that (SC1) Eq. (30) holds and taking

x = (U; — Tzse[q} mﬂiejs)ie[n], we have for all s € [q],

BIS(CL'[T,T) C Py, (Z/{* N {y : Vi ¢ Is,y; = Ul}) .

Then SWG(v) = O(1 — ).
Condition (SC1) is equivalent to the following condition (SC2): Eq. (30) holds, and for all
s€lq] and 0 C B C I,

B \ZBlzp<z1, p=2<0)25 | 5, 0D
Last, (SC1) or (SC2) are implied by the following condition (SC3): there exists a partition

I'=LUlyU---Ul, such that for all s € [q], |Is| > 2 and I, is strongly connected in G.

Proof of Theorem D.4 For s € [g], we define the function ¢ : R — R via

o (B) = Bly=E [ﬂzfsm ‘max B, BERN. (53)

max
yGPIs (u*m{y:Vi¢157yi:Ui})
In the equality, we use the characterizations from Theorem B.2. We also recall that by Eq. (30),
we have P(Z1, = Zp,)\;, > 0) = 0. Note that ¢ is convex as the maximum of linear functions.

Proving that the (SC1) is sufficient. Suppose that (SC1) holds and fix parameters satisfy-
ing the assumptions. Theorem B.2 implies that for 1—~ sufficiently small and § = 2C(1—~)/(7r)
for some constant C' > 0, B(x,r —)N{y : Vi ¢ I,y; = U;} CU,. In turn, we obtain the desired
result SWG < /n - d(U,Uy) < /nd = O(1 — 7).
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Proving that (SC3)=-(SC2)=-(SC1). Suppose that (SC3) holds and denote I = J; Ll Jo L
.-+ U J; the guaranteed partition. To prove (SC2) and (SC1) we will use a slightly different
partition by merging some sets. Precisely, consider the undirected graph F on [¢] such that
s # s’ € [q] are connected if and only if P(Z;, = Z;, = Z > 0) > 0. We let ¢ be the number of
connected components C1,...,C, of F. For s € [q] we let I; := ;e Ji, that is we merge the
partition according to the graph F. Note that if s # s’ are connected within F then

0<P(Z;,=25,=2>00< >  Pluy=u;=2>0).
i€Js,jEJS 4

Hence, there exists i € J, and j € Jy such that P(u; = u; = Z > 0). This implies that ¢ — j
and j — 4 in the graph G, and hence J; is strongly connected to Jy via this double edge. This
proves that the sets of the constructed partition I = Iy LI - - - I, are still strongly connected
within G.

We can directly check that Eq. (30) is satisfied by construction of Iy, ..., I,: for any s # s’ €
[q]

P(Z,=Z1,=2Z2>00< >  P(Z,=2;,=2>0)=0.
teCs eC,
In the last equality we use the fact that Cs and Cy are disconnected in F.

We next define an allocation function p such that p(w) is the uniform distribution on
arg maxcp, u;j. We then define U = (E[u;p;(u)])ic[n) as the utility vector realized by p. Note
that by construction, U is optimal and we have U; > 0 for all ¢ € I. In particular, for all s € [g]
we have ¢(*)(1z,) = IZUIS.

Suppose that there exists c1,co > 0 such that for any s € [¢] and B € H, := {6 € Rls :
1; 6 =0}, with ||8]| < c1, we have

0 (11, +B) — 6¥(1) - B'UL = 2| BI*. (54)
Because the function 8 — ¢() (17, + 8) — ¢(¥)(17,) — B' U, is convex in v and has value 0 for
B = 0, this implies that for all 3 € H,

¢ (11, +B) — ¢ (11,) = BTU L, = comin(|| B[, rl|B]) = ea min(|81, 1. /[1B]),  (55)

for c3 = min(cg, crea/||11, ). Let 7 = min(2c3 minge g |14, |, minges U;). We note that xj, =
Ur, — rﬁ. Since 8717, = 0, we have
(11, +8) @r, + 11, + Blr = (11, + B8) U, + (11, + Bl - 151

= 0(1,) + 87U+l (VI+ (B2 - 1)

<¢P(1,)+B'UL + ||12:|| min(|IBI7 11 [118I) < ¢ (11, + B).
In the last inequality, we used Eq. (55). As a result, Theorem C.4 shows that we have
By (xr,,7) € Pr,(U*N{y:Vi¢ Is,y; =U;}). We can also easily check that it contains U.
Hence, this proves (SC1).
We now show that Eq. (54) holds. We proceed independently for each s € [¢]. Fix 8 €
Hs \ {0}. We first show that there is a subset ) C B C I such that

. 18l
min po; — ma P>
icB Bi z'els\XB fiz 2n2

(56)
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Let € = #Hﬁ“ We consider the partition of R into (—o0,0], (ne,00) and n length-e intervals
partitioning [0,ne). To prove Eq. (56) it suffices to show that there is one of these intervals of
length € that does not contain an element of the form 3; for i € I, but has elements below
and above it. Suppose that this is not the case. Then, {8; > 0,7 € I} occupy consecutive
intervals of the partition. Since IITS B = 0, B has both positive and negative entries, this shows
that the consecutive intervals occupied by {f;,7 € Is} must start at [0,¢). There are at most
|Is] — 1 < n — 1 such intervals (one point must belong to (—o0,0)), hence we proved that all
elements from {5; > 0,7 € I} lie consecutively within the n intervals within [0, (n —1)€). Then,
since 11TS,3 =0, we have

So1Bl= D> Bi<I|Ll(n—1)e < n’e

i€ls:6;<0 1€15:3;20

Therefore, we obtain the following contradiction

18I < 18Il < ) 16:] < 2ne = |18

i€l

In the rest of the proof, we fix a subset ) C B C I satisfying Eq. (56). We let v1 := min;cp f3;
and 2 := max;cs\p Bi- By assumption, we have 41 > 72 + ¢. Provided that [|8] < 1/2, we
have |y2| < 1/2. We suppose that this is the case from now. Recall that p is the allocation that
realizes U in the full information setting. We also introduce the notation i for the agent that
effectively receives the allocation (that is, 7 ~ p(u)). Using Eq. (53), we have

oW1y, +B) - ¢ (1) - BU, (57)
=E [(I;g}x(l + B,)ul — (1 + B;)u%ﬂkh) HZZIS:|

Y

E |:<Izré2}§((1 + Biu; — (1 + Bi)uiﬂiels> ILZBSZIS\B:ZS
4

>

—~
=

1+v
T ZB]
1

nE l:((l + ’}/1)ZB - (1 + 72)215\3) RZBSZIS\B:ZS 1+ ZB:|

1+7v9

(@) 1+
(i) ¢

2 o E [ZBRZBSZIS\B:ZS(H-GM)ZB} - (58)

In (i), the additional factor 1/n comes from the fact that if we have a tie Z = Z; \ , there is at
least a probability 1/n that ¢ € I, \ B by definition of p. In (ii) and (iii) we used |y,| < 1/2 so
that (1+71) > (14+v2)(1 +€/2) and 1+ 2 > 1/2. We compute for any n > 0,

E ZB]]'ZBSZIs\B:ZS(l‘H])ZB} = jrer}a\XBE [ZBHZBSZIs\B§(1+77)ZB LJFZIS\B:Z}

= ieBIE(gi\BE [uiﬂuﬂ:zHuje[u@',(1+77)ud] .

By assumption, because G is strongly connected, there exists an outgoing edge from B. This
implies that the right-hand side of the previous equation is 2(n). This proves the condition
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(SC2). Because there are only a finite number of subsets ) C B C I and s € [g], this shows
that there exists cg, ¢4 > 0 such that for all s € [¢] and ) C B C I,

E\Zplzy<z, \p=2<(4n)zp| = 31, 1 € [0, cq.

Together with the previous estimates, this shows that for s € [¢], and any 8 € H; satisfying
18] < min(1/2,c4n®?), we have € < ¢4 hence we can prove Eq. (54) as follows

%) (1 @1, - BTU,; > B2 B g2,

Proving that (SC1)=(SC2). Suppose that we are given U and a radius r > 0 satisfying
(SC1). We use similar notations as before: let p(-) be an allocation function that realizes U and
denote by i ~ p(u) the agent that receives the resource with this allocation. By Theorem C.4,
and using the same arguments as before, for s € [¢] and every B € Hs, we have

o (11, +B) = 0 (11,) + BTUL + vl r ]| (VI (BT ~1).
Using the inequality /1 +x — 2 > (v/2 — 1)z for = € [0,1], this shows that for 3 € H with

181 < 111, o
2 — 1 T )
T

Next fix any ) C B C I;. We consider the value B = (nliep — 7'Licr,\B)icz, Where n > 0
and we posed 7' := n|B|/|I; \ B|, so that 1] 8 = 0. For sufficiently small > 0, we have
18Il = n+v/2|B| < |[11,]]. Then,

oW1, +8) - ¢W1,)-BTUL, >

oW1 +8)— ¢ (1) -BU=E [(max(l + Bi)u; — (1 + 5{)u%liefs> ]lZZIs:|

1€ls

<E | (max(1+0)Z5, (1~ ) Z138) = (040 Z8Yicp — (L= 1) 213 pYicr5) Vz-2,,

1—n/

< E |:((1 + n)ZB - (1 - n/)ZIS\B) HZBSZIS\B:ZS 147 ZB:|

<(n+1)E [ZBRZBSZIS\B=Z§ 1137/ ZB:| )
For n > 0 sufficiently small, we have 117 <142 n+mn'). Therefore, for ¢ > 0 sufficiently small,
1—-n y
taking n > such that ( = n + 7/, we obtained
(V2 -1)r|B]
E {ZB]IZ <Z; \p=2<(1+20)Z ] > C.
PRI = Sl (L + 1B/ \ BI)?
This proves (SC2). [

We now prove Theorem 5.4 which gives simpler conditions for reaching the fast rates O(1—7).
Proof of Theorem 5.4 We show that condition (SC3) from Theorem 5.3 is satisfied. For any
i €1, let j € I be the corresponding index satisfying the assumption for i. In the first case, we
obtain directly

P(ul =u; = Z = mz) > JP’(uZ = m,)]P)(u] = m,) H }P’(uk < mz) > 0.
ke{i.j}
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Hence m; > 0 implies ¢ — j and 7 — ¢. In the second case, let f; be the lower bound on
the density of the absolutely-continuous part of w; and u; on [a;,b;]. Since a; > m, we have
P(Z < a;) > 0. This shows that for all k € [n], P(ur < a;) > 0. Then,

E ui]]-uj'zz]]-uj'e[ui,(l+r])ui]:| > a;,P(Vk ¢ {i, 5} up < a;)P(a; < uy < uj < uy+na;)

>a; [[ Plur < ai)- f2(0i — ai — nai)na; = Qn).
k¢{i.j}

This shows that ¢+ — j. The same arguments also show that j — i.

In summary, G contains a subgraph G’ in which ¢ — j implies j — ¢ and such that every
node has an outgoing edge. We then use the partition of I given by the connected components
of G’, that all have at least 2 elements and are strongly connected. Hence (SC3) is satisfied. B

D.4 General rates for arbitrary utility distributions

Theorems B.2 and 3.1, and Theorems C.3 and 4.1 can be used more generally to prove any
convergence rates between /1 — 7 and 1 — +, as characterized in Theorem 5.8. Before doing so,
we introduce an additional notation. Fix a partition I = I U Iy U--- U I, with |Ig| > 2 for all
s € [g], which we denote P. In the main text, we introduced the quantity f(n;P) to quantify
the central planner’s ability to meet future promises using the partition P to group agents. For
technical purposes, we introduce another related quantity as follows:

S P) = grél[llﬁ OCr%ig[S E ZBILZBSZIS\B=ZS(1+77)ZB

These functions are identical up to constant factors as checked below.

Lemma D.5. Fiz a partition I =1, U...U I, with |I;| > 2 for all s € [q], which we denote P.
For any n > 0, we have

ST P) < FP) < s P).

Proof Fix n >0 and s € [¢]. Using the min-cut/max-flow duality theorem, we have

min (max flow from ¢ to j on H,;.) = min min ikl
ijel, ( J 1) i£jel, {iyCBCL\ {5} kEB% \Bf(n )
= min Y flpij).

0CBCIs | -
i€B,jel\B

We next note that for any 0 C B C I, we have

E[ZBIIZBSZIS\B=ZS(1+77>ZB}ZE[ max uﬂlui:ZB]luj=z]luje[ui,(1+n)ui1]-

i€B, jel.\B
Therefore,
1 . .
= D [fig) < e fOpd ) < B [ZBllngz,s\B:zg(Hn)zB]
i€B, jel\B A

< DY fmi < D> fnig).

i€B, jeI\B i€B, jEI\B
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Taking the minimum over all s € [¢] and @ C B C I then gives the desired result. [

We are now ready to prove the complete characterization from Theorem 5.8
Proof of Theorem 5.8 We prove the upper and lower bound separately.

Proof of the first claim. Fix a partition P of [ = Jy U Jy - --U.J; with |Jo| > 2 for s € [g].
As a first step, we construct a new partition I = I1 LIz - - -1, which we denote P by merging
together parts Js and Jy satisfying P(Z;, = Z;, = Z > 0) > 0. This is the same procedure
as within the proof of (SC3) = (SC2) for Theorem D.4. This proof then shows that the
resulting partition P satisfies Eq. (30). Further, if two parts Js; and Jy are merged, there exists
Js € Js and jy € Jg such that P(uj, = u;, = Z > 0) > 0. In particular, f(n; js, js) = (1) as
7 — 0: in words, there is a link between the two merged parts with capacity is independent of
7 in H. Since there are finitely-many merged parts, this implies that there is a constant ¢ > 0
(dependent only on the graph #H) such that for all n > 0,

FmP) = ¢ f(n; P). (59)

We may now focus on the partition P only. We will later use Eq. (59) to translate the
obtained guarantee to f(n; 75) Precisely, we aim to apply Theorem B.2 with the partition P,
which now satisfies Eq. (30). We follow similar arguments as in the proof of Theorem 5.3. In
particular, we define the function ¢(®) : Rls — R as in Eq. (53). We consider the allocation
function p(u) that allocates uniformly on arg max;cp, u; and let U be the utility vector realized
by p.

We next introduce the parameters used. Let

Cy := 16n20> (1 + e[y B{u] )2 (60)
' minge (g ier, (Elwi|P(Z1, = Z > 0) — Uj;)
and ro = minepy ser, (Blwi|P(Z1, = Z > 0)—U;) /2. Next, for convenience, we pose ¢g = 155 and
d = 8n2 Let C, :=¢ \/%, Cy = 4cod Gy, and C5 = /2 = QCQ Last, we pose fo = f(c'/2;P).
We define
n(y) = inf {1} U {77 € [C’" L=, 190" € 1], f(nsP) = C 1—777/}
min(ro, co fo/4) ’ e e n

First, if n(vy) =2 555 > 0, by Theorem D.2 we have SWG(y) < C1v/1 — v, for the corresponding

\f
constant C7. Hence ensuring that C' > 2\f01

have n(y) < ‘\’J/ Note that f is right—contlnuous, hence we have f(n';P) > Cyy/1 — nm

all ' € [n(7),1]. In the following, we check that the assumptions of Theorem B.2 are satisﬁed
for v € [1/2,1) with the parameters:

gives the desired result. We now suppose that we

, 0=0Cs yn(y), and == <U (T+2(5)HEI‘S|> :
s i€[n]

Cr

First note that by assumption we have n(d) < so that » > 2. In particular, since

> 2\[
7 = 1/2 the constraint ;% > ¢ from Eq. (13) is satlsﬁed
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We now fix s € [¢] and let Hy := {6 € R : 115 = 0}. From the proof of Theorem D.4 (see
Eq. (58)) for any B € H, with ||3] < 1/2, we have

¢ (1, +B) — oW (11,) = BTUL > n’oE [ZBTLZB<ZI \=2<(1+¢|181) 25 | 1B

> n’eo f (]| B]: P)I1BIl 2 cof (1181 P)IIBI

where in (i) we used Theorem D.5. Because the function 8 — ¢ (1;, +8) — ¢ (1) —B U/,
is convex in v and has value 0 for 8 = 0, this implies that for all 8 € H,,

¢ (11, +B) — 6 (11,) = BT UL, = comin(f (Bl P), fo) - |1BII-
As a result, for any 8 € Hs,
As(B) = (11, +B) — (11, + B) Twr, — (r+ )11, + 8]
2 comin(F(181:P), £)IB] - <r+ )11z, + Bl = 11,1l + 611

(i)
> comin(f(c||B[;P), f:)IBI — ||1 || —min(|811%, 112 1I81) + 611z,

In (i) we used ¢(®)(17,) = 1};U18 (see proof of Theorem D.4), 1};,8 = 0, and the previous
inequality. In (i) we used r > 2§ and 11TS B = 0. We now distinguish between three cases. First
suppose that ||B]| < n(y)/c. Then,

4r 4C,
AB) 2 1L = ) = VI=700) (CollLn] = ) 2.

Next suppose that n(y)/d < ||8|| < 1/2. Note that by assumption, we have n(v)/¢ < 1/2.
Therefore, since f(-;P) is non-decreasing we have f(c||3||; P) < fo. Further, since /|| 8] > n(y),

we also have f(C[81)) > Cyy/T =3¢ |8]/n(7). Hence,
4C, V1 —
<°’°C'C” o H) -

2
) 181" =0

As(B) = cf(dlIBNIBI -

In the last inequality, we used the definition of C,. Last, for ||3| > 1/2, we obtain As(3) >
(cofo — 47r)[|B||. Now by construction of 7(vy), we have

r=C, L=
n(y)

This therefore shows that for all 8 € Hs we have A5(3) > 0. Finally, we check that the second
constraint from Eq. (13) is satisfied. By construction and because v > 1/2,

< min(ro, cfo/4).

-7
o

1 1
0 =2Cy 7202

Further, since r < rg, we can check that

max; ¢, Elu;] 2
An2p? <1+ : sl ) < Oy
minge (g jer, (Ew]P(Zr, = Z > 0) —a;—1)) — °
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Finally, we have checked that all assumptions to apply Theorem B.2 are satisfied. Therefore,

n 1Is
x + {0}V g ®TH11 i€ U,.
s€[q] °

As a result,

SWG(v) = 17z — 1Tz <26 1] < Cs\/1 — .
() = max 7o~ max 1T < E%Hg!_n¢n5 ()

Ensuring that C' > n./nCjsmax (1, m) and up to multiplying C,, by a factor 1/¢, the
previous equation together with Eq. (59) this implies the desired result. Note that the term
C(1 — ~) takes care of the case when n(y) = m\/l — 7.

Proof of the second claim. For i € I, we define the functions g;r and g;” on Ry via
gz'—i_(n) =K [ui]luiSZ—iS(l'Hl)ui] and gi_(n) =K [ui:ﬂ'Z—i<uiS(1+n)Z—i:| :

Last, we define g;(n) = g (n) + g; (). Let &, = min{1} U{Efu;ly,—z_,]/2:i € [,P(u; = Z_; >
0) > 0} > 0. Ensuring ¢, < ¢, implies that for any i € I such that P(u; = Z_; > 0) > 0, we
have (for any 79 > 0)

sup {0} U{n € [0,m0] : gi(n) < epy/1 —~} <sup{0}U{n e [0,m0] : g:(n) <&} =0.

Hence, the desired inequality is trivial in that case. In the rest of the proof, we therefore focus
on an index i € I with P(u; = Z_; > 0) = 0. In particular, we necessarily have i € I. We now
introduce the function

¢(y) = Hé%l)i yT(xia 1;rzm—2) =E [maX (ylula y—ZZ—Z)] ) RS R2 \ {0}

We fix d := (1,1) and f := (1,—1) so that d' f = 0. Let U be an optimal vector and let
p(+) be an optimal allocation that realizes U. In the 2-agent game it induces the utility vector
V = (U;,1_;U_;). We denote 7 ~ p(u) the agent that receives the allocation. Then, for any
1 > 0, using the fact that ¢(d) = d"V and the same arguments as in the proof of Theorem D.4,
we have

o(d+nf) = ¢(d) —nf'V =E [max (L4 n)ui, (L =n)Z-i) = (L +n)uil;; — (1~ n)Z—iﬂm]
=E[((t+mui = (1L =0)2-) Ll

= [((1 +nui — (L —=n)Z-;) ]lu¢<27¢§}f—7]ui} .

—~
.
~

In (i) we used the fact that P(u; = Z > 0) = 0 hence almost surely, p only allocates to i if
u; > Z_; or if u; = Z_; = 0 in which case u; = 0 and the contribution is null. For n > 0
sufficiently small (independently of ), we have }J_F—Z <1+ 3n. Then,

o(d+nf) — o(d) —nfV < 2E [uily,cz ,<(1tanu) = 209, (3n).
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In the last inequality we used the fact that P(u; = Z_; > 0) = 0. Similarly, for n < 0, with |7|
sufficiently small, we have

p(d+nf) —¢(d) —nfV =E[((1-n)Z- — (1 +n)u) L Lamyu<(-m 2]
SE[(1 =7 = () 1y ycray |
< 2| E [uilz_,<u<+amz_.] = 2Inlg; (3[n]).
We next introduce c1, ca > 0 the constants guaranteed from Theorem C.3. We now pose ¢, =

min (én, \%372), ¢ = 34/3cg, and fix 0 < 7y < min(l, 20724/(302),01/(& + 9%)) sufficiently

small such that all the previous estimates hold for |n| < ng. Now let v € [9/10, 1) and define

Hi(y) = sup {0} U {n € [0,m0] : gi(m) = g7 (n) + g (n) < eq/T— 7}

If ni(y) = 0, we always have SWG(y) > ¢y/1 — - n;(v) for any choice of constants. Suppose that
is not the case and fix \;(7y) € (0,7}(v)). By construction, since g; and g; are non-decreasing,

we have g;(Ai(7)) < ¢;v/1 — . We then pose

A ks GRS I wr —V_ a
r.—crw, &= %, 1—vXi(y), and x:=V (T+§)Hd||

For convenience, we introduce the function

U(y) = max y'z=y z+r|yll
z€B(x,r)

We then compute for any 7,
9(d -+ nf) — old) — nf TV = r(ld+nf | - ldl) — €] = rld] (VI ~1) ~€ld]

In the first equality, we used the fact that U is optimal, hence d'V = ¢(d). Next, using
1+z/2>+/1+x>1+2/3 for all x € [0, 1], we obtain that for n with |n| <1,

1 1
g?”l\dlln2 —&ld| < w(d+nf) - o(d) —nfTV < 57“||al|!772 —&lld].
Putting this with the previous equations, for any 1 with |n| < ny, we obtained
lial
3

o(d+ nf) — v(d+nf) < | <2gi<3|n|> - |nrr) T elld.

In particular, for n € {+X\;(v)/3)}, we have
A

o+ np) - wid-+nf) < 0 (20,17 - WIS ) 4 2 a7
D \VT= <2§" - fzygn) 2 a2 <o,

In (i) we used the definition of ¢, and in (ii) we used the definition of ¢, and ||d|| = v2. As a
result,  + r% ¢ {(u;, 1T,u_;),u € U*} for n € {+X;(7)/3}. We can then define C’ as the
union of all connected components of U* \ B°(x, r;i) that are included within

d Ai

—~
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Note that for || sufficiently small, we have

d’ (:u +7~d+”f) — max 1z — ¢|d| —rlld] [ 1- ——— ]
ld+nfll) zeur V1+ 12

Now by construction of ng, for |n| = A;(7)3, since A\;(y) < n:(y) < no, we have

1 1 (&) Cp
d d| |1 - ——— | <gld|| + =r||d||n* < ==||d||\; LN () < eq.
gl + |l ||< m) <l ||+2r|| Im _QCTII l (v)+18ll [Ai(7) < a1

This proves that ¢’ C {w:1Tu > maxzey- 17
v >9/10,

1;77 = %{ > 2¢. Since
0
,
C' C

That is, § < r. We next prove C' C B(x,r + 0;4). To do so, it suffices to check that

M) M

o+ nf) < (@) e+ (ol afl, ne |- A

Using the previous computations, for any 7 such that |n| < A;(7)/3, we have

o(d+nf)—(d+nf) z— (r+0)|d+nfl
1
< 2|?7|9¢(3!77|) - 5(7“ + 5)||d!|772 — (6 =94
() 2077

\/ —¢ld]| < 0,

where in (i) we used [n| < A;(7)/3 and § > 2¢, and in (ii) we used the definition of ¢, and
. This proves C' C B(x,r + §;i). We have now checked all the assumptions for Theorem C.3

which implies
1
U, N (C’mB" (w r+—1s, z)) = 0.
Y

Next, note that by construction, U € C and (U,
mblT.U_;))=x+ (r+ §)ﬁ. Hence, by Theorem C.3,

1 1-—
max1Ty < d'z < Lo ) ] = max 1Ty (5 _ ”5) I
YU~ Y yeur Y

Hence, for 1 —~ < 1/10, we obtain

d
SWG(y )—mle y— maXlTy> il = CQH ”\ﬁ/\
yeu*

Because this holds for all A\;(y) € (0,7}(~)), this also holds for n;(y).
In summary, we proved that for each ¢ € I, there exists constants c¢,(i),n0(%),c(i) > 0
depending only on the utility distributions such that for 1 —~ < 1/10,

SWG(y) > ¢(i)y/1 —v-sup {0} U{n € [0,n0(9)] : gi(n) < cy(i)/1— 7}
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We take c¢;), ng, ¢ to be the minimum of these quantities for all 7 € I, which shows that the above
equation holds by replacing g; with min;es g;, and ¢,(¢),n0(2), c(é) with ¢y, no,c. The last step
of the proof is to relate the functions g and min;ez g;. For a given n € [0, n], there is i € I such
that

g = D flmind)+ f(;4,9)
Jel\{i}
> E[wilz =21z cu,4nu]] + E[Z-ilu=2Luez_ 14m)7_i])

> gHn) + % ()

> £ mingi(n)

— min g;

1—|—77_2ielgzq7’

where in the last inequality we used 79 < 1/2. Therefore, up to halving the parameter c,, this
proves the desired result. |

We now derive some immediate consequences from Theorem 5.8. First, we prove Theorem 5.5
that gives necessary conditions for having rates O(1 — ).

Proof or Theorem 5.5 If g(n) =, o(n), then sup {0} U {n € [0,n0] : g(n) < cy/T—7} =
n—
w(y/1 =), which gives the desired lower bound w(1 — =) on the convergence rate. |

Next, we can prove the 2-agent scenario characterization from Theorem 5.6.
Proof of Theorem 5.6 Since I = {1,2} and f(n;1,2), f(n;2,1) = ©O(nP), we have g(n) =
©(nP). Also, using the partition P = {{1,2}} which groups all agents together we also obtain
f(n;P) = ©(nP), where p > 1. A direct computation then shows that Theorem 5.8 implies

SWG(n) =O((1 - ’Y)(H%)/z) as desired. -

Next, we prove Theorem 7.1.
Proof of Theorem 7.1 We use Theorem 5.8. Suppose that we have density upper bounds.

From the distributional assumptions, for any i,j € I we have f(n;1,j) = O(n). Hence, we
n—

also have g(n) =, O(n). This implies that g(n) =, O(n). Hence sup{n € [0,nm0] : g(n) <
n— n—

env/T =7} =Q(V/1T—7) as v — 1 and Theorem 5.8 provides the desired first claim. The second
claim is taken directly from Theorem 5.4. |

D.5 Remaining proofs for discrete distributions

In this section, we give the remaining proof of Theorem 7.3 from Section 7. The tools developed
until now already imply the following.

Corollary D.6. Suppose that all Dy, ..., Dy, are discrete and that Uy does not already contain
an optimal vector (see Theorem 2.4 for a characterization). If there exists i € I such that for all

Jj#1i, Plus=u; =2 >0)=0, then SWG(vy) = O(y/1 — 7). Otherwise, SWG(y) = O(1 — 7).

Proof We let m := max;¢|, min(Supp(D;)) be the minimum of the support of Z. We start
with the first case. The assumption implies that for some i € I, P(u; = Z_; > 0) = 0. As a
result, there exists n; > 0 such that

]P’(ui >0,7_; € [uz/(l + ?71), (1 + nl)ui]) =0.
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This implies that for all n € [0,7;], we have g;(n) = 0. Then, Theorem 5.8 implies

SWG(y) > ¢y/1 — ymin(ng, n1).

The other inequality is already guaranteed by Theorem D.2, which ends the first claim.
We now consider the second alternative. In this case, the first bullet point from Theorem 5.4
is satisfied for all ¢ € I. This implies the second claim of the corollary. |

We now use a gluing method to improve the convergence rate in the second case of Theo-
rem D.6. In this case, the frontier of U* at optimal points is flat, which will allow to fit local
caps from larger radius balls close to this flat surface. Here, the form of the resulting frontier
can be explicitly constructed, which allows for a simpler analysis. The intuition is however the
same as that from the gluing approach described in Section 7 and gives the same convergence
rates up to constants (potentially in exponents). The proof of Theorem 7.4 is detailed below.
In particular, it implies the second claim of Theorem 7.3.

Proof of Theorem 7.4 Suppose that the distributions satisfy the assumptions that for all
i € I, there exists j # i with P(u; = u; = Z > 0) > 0. We denote the set of optimal utility
vectors by
U*(1) = {a: €U 1Tz = max 1Ty} .
yeu*

We next construct the (undirected) graph G on I such that for any i # j € I, i is connected to
j if and only if P(u; = u; = Z > 0) > 0. By assumption, for all ¢ € I there exists j # i such
that P(u; = u; = Z > 0) > 0. In particular, this implies j € I. This shows that G does not have
any isolated node. We then consider the partition I = I; U ... U I; by connected components
of G. Since there is no isolated node, we have |I5] > 2 for all s € [¢]. By construction, since
two components are not connected, Eq. (30) is satisfied. Following the same arguments as in
Theorem B.2, it suffices to focus on each set I independently for all s € [¢]. Precisely, we focus
on the game where only agents I; are present but the central planner cannot allocate on the
event & := {Z_5, > Zr,}. Suppose we showed that the region Ry C ]Rfj is achievable in this
setting for all s € [g], then the proof of Theorem 4.1 implies that for any optimal vector U, the
region

R = U[n]\[ ® ® Rs (61)

s€[q]

is achievable in the original setting with [n] agents: R C U,.

We therefore focus on a single connected component I for s € [n] from now. We fix any
optimal vector U and let Hy = {y : Vi ¢ I,,y; = U;}. For any & € R’s and r > 0, we also
denote By, (x,r) the corresponding ball on the space Rs. We first show that 4*(1) N H, has
(full) dimension |I5| — 1. Note that since I is connected, there exist values m; > ... > mgp >0
such that letting

Jy={iely:Pluy=my=2) >0}, telT],
we have (1) [J;| > 2fort € [T] and (2) no set .J; is disjoint from the others, that is JiNUy 4, Jv # 0

for all ¢ € [T]. We now define the event F; = {Vi € J;, u; = my = Z}. By construction, P(F;) > 0

and all events F1,...,Fr are disjoint. On each event F;, an optimal allocation can choose to
allocate to any agent in J;. Let p(?)(-) an optimal allocation such that E[uipgo) (u)] = U; for all
i ¢ I and that for any t € [T, allocates uniformly among agents J; on the event F;. Denote
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U© the utility vector realized by p(®). The previous arguments imply

1 *
S=U"+ > P(F) { (mt (Qi - |Jt|> LeJt> e’ AJt} cu(1),
} en

te(T

where the sum between sets are Minkowski sums. Here each sum corresponds to the freedom
that an optimal allocation has on the event F; to use any allocation within Aj,. From the
assumptions (1) and (2) on the sets Ji, ..., Jp, with 7o = minyep P(F;)my/n, we have

U + {(yiﬂiels)ie[n] ,Y € B[S(O,’FO), ]_}rsy - 0} C u*(l) NH,. (62)

We recall that for any * € U*, any 0 < y < x satisfies y € U*. This also holds in the
setting where only agents I, are present and there is no allocation on the event £. We denote
by UZ the corresponding achievable region. In the proof of Theorem B.2, we showed (Eq. (35))
that U = P, (U* N*Hs), where Py, : R* — RIs is the projection on the I, coordinates. For

convenience, we also write U := Ug). As a result, from Eq. (62) we can check that with
ro = To/(8]|1]]), for any z € By (Us,r9) N{y : IITS(y —U,)=0}:= 5,
115 * *
B[S Z—'I“()m,'l“() QP[S(U ﬂ’Hs):Z/IS
Is

Note that for all i € I, we have E[w;|P(Z;, = Z > 0) — (2 — 7‘0”1%”)1- — 1o > P(F)me(1 —
1/]J¢|) — 2rg — 9 > 8rg — 3rg > 2rg, where ¢ is such that ¢ € J;. Then, with

max;e|p] E[uz] + 70 2
To

C = 4n%v? (1 +

and § = 401;—07, provided that 6 < rp/2 then Eq. (13) is satisfied with » = ry — ¢ and ¢:

B T o i oL it

11— 2 70 yr

Here, we used v > 1/2 and r9 — § > 19/2. Let C; := 5nv. The inequality 6 < r9/4 holds
2

whenever v > 1 := max(1 — min(g5, (ﬁf7 1), 1/2). Then, for v € [y1,1), the proof of

Theorem B.2 shows that

1
BIs <Z —To H]-Is H ,To — 6) g US7’Y’ (63)
Is

where U,  is the achievable region for the setting with only agents I; and in which the central

planner cannot allocate on the event &, with discount factor v. We define the following function
JR—=R,

. cosh(\j%) 7o cosh(\;%)’ T

where ¢y = min (ﬁ, 1). We then pose 79 = max(yy,1 — min(rgc?, (célc)Q)) and consider

v € [v0,1). We focus on the following region

RS:{yERls:Ogygz—f(r) ,||z—U15||:T,z€SS}

[0A|
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and now construct an allocation and promised utility function on Rs. For any z € S, we denote
by p(-; z) an allocation that realizes z in the full information setting (within the game when
only agents I, are present). We start by specifying the strategy on the boundary points of R.
For z € S5, let r = ||z — Ug|| and U = z — f(r)1,/||11.||. We pose

1y,
1z,

Note that a(U) was selected (up to the sign) as the normal to the frontier manifold M, :=
{z/ — f(I|Z' = Us|)11,/I11.]l,2" € Ss}. We then extend the definition of the allocation and
promised utility functions to all U € R, as follows. Let V' € M such that 0 < U < V. We let

Ui Ui ,

pi(- |U) = =pi(-| V) and W;(-|U):==W;(-|V), i€l

Vi Vi
with the convention 0/0 = 0 when U; = V; = 0. To prove that Ry C U, it suffices to show that
for all U € Ry and v € [0, 9],

z—U,

p(-|U):=p(;2) and oa(U):= m

fi(r)

1
W |U)eRsU U {y:OSySameBIS <Z—To”1fH,T0—5>}, (64)
z€Ss s

and Eq. (7) is satisfied for all U € Rs. Here, we used Eq. (63) that already guarantees that
the second term in the right-hand side of Eq. (64) is contained within U,. By the linearity of
the definitions of the allocation and promised utility function, it suffices to check that for all
boundary utility vectors U € Mg, Eq. (7) is satisfied (this is guaranteed by Eq. (11)) and to
check that the following holds:

1
W('U’U)GRSU U B[s (ZTOH]_j:SHaTO(S)a UEMSv’UE [O’Q_}]Isv (65)
2z€Ss s

Fix such a vector U € M, and write U = z — f(r)ﬁ where r = ||z — Ug||. By the
promise-keeping equality Eq. (2) (which is a consequence of the construction),

- 1

W= EIW (u | U)] = U = =1 () 1L, (66)

[FAln

By construction, we also have a(U)" (W (v | U) — W) = 0 for v € [0,9]%. Last, the proof of
Theorem 3.1 (Eq. (28)) shows that

Ay (U)
Ay (U)

_ 1—
W v)-wi< o (2n+ )  weoal,

where «;, (U) and «;, (U) are the first and second largest components in absolute value of a(U).
Note that from v > ~; and the definition of ~1, we have

= ¢ d  |sinh(csr//T—7)] < 1 .
VI=5 coshierro/vT=2) = 2[1]

As a result, this shows that for all i € I; we have «;(U)||11,| € [1/2,3/2]. Therefore, we
obtained

1,
11zl

o

=17

-~

W |U) - W] < o(2n +3||1])) < 201(1 =), v e [0,0)". (67)
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Now let d(v) := leli_ (W |U)-U,)| - ||P11L (W —Uy,)||, where Py, denotes the projection

onto the orthogonal space to 1;,R. Because a(U)" (W (v | U) — W) = 0, we can write

(—=11,)
17, ]]

z—Ujg
|z = Us||

W |U)—-W =d(v) +d(v)f'(r) + Wy (v),

where W(v) € Span(1;,,z — U,)*. Using Eq. (66) we have
-1/ 1-y, —14
(W(v |U)-Us) = f(r) + f(r) + (W |U)-W)
1z, v AL

=ﬂﬂ+f@f;7+d@MW1

Using Taylor expansion’s theorem, there exists 7 € [min(r, r + d(v)), max(r,r + d(v))] such that

1T o "
F 0 s M w0y U — i+ d(e) = £ LD gy

y 115, ]] Y 2
2 ~
(4) Cff(”
= fr)(1—7) - 20— V)d(v)2

(i0)
> (1—7) (f(r) —2c¢3CF £ (7))

D4 (s A )

In (i) we used the definition the fact that cosh”(x) = cosh(z) and in (i) we used |d(v)| <
|[W (v | U) — W| together with Eq. (67). Last, in (iii) we used the definition of ¢; together
with the fact that f(7) < f(r + |d(v)|). Now note that

crld(v)l
F(r+ ld@)]) < F(r)e V7 < f(r)eX VI < 2f(r). (68)

In summary, since v > 1/2, we showed that

T

Fr+d(w) < A (W0 | U) = U) < -+ d(w) + 27(1)(1 - ) (69)

First suppose that |r+d(v)| < ro. We let z(v) := Us+Pyr (W(v |U)—-Uy) € Ss. The previous

equation implies that W (v | U) < z(v) — f(||z(v) — USH)”}—zH Also, 2f(r)(1 —7) < f(ro) = 0,
hence, we also obtain 0 < W(wv | U). Together with the previous inequalities, this gives
W |U) € Rs.

We now treat the remaining case when |r + d(v)| > 9. We first show d(v) > 0. Otherwise,
we have 2C1(1 — v) > d(v) > ro, which is absurd since v > ;. For this boundary case, we let

Py (W(v|U)-Us)

Is

[Py W0 [0)~ U]

z(v):=Us+rg

and aim to show that
W (v,U) € By, <z(v) - roﬁu, ro — 5> . (70)

I,
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Note that f(ro) = & and by Eq. (69) there exists f € [0,2f(r0)(1 — )] C [0, f(ro)] such that

2
= (r+d(v) —ro)* + (f(r + d(v)) + f — o)’

= v — | z(v)—r 1
i) = HW( 0= (=0 -ropZy)
<+ ) = 10)* + (10 = f(r + d(0)))’
= (ro = 8)* + (r +d(v) = 10)* = (2r0 + f(ro) = f(r + d(v)))(f(r + d(v)) = f(ro))
< (0= 82 4 (1 d(w) = 1) = ol + d(w) ~ £(r0)).
In (7) we used Eq. (68) to have § = f(ro) < f(r+d(v)) < 2f(r) < 26 which implies in particular
ro— f(r+dw))—f >rg—36 > ry/4 since § < rg/4, and in (ii) we again used f(r +d(v)) < 20
and 19 > 6. Now because f is convex, we have f(r+d(v))— f(ro) > f'(ro)(r+d(v)—ro). Further,

by definition of v > ~q, we have % > 1. As a result, we obtain f’(rg) > \/C% . Z%Z > 2\;%.

—~
=

Altogether, this implies

R(’U) - (TO — 5)2 < (T‘ + d(’U) - 7”0)(7“ + d(’U) — Ty — T'Uf/(To))
i (id)
< (7" + d(’l)) - 1"0)(201(1 - ’7) - QCfC\/ 1-— ’}/) <0
where in (i) we used r + d(v) —ro < d(v) < 2C1(1 — ) and in (i) we used the definition of .
This ends the proof of Eq. (70).

In both cases, we proved that Eq. (65) holds. Therefore, we have R, C Us . This holds for
all s € [g], hence the tensored region R defined in Eq. (61) is achievable in the original setting
with [n] agents: R C Uy. In particular, with Uy := U\ 1 @ Qg <US - f(())ﬁ), we obtain

—~
=

SWG(7) = max 1 z—max1 2 < f(0) > [11,] < dnf1l(1=7) _ ((1 ) e*Cfro/m> |

xel* xzeld Ccfrro
v seld] ro cosh 1_7>

which ends the proof of the theorem. |

E Extension to the finite-horizon setting

In this section, we show how the techniques developed in previous sections for the y-discounted
infinite-horizon setting can be used for the finite-horizon setting.

We start by proving the following finite-horizon counterpart to Fact 2.2 and 2.3 which allows
to use the promised utility framework for the finite-T" horizon setting also.

Fact E.1. Fix R CU* and T > 2. Then R C Vr if and only if there exists functions p(- | U)
and W (- | U) for allU € R satisfying Eqs. (2) and (4) for v = v(T), and instead of the original
constraint Eq. (3) they satisfy

YU € R,Yv € [0,9]", W(v|U) € Vp_;. (71)
Equivalently, R C Vr if and only if the promised utility function satisfies Eq. (7) where the

interim promised utility was defined via Eq. (6) with v = ~(T), and satisfies Eq. (71).

76



Proof Suppose that Egs. (2) and (4) for v = v(T), and Eq. (71) are satisfied. Then, for any
U € R, we can use the allocation function p(v(1) | U) for the first time ¢t = 1 and reports
v(1), then realize the utility vector W (v(1) | U) since it belongs to the achievable region Vp_q
by Eq. (71). This strategy is incentive-compatible at least for time ¢t = 1 hence from Eq. (2),
it realizes the vector U, that is, U € Vp. On the other hand, if U can be realized, fix an
incentive-compatible strategy to realize U. Let p(- | U) be the allocation function for the first

time ¢t = 1 and define W(v | U) = £E [21@2 U;(t)pi(t) | v(1) = v| the remaining utility for
times in [2,T]. We can easily check that these satisfy all the desired equations.
The second claim can be proved with the same arguments as in the proof of Fact 2.3. W

We next prove Theorem 6.1 which shows that for T > 2, we have Vp C U, ), where
~yT)=1-1/T.
Proof of Theorem 6.1 For t > 2, we let p(- | U) and W®(. | U) be allocation and
promised utility functions for U € V; satisfying Eqs. (2) and (4) for v(¢) and Eq. (71) for ¢.

For " = 1, we have directly V1 = Uy = U,1). For T" > 2, note that p™) and w @)
already satisfy almost all the equations to show that the region Vr belongs to U, (7). The only
difference is in Eq. (71) which implies that the promised utilities stay in Vpr_;. Precisely, to
show Vpr C Uy it suffices to show that Vyr_; C Vp. This is also immediate if T" = 2 since
Vi =Uy C Vy for all t > 1. We now suppose that T > 3 and that we showed Vp_o C Vp_1.

We introduce an allocation function and promised utility function on Vp_q via

T—-2

1
p(|U):=p"V(|U) and W(|U):=—WT V(| U)+ U UeVr.

We now check that this is a valid allocation strategy. Indeed, with U € Vp_q, for all i € [n],

(1 =~y(T))E[uipi(w)] + (T)E[W (u | U)]
Uu T-1 _
= =+ (=@ = DERp!" " ) + 5T = VEW T D (u | U)]) = U.
Hence Eq. (2) holds. Here, in the last inequality we used the fact that p(™=1) and w(T-1)
satusfy Eq. (2) for v = y(T — 1). Similarly, for any i € [n] and u,v € [0, 7],

(1 =A(T))uPi(v | U) + W( )Wiv | U)
Ui T- (T-1) (T-1)
= 2 T (AT PV | U)o - 1)),
hence the incentive-compatibility Eq. (4) also holds from that of p(T=1 and w1 Last, for
any u € [0,7]", we have W(T_l)(v | U) € Vr—9 C V1 and U € Vp_;. Because Vp_q is
convex, this implies W (v | U) € Vp_q. That is, Eq. (71) also holds, which ends the inductive
proof that Vy_1 C Vp. This proves the desired result. |

As a consequence of Theorem 6.1, all techniques developed earlier to give upper bounds on
U1y also apply to Vr. We next show the simple universal 1/7" lower bound for the finite-horizon
setting.

Proof of Theorem 6.2 Let U € Vr and consider an allocation strategy that realizes U. For
any t € [T], we recall the notation p(t) € A, and wu(t) for the allocation distribution and the
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agent utilities respectively at time ¢. The main remark is that the suboptimality of U is at least
that of the first allocation p(1) and this corresponds to an allocation from V;:

1
T Trr _ T T, )
;Iéfza:’)i l'z—1'U=E T teZ[T] ;HE%I)E 1 z-1 (pz(t)uz(t))ie[n}

1 @ 1
> TE [gé%{)i ]_Tgc — 1T(pi(1)ui(1))ie[n}:| > T <;ne%{)§ 1Tx — ;ne%{)é 1Tgc> .
In (i) we used the fact that (E[p;(1)ui(1)])icpn) € Vi = Up. By assumption, the term in the
bracket in the last inequality is nonzero, otherwise Uy would contain an optimal vector. |

We next turn to the lower bound tools on U, and show that they still hold in the finite-
horizon T setting up to logarithmic factors. We start by showing that Theorem 3.1 still holds
with a variant of the mechanism PUM. The proof proceeds by giving a trajectory of achievable
regions for all times in ¢ € [T, illustrated in Fig. 8: one can approximate balls within U* by
constructing balls within V; converging to the original ball as ¢ € [T] grows. The corresponding
mechanism FH-PUM (Finite-Horizon Promised Utility Mechanism) is described formally within
the following proof and summarized in Algorithm 2.

Proof of Theorem 6.3 Let « and r,§ > 0 satisfying the requirements. The assumptions
imply that 0 < x; < Efu,] for all 7 € [n]. Now let ro := min;¢[, E[u;]/(6n) and let 20 = 3r)1.
We can note that

B('"),3r9) C [0,6r]" € {y: 0 <y < (E[ui]/n)ici} < Uo.

Also, up to renaming the constant r¢ to r9/2, the assumption gives r + 0 < 2r < ry. We next
maX;e[n] E[ul] )2

introduce the constant ¢y := (1 + o

Step 1. We start with the case in which the assumption that Eq. (13) holds with the same
constant C' := ¢gC where C' is the same constant as in the original statement of Theorem 3.1,
and we have 0 <7 < ry/2. We will later see that from there we can easily extend to the general
case.

We define the set 7 = {t €{2,....,T},r> \/W =4/ tél} Note that by hypothesis,

we have 2r > r+6 > r + C’IW_(WT()F‘:) > 2 % Thus, T € T. Because 1;(7“;()“ is decreasing

in t, there exists T € [T] such that 7 = {T1,T1 +1,...,T}. We next let

C(1—~(t
To =max( t € [T],2 wzro ;
(1)
which is well defined since (1) = 0 and hence the set always contains time ¢ = 1. We note that
for T, we have

C(1—~(T1))
(1)

Therefore, Ty < 11 (by construction 77 > 2). We now specify our allocation mechanism.

2 < 2r <7y,
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N

w

10

11

12

13

14

15

16

Input: Ball B(x,r), margin 6 with B(x,r +4§) C U*, target utility Uy € B(x,r), horizon T

_ minicju Blui]

Initialization: rg : z(© = 371, 6= ,Z2=x+ 5”U 2]’ constant
C =41+ m’ei’g][u’]) C where C is defined as in Theorem 3.1.
Let U < Uy, Ty = max{t € [T] : 2\/:&—21 > 7o}, and (o) = 2(0)
fort=Ty+1,...,7T do
if r < él then Define r; = §; := \/g ;
else Define r; := r and J; := max( (té 1),5) ;
Define y® := z + %@{fgf)(mw) z) and 2®) = (1 — Hyat-D 4 Ly®
Main mechanism: for t =7,7T — ,1do
if U € UNT then Observe new reports v = (Vi)ie[n) and select allocation (gt ])Ze[n] ;
else
Decompose U = s ® (Zie[n] qiE[w;)e; + qo(:c(t) + Tty)> where ¢ > 0,>"7" ¢ < 1,
yES,—1, s€[0,1]".
Fix an allocation function p(-) realizing utility y*) + (r; 4+ &;)y for full-information
case
Compute interim functions Py(-) := Eq,_, [#s(-, w_;)] and W;(-) according to Eq. (6)
for i € [n]
Observe new reports v = (v;);c[n) and select allocation s ©® (Zie[n] qie; + qof)(v))
Define W using Eq. (11) for vy =1 — 1, a = —ry, and Z; = W;(v;) for i € [n]
Update U + s ® (Zie[n] qiE[uile; + qOW)
if U¢UN and U ¢ Ry_1 as defined in Eq. (73) then Mechanism fails. break;

Algorithm 2: Promised Utility Mechanism FH-PUM(x,r,d) for the T-horizon setting

Definition of the allocation strategy. We use a trivial allocation for times in [Tp]: we will
only use the fact that B(x®, 3ry) C Uy C Vg, For times in (T, T], we let

\/ 17 91 tE{TO,.‘.,Tl—l}

tE{Tl,...,T}.

To prove the desired result, we inductively prove that B(z®,r;) C V; for appropriately chosen
parameters (. Precisely, we first introduce the parameter

5 Tt tE{T()—‘rl,...,Tl—l}
b max(é'lv_(;;(ri)ﬁ) te{T,..., T}

We pose z*) := 2(0) for all t € [Tp] and for t > Ty we introduce

(#) — T+ 515 — (T + (5) (0) _
I ey G

Note that by construction, ry + §; > r 4 ¢: this is immediate for ¢ € [T7,T] and for t € (Tp, T1)
since t < 17 one has ry + 6 = 2r; > 2r > r + §. We then construct the sequence of vectors z®
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via
20 = A + (1 -1, te{Th+1,...,T} (72)
To prove that B(x®,r;) C V;, we construct an allocation mechanism on the region
Ri={y:0<y<zze ConvUN Bx, r)}. (73)
Next, by construction, note that

rt—i—ét—(r—i—d)
2T0—(7“+(5)

2rg — (¢ + 6t)

B(yW,r +6,) = B(z®, 2rg) + B(z,r +9). (74)

By convexity of U*, since we have B(z("), 2r¢), B(x,7+6) C U* this also implies that B(y®), r,+
d;) CU*. This is precisely the reason behind the definition of y.

We now construct an allocation function p® (- | U') and a promised utility function W (- |
U) for U € R; in a similar fashion to those constructed in the proof of Theorem 3.1. We first

specify the allocation strategy when U is an extreme point of Ry that still belongs to B (ac(t), Tt).
We write U = ) + r,y where y € S,,_; and let

P U)=p(iy" + (n+6)y) and aU)=z" -U=-ry, te(Lp,T], (75)

where p(-; z) refers to an allocation that realizes z in the full information setting (we checked
earlier that we always used an allocation p(+; z) with z € U*). We then extend the definition
of the allocation mechanism to the complete region R; exactly as in the original proof using
Egs. (25) and (26).

Checking that the allocation strategy is valid. We now check that this is a valid allo-
cation. Using the same linearity arguments as in the proof of Theorem 3.1, it suffices to show

that for extreme points U of R; within B(x®,r;), the promised utilities lie in B(x®~Y, r;_;)
to show that for all U € Ry, Eq. (7) is satisfied, and
Yo e0,7]", WO |U) e Ri_1. (76)

Fix such an extreme point U = z® +r;y where y € S,,_1. First, recall that B(y(t), re+0;) C
U*. We now check that Eq. (13) is also satisfied. Note that by construction the sequences ry
and d; are both non-increasing on (7p, T']. This is clear by definition of T} for the sequence (r);.
For ¢;, we only need to check that é7, 1 = r7,-1 > d7,. To do so, we use oy < rpy < rp_q.
By Eq. (74), we have ygt) + 7+ 0 < max(xgo) + 2rg,z; +r + 0). Now by hypothesis Eq. (13)
is satisfied for the parameters «,r,0 and v = «(T'), and the constant C instead of C. Hence,

§>C 1_7(7;) which implies 7 = §. Hence, because d; is non-increasing in ¢, we have §; < § for
all ¢t € [Ty, Th], which implies

) (0)

ygt +ry <max(x; ’ + 2ro, x; + 1) < max(Elu;] — ro, 2 + 1),
where in the last inequality we used the fact that B(z(?), 3rq) C Uy. The previous remarks imply

that

2
- i) Elui ? el Blui
e 604n2®2 (1 L maX;ep] [u ] ) > 2?14 maX;en] [u(t]) )
mine,) (Elui] — 2 — 1) mine ) (Elug] —y;7 — )
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Last, we check that
OIS T )}
1—~(t) V()
where in (i) we used the fact that t > Tp + 1 > 2, hence y(t) > 1/2. Altogether, the previous
arguments show that Eq. (13) is satisfied for the parameters y*), r;, §; and v = ~(t).

Next, compared to the definition of Theorem 3.1, these would be identical if the allocation
was for U’ := y® 4 1y instead of U = &) + ryy. To clarify this comparison, we introduce
the allocation function p/(- | U’) := p(-;U) and denote by W’(- | U’) the promised utility
function resulting from this choice of allocation function and the same direction choice a(U) as
in Eq. (75). Having checked that all conditions apply, the proof of Theorem 3.1 implies that for
all v € [0,7]", W/(v | U’) € B(y™®,r;). Now by definition of the promised utility functions (see
Egs. (6) and (11)), for any v € [0,7]",

U — U, y(t) — aj(t)
WO |U)=W'(v | U+ W' |U)- LT ———.
@ U) =W |U) 4 = =W | U) - P
As a result, using r; < 741, we obtain
x® — y®

w®@ |U)eB <y(t) + ,rt> = Bz Y ) C Bz, r_y).

This ends the proof of Eq. (76) hence R; C V;. As a summary, we obtained the induction: if
B(z®V,r_1) € V1, then B(x® r;) C V; where ) is defined in Eq. (72). We recall that
the initialization at ¢t = Ty is immediate from B(z®),rq) C Uy C V1, -

Putting the recursive construction together. Using the induction formula Eq. (72), we
can check that () = q,2©) + bt(:c(o) —x)+ ¢z for t € [Tp, T| where ag, = 1, b, = ¢, = 0 and

ar = y(t)ar-1
b =1+ (1= ()2 te[Ty+1,...,7 - 1]
ce = (t)ee—1 + (1 — (1)),

Using the convexity inequality In(1 — z) < —z for < 1, we obtain

P Totl
- T+1

T
0<ar=1-—cr= H ’Y(t) <e Z?:TO+1 (77)

t=Tp+1

The recursion for b; requires more work. First, recall that 7 + 6 < ro and r; + & > r + 6.
Therefore, if we define the inductive sequence by, := 0 and

by = (b + (1= () T,

o

we have 0 < b; < l;t for all t € [Ty, T]. Note that the induction can be rewritten as follows,

rotby = ro(t — Dby_y + ¢ + 6 — (1 + 6).
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As a result, letting T = min{t > T7,; = 6}, we obtain

~ T T -1 Tr—1
T’()TbT: Z (Tt+(5t—T— —2 Z Tt — T()—l 7’+5 Z(St TQ—T1)5
t=To+1 t=Top+1 t=T1

@) /= C T, — 2
<4/C(Th—2)+ - (1 +1HT1_1]1T2>T1> )

where in (i) we used r; = /C/(t — 1) for t € (Ty,T1) and 8; = C/((t — 1)r) for t € [T1,T5), and
used sum-integral inequalities. Now by definition of 77 and 73, we have 4/ % > >/ %

and if Ty > Ty, we have § < C ! (}(Qﬁl)l) = r(Tf—2)' As a result, we obtained
0<b <4\/C~'(T1—2)+ C (1+lnz>< C (5+lnf) (78)
== roT rorT 5) = rorT 5/

Step 2. We now consider the original case in which B(xz,r + ) C U*, 6 < r < r¢/2, and
Eq. (18) holds with the constant ¢y = 8¢y + 20¢/ro + 4(To + 1)r9/C. We denote by C the term
in the statement of Theorem 3.1 for parameters & and r. Fix any z € B(«,/2). Then, with
6 = 6/2, we still have B(z,r +0) CU*, and

cC1—~(T)

1—~(T)
2 A(D)r

> 46>
T Y(T)r

> 4¢qC

Note that the constant corresponding to the parameters z,r in the statement of Theorem 3.1 is
at most 4C' (note that ||z—x| < §/2 and since B(x,r+0) C U*, this still leaves a margin at least
/2 to the boundary of U* for B(z,r)). Therefore, the previous step shows that B(z(T),r) C Vr
where

20 = apx® + bp(@® - 2) + crz.

Because this holds for all z € B(x,§/2),we obtained
(0) 0
B | arx"” —brl +crz,r+ 3 CVr. (79)

Now using Egs. (77) and (78), we have

104—1”
xr —
T+ 1

To+1 C(5+1
( ot )TO +CGE+Ing )\fmaxE[uz]
TOTT i€[n]

C’(5 —l—ln COB+1Ing)

lz — 2|

larz® — bl + cpa — x| < 0| +

As a result, recalling the definition of ¢g, we obtain

C(L+Inf) _
T < 5

© —br1 —z| <
HaTac 71 4+ crx :r;|| < 27"(T+1)

Together with Eq. (79) this implies the desired result B(x,r) C Vp. This proves the first claim.
The corresponding mechanism FH-PUM(x, r,§) is summarized in Algorithm 2.
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For the second claim, we simply note that by assumption, we have r > § > T(‘})fl). In

2
particular, 5 < Cg%(T -1)< ;—OCT. Hence, up to modifying the constant cg, the result holds if

we replace the lower bound from Eq. (18) with 0001;?}?) where ¥(T):=1—-(1+InT)/T. N

As a remark, note that when the margin § is of the same order as r within Theorem 6.3,
then the logarithmic term In § is a constant, which essentially means that we can use the same
techniques to prove lower bounds on Vr as for U, () = U;_1 /7, up to worsening constants. This
is significant since from Theorem 6.1, we also have V1 C U, (7): in these cases, characterizing
Vr or U, (r) with our tools is essentially equivalent. On the other hand, as per the second claim
of Theorem 6.3, the extra factor In 5 can be of order InT', which potentially induces additional
logarithmic factors to translate results from the inifinite-horizon setting to the finite-horizon
setting.

Similarly as for Theorem 3.1, the optimized version Theorem B.2 also holds in the finite-
horizon setting up to worsening the constants.

Lemma E.1. Fiz T > 2. There exist constants ¢y > 8 and rg > 0 such that the following holds.
Suppose that all assumptions from Theorem B.2 are satisfied with the exception that Eq. (13) is
replaced with Eq. (18). Then, using the same notations,

B(ac,r) N {y Vi ¢ I7y’L = xz} Cx+ {0}[71«]\1 ® ® BIS(O,T‘) c VT'
s€q]

Alternatively, suppose that all assumptions from Theorem B.2 are satisfied with v = 3(T) =
1—InT/T and the constant C' = ¢oC, as well as rg > r > §. Then the previous conclusion also
holds.

Proof The same proof as in Theorem B.2 carries to the finite-horizon setting: we can construct

an allocation mechanism that treats separately agents by clusters Iy, ..., I; as described in the
proof. The only difference is that instead of applying Theorem 3.1 we apply Theorem 6.3, which
required exactly the assumptions made within Theorem E.1. |

As a conclusion, up to logarithmic factors, all lower bounds developed in the previous sections
apply to the finite-horizon setting choosing v = (7)) = 1 — 1/T. We now prove Theorems 7.2
and 7.5 as examples of how the results from the v-discounted setting can help for the finite-
horizon setting.

Proof of Theorem 7.2 It suffices to prove the result for T' > 2. The lower bound is directly
taken from Theorem 6.2 and the upper bound is a consequence of the second claim of Theorem 7.1
together with Theorem E.1. [ |

Proof of Theorem 7.5 It suffices to prove the result for 7' > 2. The first claim is a conse-
quence of the first result from Theorem D.6 together with Theorem 6.1 for the lower bound and
Theorem 6.3 for the upper bound. Note that there is no extra In 7" factor (we can take directly
v=~(T) =1-—1/T) in the upper bound because the proof of the convergence rate O(y/1 —7)
comes from Theorem D.2, which only uses Theorem 3.1 with parameters r = §. As a result, the
extra term In 5 from Theorem 6.3 vanishes. The second claim is a consequence of the second
claim of Theorem D.6 together with Theorem E.1 for the upper bound. The lower bound is
directly Theorem 6.2. |
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