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Abstract—When a distributed algorithm must be executed by
strategic agents with misaligned interests, a social leader needs to
introduce an appropriate tax/subsidy mechanism to incentivize
agents to faithfully implement the intended algorithm so that
a correct outcome is obtained. We discuss the incentive issues
of implementing economically efficient distributed algorithms
using the framework of indirect mechanism design theory. In
particular, we show that indirect Groves mechanisms are not only
sufficient but also necessary to achieve incentive compatibility.
This result can be viewed as a generalization of the Green-
Laffont theorem to indirect mechanisms. Then we introduce the
notion of asymptotic incentive compatibility as an appropriate
solution concept to faithfully implement distributed and iterative
optimization algorithms. We consider two special types of opti-
mization algorithms: dual decomposition algorithms for resource
allocation and average consensus algorithms.

I. INTRODUCTION

In this paper, we consider a society comprised of a single
leader and N followers. The leader makes a social decision
z € Zﬂ which incurs cost v;(z;6;) to the i-th follower. For
every i = 1,2,--- N, assume that cost function v;(z;6;)
has a known parametric model while parameters 0, € ©; are
private. (For instance, v;(z; 0;) can be a 10-th order polynomial
of a scalar variable z whose coefficients §; € R'Y are private.)
The leader desires to make a social decision z* that minimizes
the sum of the followers’ individual costs;

N

z* € argmin

vi(2;0;). (1)
z2€EZ 1

i=

A social decision satisfying is said to be (economically)
efficient. Efficient decision-making requires distributed algo-
rithms involving leader-follower communication, since the
leader has no access to the private parameters. A challenge
here is that such decision mechanisms must be designed so that
self-interested followers are given no incentive to manipulate
the algorithm in an effort to minimize their individual costs.
Note that this requirement is different from the fault resilience
requirement considered in, for instance, the Byzantine generals
problem [2]]. We are interested in decision mechanisms in
which the followers could manipulate the result, but they
choose not to do so.

An early version of this article was presented at the 52nd IEEE Conference
on Decision and Control [1]].
IFor ease of presentation, we assume Z C R"=.

Roughly speaking, the task of the leader is to design a
game that produces an efficient decision z* as a consequence
of game-theoretic equilibrium strategies of the followers.
Designing such games systematically in various multi-agent
decision making situations (e.g., auctions, elections, resource
allocations), frequently using a carefully designed tax/subsidy
rule, is a subject of interest in the Economics literature
under the umbrella of mechanism design theory. Developments
since the 1970s in mechanism design theory have resulted
in a rich and established discipline; basic information about
mechanism design theory can be found in, e.g., [3]-[8]]. One
of the best-known positive results is the Groves mechanism,
which provides clear guidelines to design tax/subsidy rules
incentivizing the followers to be collaborative in the process
of computing efficient decisions.

Recently, the theory of mechanism design has been ap-
plied to various engineering and computer scientific prob-
lems. These applications have raised new challenges to the
traditional mechanism design theory, in term of computational
difficulties (e.g., combinatorial auctions [9] [10], job schedul-
ing [11]]) and communication difficulties (e.g., inter-domain
routing [12]). For instance, the standard Groves mechanism be-
comes computationally intractable if the optimization problem
(T) is NP-hard. In such cases, the goal of mechanism design
must be set alternatively to incentivize strategic followers
to act faithfully in a (computationally feasible) algorithm
that only approximates an optimal solution. It turns out
that this task is not straightforward, since mechanisms that
naively approximate the Groves mechanism are in general
not ‘“approximately incentive compatible” at all [13]] [14].
This implies that a fundamental departure from the Groves
mechanism is inevitable when the underlying optimization
problem is computationally hard. The interplay between in-
centives, computation, and communication now forms the
field of algorithmic mechanism design (AMD) [14] [15]. It
should be noted that several recent papers discuss similar ideas
regarding game designs for distributed optimization/control
without referring to the AMD theory explicitly [16[]-[18].
However, their intrinsic connections to the mechanism design
theory should be clarified to facilitate the further developments
beyond their current problem-specific nature.

The simplest approach that the leader can take to obtain
a solution in (I) is to incentivize followers to report their
private parameters 6; truthfully, so that the leader can solve
the optimization problem using the central computer. This



particular type of decision making procedure, called direct
revelation mechanism, has been the main focus in the mecha-
nism design literature. In many cases, this concentrated interest
can be justified by the revelation principle [4], which proves
the existence of an incentive compatible direct mechanism
for every incentive compatible indirect mechanism, and thus
guarantees no loss of generality with focusing only on direct
mechanisms. However, as recognized in the AMD literature,
there are many situations in which the revelation principle
should not be naively relied on:

i) In a direct revelation mechanism, the leader is solely re-
sponsible for solving a possibly large-scale optimization
problem. Even if there exist more practical distributed
algorithms, direct mechanisms do not allow distributed
implementations of algorithms by the followers;

ii) Reporting 6; is not a trivial action: It may be difficult for
the followers to identify their own cost function;

iii) Reporting #; means a complete loss of privacy;
iv) Direct and secure communication links between the leader
and the followers are not always availableE];

v) In homogeneous environments (e.g., internet), it might be
difficult to establish a leader]

To resolve these issues, it is invaluable to develop a general
guideline to design distributed algorithms that induce truthful
actions by the followers. This requirement is far more general
than the one in the direct mechanism regime, where only
truthful reports are considered. The possibility of such general-
ization is foreseen by several encouraging results. In [22], it is
shown that a natural generalization of the Groves mechanism
to the indirect mechanisms (referred to as indirect Groves
mechanisms in this paper) implements a socially optimal set
of strategies in ex-post Nash equilibria. The idea is employed
in [23|], where several concrete distributed algorithms are
shown to be faithfully implementable by strategic agents.
Coordination of strategic agents in a dynamic decision making
process is considered in [24]).

The approach of [22] is particularly attractive since, unlike
many results in AMD that are problem-specific, the result there
is applicable to a wide range of distributed computation and
communication protocols. In this paper, we pursue the same
direction of research and make several additional observations
that are essential especially when deploying these results in
distributed numerical optimization and control problems. We
present the following technical contributions in this paper.

1) Necessity of indirect Groves mechanisms: We prove
in Theorem [2] that incentive compatible indirect mechanisms
must be in the class of indirect Groves mechanisms whenever
the space O; for some ¢ is rich enough to parametrize all
quadratic cost functions. This is an extension of the Green-
Laffont Theorem [25]] to the indirect mechanism setting.

2This issue is raised in [[19]. See also Remark

3Since we will always assume that a leader exists in this paper, the
item v) is beyond our scope. However, we note that there are a few
successful mechanism design examples under such environments, including
multi-cast cost sharing [20] and interdomain routing [12]. Some important
results in distributed algorithmic mechanism design (DAMD) as of 2002 are
summarized in a review paper [21].

2) Asymptotic incentive compatibility: We introduce this
solution concept to justify the use of approximated Groves
taxes to incentivize followers to “act right” in a wide class
of optimization algorithms, including continuous optimization
algorithms. Due to the nature of the continuous optimization,
the exact solution cannot be obtained in finite time and
hence, Groves taxes must be inevitably approximated as well.
However, it has not been fully discussed in the literature
whether the use of approximated Groves mechanisms in this
context is justifiable or not. We argue that the use of approxi-
mated Groves mechanisms is justifiable whenever we have an
iterative distributed algorithm, which can be iterated as many
times as we wish, and we can compute approximated Groves
taxes from its output that diminish the followers’ incentives
for cheating to an arbitrary small e. We believe such a situation
is satisfactory to convince followers to “act right” in the
algorithm, and hence is a practical solution concept. We name
this solution concept “asymptotic incentive compatibility.”

As mentioned earlier, the issue of approximating Groves
taxes is well studied in the AMD literature. However, our
focus in item 2) above is different. In the AMD literature, the
research focus is almost exclusively on discrete optimization
with approximation threshold strictly greater than zero (in the
language of [26]). In such cases, the research focus must
be on non-Groves mechanisms, since Groves mechanisms are
computationally impractical. On the other hand, our focus is
still on the (indirect) Groves mechanisms. We consider their
applications to continuous optimization problems and clarify
in what sense a mechanism can be “incentive compatible” in
those cases.

This paper is organized as follows. We start with a motivat-
ing example in Section [lI} Section [III] formally introduces the
framework of indirect mechanism design. Section [[V|develops
the notion of asymptotic incentive compatibility. In Sections
and we discuss faithful implementations of dual decom-
position algorithms and average consensus algorithms. Section
contains some additional discussion and conclusions.

II. MOTIVATING EXAMPLES

Consider a resource allocation problem of the form

N

min Zvi(zi;@), (2a)
i=1

s.t. Rz=rc. (2b)

A vector z = (21, ,
nation of the social decision variables, and R = [R;
Define Z to be the set of all z such that Rz = c.
Let L(z,\) = vazl vi(2;0;) + AT (Rz — ¢) be the
Lagrangian with a Lagrange multiplier A. The primal-dual
optimal solution (z*,\*) is a saddle point of L(z,\), and
assuming that cost functions are strictly convex, the saddle
point value L* is equal to the optimal value of (2)); see [27].
The following iterations are guaranteed to converge to (z*, A*)
if the step size v is chosen to be sufficiently small [28]]:
2Zk = argmin (Ui(fﬁi, 91) + ()\k_1>TRZ‘ZA’i)

M= N4y (REF — o).

zZN) € R™1 x - -« x R™n~ is a concate-
- Ryl

(3a)

(3b)



Notice that the above algorithm has an attractive form for
a distributed implementation since can be executed by
the followers. This type of parallelization is known as dual
decomposition. By increasing the number of iterations, the
optimal social decision can be approximated with an arbitrary
accuracy, provided that the followers faithfully implement (3a).

What kind of side payment (tax/subsidy) mechanism do we
need to incentivize the followers to execute (3a)? Let us make
a first attempt. Suppose that the leader introduces the following
format of auction mechanism:

Step 1: Each follower has some initial value 2!, and the

leader has some initial value \°.

Step 2: Run iteration until it reaches a convergence to

(ZTV o az}k\h)‘*)'

Step 3: The leader determines the allocation according to

(27,--+,2%), and each player makes a payment p) = \*z}

to the leader.

In microeconomic theory, A\* is known as the “market-
clearing price” under which demand vazl R;z; and supply
c are balanced. The above mechanism employs a particular
type of tax rule p{ which is very natural: the tax imposed on
the i-th player is calculated by the share he has won times the
market-clearing price.

Unfortunately, the above auction mechanism is not incentive
compatible. It is easy to demonstrate that it is vulnerable to
strategic manipulations. Suppose N =2, c =1, R; = 1, and
v;i(2:;0;) = (2 — 1)? for i = 1,2. If both players follow
the suggested algorithm, the iteration reaches the optimal
solution (27,25, \*) = (1/2,1/2,1), which brings a net cost
of v;(2};0;) + A*zF = 3/4 to each player. Now, suppose that
player 1 bids 2¥ = 1/3 at every iteration (instead of executing
(3a) faithfully). Then it can be shown that the iteration arrives
at a different fixed point (21,25, \') = (1/3,2/3,2/3). This
result brings net cost of vy (21;61) + \'z] = 2/3 to player 1,
which is less than 3/4. Hence, player 1 is indeed better off
by deviating from (Ga).

We also note that, when followers are “price-takers” (which
is the case, for instance, when every follower has sufficiently
small market power and the price cannot be affected by his sole
action), it makes sense to assume that each follower executes
in an effort to minimize his own net cost. However, many
realistic markets are oligopolistic, in which a stakeholder agent
knows that his sole action has a certain effect on the market-
clearing price [29]]. In this case, he might be better off by
“exercising market power” rather than following as shown
in the above example. Analyzing strategic bidding in a given
auction mechanism (as in [30]-[32]]) is an important topic.
In this paper, however, we are more interested in designing
mechanisms in which strategic manipulation by a follower
brings no benefit to him.

The primal-dual algorithm considered in this section is just a
motivating example. The result of the next section is applicable
to a much more general class of distributed algorithms.

III. INDIRECT MECHANISM DESIGN

A. Framework

The diagram in Fig. [T] shows an abstract framework for
indirect mechanisms. Let © = ©7 X --- X Oy be the space

(C] f=&m ZxP

U\\ A (9¢: 9x)

S

Fig. 1: Framework of indirect mechanisms.

© = 0; X --- x On: The space of private parameters.
P C RY: The space of tax values p = (p1,--- ,PN).
Z C R™#: The space of social decisions z.

S =81 X --- x Sy: The space of actions.

¢ : ©® — R"#: Decision rule.

m: © — P: Tax rule.

oi : ©; — S;: Strategy function.

f:© — Z x P: Social choice function.

g: S — Z x P: Outcome function.

of private parameters. A function { : ® — R" is called
a decision rule. For fixed sets © and the space Z C R™:
of social decisions, a decision rule is said to be efficient if
¢(O©) C Z and N 0;(C(0);6:) < SN vi(z;6;) for all
6 € O and for all z € Z. Let us also introduce a tax rule
7m:© — P where P C RY is the space of tax values assigned
to the followers. The pair f = ({,7), f: © = R x RY is
called a social choice function.

When the leader designs a decision making mechanism, the
action space S = 81 X --- X Sy must be specified, where S;
can be thought of as the space of all possible programming
codes that the i-th follower can potentially execute in the
distributed computation (for instance, executing (3a) is a valid
action in the algorithm considered in Section [[I, while bidding
2% = 1/3 at every step is another). The i-th follower with
private parameter 6; determines his actions according to the
strategy function o; : ©; — ;. Outputs of the followers’
algorithms are processed by the leader’s algorithm called the
outcome function g : S — Z x P, which determines a social
decision and tax values.

Remark 1. For example, the above formulation can express
the following abstract model of multi-stage interactions be-
tween the leader and the followers. At each stage (indexed
by k£ = 1,2,--- ,n), the leader broadcasts his current com-
putational output n¥ to the followers. Each follower transmits
his current computational output 1¥ to the leader and other
followers. Assume that the leader and followers can be mod-
eled as a state-based computer with the internal state £§ and

ki =1,---, N respectively. Given initial states ¢9,¢9 and
n%,nY,i=1,---, N, the state evolves according to:
& =GLE "ty ) onp = HEED), o)
&8 =Glo (& g o) = Hiy (€F),  @b)

for k =1,2,--- ,n. Finally, we require that n} = H}({}) =
(¢(0),7(9)), which will be the value of the social choice. In
this communication model, the action of the i-th follower is the
sequence of functions in (4b), i.e., 0:(6;) = {(GFy,, Hp,) :
k =1,2,---,n} parametrized by his type ;. The outcome
function is defined by the sequence of functions in (@a),
ie, g = {(GE,HF) : k = 1,2,--- ,n}. For a practical
implementation, n must be a finite number. O



Formally, a mechanism is a triplet M = (0,S,g) of a
strategy function o, the space of collective actions S, and
an outcome function g. Notice that a mechanism M suggests
followers to employ a particular strategy function specified by
o, but it is followers’ choice to be faithful or not; followers
are allowed to take any actions in S.

A particular case with S = O, g = f, and 0 = Id (i.e,
identity map) is called a direct mechanism, in which followers
are asked to report their types 6; to the leader directly. A
mechanism M = (0,8, ¢) is said to be dominant strategy
incentive compatible if implementing the suggested action
o(0) = (01(01),--- ,0n(0n)) € S constitutes dominant
strategies among the followers. However, this requirement
turns out to be often difficult to attain in indirect mechanism
design settings. Hence, we employ a weaker notion of incen-
tive compatibility.

Definition 1. A mechanism M = (0,8, g) is said to be single
fault tolerant if for any i, s; € S;, and 0 € O, the mechanism
produces a feasible outcome g(s;,o0_;(0_;)) € Z x P.

Definition 2. A mechanism M = (0,S,g) is said to be
incentive compatible if Vi, Vs, € S;,V0 € O,

0i(9¢(04(0:),0-i(0-:)); 0;) + g, (0i(0:), 0 (0—:))
< vi(g¢(8i,0-i(0-4)); 0i) + g, (8i,0-i(0-4)).

In this case, the mechanism is said to implement a social
choice function f = g o o in ex-post Nash equilibrieﬂ

Intuitively, single fault tolerance requires the mechanism
to make a valid social decision (if not optimal) even if at
most one follower did not implement suggested strategies
faithfully. Incentive compatibility requires that no follower is
incentivized to deviate from the suggested strategy if all other
followers faithfully implement suggested strategies.

B. Indirect Groves mechanism

In this paper, we focus on efficient distributed algorithms
(i.e., those that minimize social cost), and designing a tax rule
that induces the followers’ faithful actions in such algorithms.
The question is rephrased as follows: Given a pair (g¢, o)
such that g o o is efficient, how can we design g, so that
M = (0,8, g) is incentive compatible?

Definition 3. A mechanism M = (0,S,g) is said to be
in the class of indirect Groves mechanisms if, for every
i € {1,---,N}, there exists a function k; : S_; — R
satisfying:

e For every 0_; € ©_; and s; € 0,(0;), the tax rule is

G, (8i,0-i(0-4))
= " v(ge(si,0-i(0-0)); 0;) + ki(o_i(0_y)) (5)
bE

4The term ex-post is commonly used to mean that o; (6;) is the best strategy
even without knowing 6_;. See [15], Section 9.

o For every 0_; € ©_; and s; € S; \ 04(0;), the tax rule
satisfies

G (8i,0-i(0-4))

> " 0i(ge(50,0-i(0-9));0;) + ki(o_i(6-)). (6)

J#i
Theorem 1. (Sufficiency) A single fault tolerant mechanism
M = (0,8, g) with an efficient decision rule g. oo is incentive
compatible if it is in the class of indirect Groves mechanisms.

Proof: Suppose on contrary that

vi(9c(0i(0:),0-i(0-:)); 0:) + g, (0i(0:), 0-i(0-:))
> vi(g¢(si,0-4(0-4)); 0i) + g, (55, 0-4(0-4)).

for some i,s; € S;,0 € ©. The equality () is applicable on
the left hand side, while (5)) or (6] is used on the right hand side
depending on s;. In both cases, the above inequality implies

N N

> vilge 0o (0);0:) > Y vilge(si, 0-i(0-4)); 0).

i=1 i=1

Since M is single fault tolerant, g¢(s;,0_;(0_;)) € Z. Hence,

this is a contradiction to the efficiency of g o s. [ ]
Theorem [T] is due to [22]. A less trivial fact is that the

converse of Theorem [I] also holds when each agent’s private

parameter space ©; is rich enough.

Assumption 1. For every i and every quadratic function q(-) :
Z — R, there exists 0; € ©; such that q(-) = v;(-; 6;).

Theorem 2. (Necessity) Suppose Assumption [l holds. A single
fault tolerant mechanism M = (0,S,g) with an efficient
decision rule g¢ o o is incentive compatible only if it is in
the class of indirect Groves mechanisms.

Proof: Complete proof can be found in Appendix [A] The
basic idea of the proof is attributed to the celebrated result by
Green and Laffont [25]. The proof for Case 1 is a modification
of Theorem 10.4.3 in [7]. |

Remark 2. Unlike the Groves mechanism in the direct
mechanism design, the indirect Groves mechanism does not
generally implement the desired algorithm in a dominant
strategy. Indeed, it was shown by Proposition 9.23 in [15]
that an indirect mechanism is dominant strategy incentive
compatible only if every map o; : ©; — S, is surjective.
We will see a concrete example of this fact in Example[]] O

Remark 3. The set S can be extremely rich, since it is the
space of all programs that can be executed by the followers
during the course of the algorithm. For instance, followers
are allowed to write a code to learn about other followers
during the algorithm to make future decisions. However, as an
implicit premise for Theorem [I] and 2] we must preclude the
followers’ ability to “hack the rule of the game.” For instance,
the intended algorithm must be securely announced to every
follower without strategic interventions by other followers.
Similarly, the tax value must be securely computed based on
the formula (5) and (6) without a danger of manipulation.
Such interventions are actually possible if a follower has an
opportunity to modify other players’ messages [19]]. For the



same reason, followers are not allowed to drop out of the game
in midstream to escape from a punitive tax. ]

Remark 4. Direct communication links between the leader
and the followers are not constantly required during the course
of the algorithm. For instance, the main body of the average
consensus algorithm in Section |VI| requires only peer-to-peer
communications among neighboring followers, but followers
still cannot be better off by cheating. However, in order
to satisfy the requirement of the previous remark, secure
communication links between the leader and followers are
assumed at the initial phase (to announce the algorithm) and
at the final phase (to calculate taxes securely). ([

C. Individual rationality, Budget balance

A mechanism is said to be individually rational [7] if the
net cost v;(gc(s);6;) + gx,(s) is non-positive for every i.
This is a basic requirement for a mechanism that does not
incentivize the followers to quit the mechanism, when quitting
the mechanism is cost-free for them.

A mechanism is _said to be budget balanced (resp. weakly
budget balanced) [7] if the tax income Zf\il p; 1s zero (resp.
non-negative).

Unfortunately, there may not exist a mechanism that simul-
taneously satisfies (1) efficiency, (2) incentive compatibility,
(3) individual rationality, and (4) budget balance. The afore-
mentioned result by Green and Laffont [25] shows that the
only efficient direct mechanisms that are dominant strategy
incentive compatible are Groves mechanisms. This observation
allows us to construct a simple example in which no effi-
cient mechanism simultaneously achieves dominant strategy
incentive compatibility, weak budget balance, and individual
rationality. In a Bayesian setting, [33|] demonstrated that there
exists a simple exchange environment in which no (ex post)
efficient mechanism is simultaneously (Bayes-Nash) incentive
compatible, weakly budget balanced, and (ex interim) individ-
ually rational. This result was generalized in [34]] using the
revenue maximization principle. We also note that a recent
study [35] of a particular indirect mechanism shows that no
budget balanced mechanism implements efficient decisions in
Nash equilibrium.

IV. ASYMPTOTIC INCENTIVE COMPATIBILITY

In this section, we generalize Theorem [l so that it is
applicable to approximately efficient decision rules. This is an
important generalization, since in many realistic cases, social
decision must be made upon the result of iterative numerical
optimizations over continuous decision variables that, if termi-
nated at some finite step, only returns an approximate solution.
In such cases, incentives may even be needed to guarantee not
only that the suggested algorithm is implemented, but also that
the actions taken by the followers lead it to converge. Define
dist(z’, Z) = inf,cz ||z’ — z||2, and let Proj(z’; Z) be the
projection of 2’ onto Z.

Definition 4. For every n € N, let (" : © — R"* be a
decision rule. A sequence of decision rules {C"™},¢en is said to
be asymptotically efficient if dist(¢™(6),Z) — 0 as n — oo

and for every € > 0, there exists ng € N such that for all
n 2 no,
N
Zvi(cjnw); 0;) < Zvi(z;&) +e V€O, Vze Z.
i=1 i=1
Definition 5. A sequence of mechanisms {M"},cn, M™ =
(o™, 8™, g"), is said to be asymptotically incentive compatible
if for every € > 0, there exists ng € N such that for n > ny,

vi (92 (07 (6:),073(0-0))); 0:) + g7, (07 (6:),0™3(0—4))
< i (g7 (s7,07(0-4)); 0:) + gz, (57, 075(0-4)) + €

Vi, Vsy € S7,V0 € O. In this case, the mechanism is said
to asymptotically implement a social choice function f =
lim,, o g"" 0 0™ in ex-post Nash equilibria, if the limit exists.

Remark 5. For iterative algorithms, n can be understood as
the number of iterations before termination. Since this only
gives an approximation of efficient social decisions, M™ may
not be incentive compatible for a fixed n € N. However, as
n — oo, M™ provides every follower a diminishing incentive
to deviate from the suggested algorithm. Without loss of
generality, we assume that taxes are paid after the algorithm
has terminated. ]

The next proposition presents a sequence of mechanisms
{M"},en motivated by the Groves mechanism by which the
followers’ incentive to deviate from the intended algorithm
can be made arbitrary small.

Proposition 1. Let {M"},en, M™ = (07,8",g9"), be
a sequence of single fault tolerant mechanisms such that
{g? o 0™ }nen is asymptotically efficient. If the payment rule
is

gr (") = vi(gl(s");:0;) + ki(s™;) Vs" € S™,
J#i
then {M™},cn is asymptotically incentive compatible.

Proof: Suppose there exist € > 0, i, § € O, a sequence
of strategies s € S, and a subsequence {ng}sen such that

vi(g7 (07" (0:),075(0-4))); 0:) + gt (07 (6:),075(0—:))
> vi(g7t (s, 05(0-4)):0:) + gzt (57, 075(0-0)) + €

—1 —1

for all £ € N. This implies that for all £ € N,

N
> wigl (0 (0:), 0™ (6-0))): 6:)

i=1 N
> ) wilgle (s}, 0™ (0-:)); 0) + €.

i=1
Since g (s7*, 0"5(0-:)) € Z due to the single fault tolerance,
this contradicts the asymptotic efficiency of g/ o ™. [ ]
In practice, the result of Proposition [I] is used as follows.
First, the leader chooses € > 0 to which he wishes to diminish
the followers’ incentives to misbehave. Second, the leader
identifies ny € N satisfying the condition in Definition [ by
analyzing the asymptotically efficient sequence of decision
rules to be implemented. Finally, the leader announces a
mechanism M " as defined in Propositionﬂ]with some n > ny.



As a result, no follower has more than ¢ incentive to deviate
from the suggested algorithm.
Proposition [I] requires M™ to be single fault tolerant,
e., that the social decision made by M" be feasible even
if one of the agents is misbehaving. In some applications
(such as dual decomposition algorithms to be considered in
Section [V)), this requirement can be met by simply projecting
the intermediate result onto the feasible set. However, this is
not always possible (as we will see in Section where the
average consensus algorithm over a cyber-physical system is
considered). To circumvent this difficulty, we need a sequence
of tax rules {gy } that leads the algorithm to converge to the
optimal solution even under the lack of single fault tolerance.
Several ideas can be exploited. The following result is useful
when it is easy for the leader to observe dist(-, Z) and the
knowledge of the upper bound 3(n) on dist(g; (0" (0)), Z) is
available a priori. Roughly speaking, it penalizes all followers
if the expected convergence rate (to the feasible set) is not
observed.

Proposition 2. Assume that Z is a closed set and v;(z,0,),
Vi, is a continuous function of z for all 6; € ©O;. Let
{M"}pen, M™ = (0™,8™, g"™), be a sequence of mechanisms
such that (i) {g? o 0" }nen is asymptotically efficient and
(ii) supgee dist(gf (0™(0)), Z) < B(n) for some sequence
{B(n)}nen with lim, o B(n) = 0. If for any s" € 8™, a

payment rule is chosen as
gn (Sn): Zj;ﬁi ”j(gg(sn)§9j) ifdlSt(g?(Sn),Z) S B(n)
m C; otherwise

then, for sufficiently large C;, {M™},.cn is asymptotically in-
centive compatible. In particular, the following choice suffices

N
C;, = —9125 z1€n£ vi(2;0;) +Zlelg:‘;1g2v] z,0;), V
where Z2' = {g;(0"(0)) : V0 € O}
Proof: The tax rule belongs to the indirect Groves class
(Definition [3). Proof can be found in Appendix [B] [ |

Remark 6. Practical usefulness of the notion of asymptotic
incentive compatibility heavily depends on the computational
complexity of the algorithm. For computationally hard prob-
lems, realistically there is no mechanism that reduces un-
desirable incentive to € in polynomial time. In such cases,
asymptotic incentive compatibility may not be a convincing
reasoning to induce faithful behaviors of followers. However,
the issue of computational complexity requires more problem-
specific discussions, which is not our focus in this paper. [J

V. FAITHFUL IMPLEMENTATION OF DUAL DECOMPOSITION
A. Algorithm

Recall the dual decomposition algorithm considered in
Section LI} Based on the developments so far, we are now going
to design a tax rule that incentivize followers to execute (3al
faithfully. The idea is to design an asymptotically incentive
compatible sequence of mechanisms M" = (¢",8",g"),
parameterized by the number of iterations n. Proposition [I]

Algorithm 1 Distributed VCG mechanism M" = (o",8",g") for
dual decomposition algorithms.

Output: Allocation decision ¢"(6) and tax assignments 7" ()
1: (L) The leader announces the following algorithm;
2: // Solve optimization problem (2) by dual decomposition;
3: (L) Initialize and broadcast A%
4. for k=1,...,n do
5: (F) Find 3¢ = arg min,,, (vi(zs;0:) +

report the result to the leader;

(A*HTR;z) and

6: (L) Update and broadcast \* = \*~! 4+ ~(R2* — ¢);
7: end for
8: // Solve marginal problems P_;(0) for every j;
9: for j=1,...,N do
10: (L) Initialize and broadcast A\™7°;
11: fork=1,...,ndo
12: (F) Every follower i(# j) finds and reports
2; PP =argmin (vi(2i;0:) + (A~ SRR 24);
13: @L) Update and broadcast _ )
AR = XTI I Rz — o)
14:  end for
15: end for
16: // Compute social outcomes;
17: (L) Compute and broadcast z = PI‘O_]( ,Z) and 277 =

Proj(279™, Z77) for every j = 1,. N, _

18: (F) Every follower i computes ¥; = v;(z;;60;) and ;7 =
vi(z; 7;0;) for every j # i and report them to the leader;

19: (L) Determine taxes 7' (0) = >_, ;9 — >, 9; " and alloca-
tions ¢"(0) = z;

shows that tax rules attaining our goal are not unique, since the
choice of k; is arbitrary. In this section, we employ a particular
tax rule among them inspired by the VCG mechanism. As we
will see in the sequel, this tax rule turns out to be a natural
choice since it is intimately related to the notion of “market-
clearing prices.”

The VCG mechanism is also called the pivot mechanism,
since the tax for the follower 7 is calculated based on the
degree to which his presence/absence changes the social
cost [5]. For every ¢ € {1,---, N}, consider the “marginal
optimization problem” P_,(x) defined by

min Zvj 253 0; (7)
J#i

s.t. ZRij =c— R;x.
J#i

P_i(x

Notice that P_;(x) is the optimization problem (2 in which
follower ¢’s allocation is fixed at z; = z. If his absence means
z; = 0, the optimal social cost in his absence is obtained by
solving P_;(0). Let (2*,\*) and (2= (z),\""*(x)) be the
primal-dual optimal solution to and respectively. The
VCG-like tax for the i-th follower is defined by

= i(2:0;) = Y vz (0):0;). (®)

J#i J#i

VCG

In Algorithm (I} we propose a VCG-like mechanism for the
faithful implementation of the dual decomposition algorithm
applied to the resource allocation problem (2)). In the iteration,
variables (£%, A\¥) and (27%* A~%*) are intended to approxi-
mate (z*, A* ) and (z _’*(O),)\_”(O)) respectively.
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Fig. 2: Graphical interpretation of the VCG taxes.

Proposition 3. Assume that v;(-;60;), i = 1,2,...,N, are
strictly convex for every 0; € ©;. Then the sequence of mech-
anisms {M"},en provided in Algorithm (1| is asymptotically
incentive compatible.

Proof: See Appendix [ |
Notice that lines 8-15 in Algorithm [I] are devoted to
calculating k;(s™;) in Proposition (I} This is just one ex-
ample of such function (which is motivated by taxes in
VCG mechanisms). Removing the above mentioned lines from
Algorlthm I and setting some other values to k;(s";) (e.g.,
ki(s™;) = 0) still attains asymptotic incentive compatibility.
To relax strict convexity assumption, one may alternatively
consider the ADMM algorithm [36] (distributed implementa-
tion of the augmented Lagrangian algorithm [37[]) in Algo-
rithm [I

Example 1. As mentioned earlier, indirect Groves mecha-
nisms in general implement efficient decision rules in ex-post
Nash equilibria but not in dominant strategies. As an example,
consider min,, ., > ., 2 v;(2;) s.t. z1 = zo where v1(21) =
(21 —1)? and va(29) = (20— 2)2, and the dual decomposition
algorithm (Algorithm is used. Suppose that the second
player chooses to act as 25 = argmin,_(d2(22) + A" 12y)
where ©3(22) = (22 — 3)? instead of line 5 in the algorithm.
If the first player executes the algorithm faithfully, 2¥ and
25 converge to 2, and the first player’s net cost converges
to v1(2) + p1 = v1(2) + v2(2) = 1. However, if the first
player deviates from the suggested algorithm and executes
2F = argmin, (91(z1) + A" 7'21) where §(21) = 27 instead
of line 5 in the algorithm, 2{“ and 2’5 converge to 1.5, and the
first player’s net cost converges to vy (1.5) + p; = v1(1.5) +
v2(1.5) = 0.5. Hence, the first player is better off by not
following the intended algorithm. This means that faithful
execution is not a dominant strategy. O

B. Connection between VCG and clearing prices

Invoking Theorem 2] it is now clear why the “clearing price”
mechanism considered in Section [ fails to be incentive com-
patible. This is simply because the “clearing price” mechanism
is not in the class of indirect Groves mechanisms. However,
it can be shown that the “clearing price” mechanism is ap-
proximately incentive compatible under the pure competition

[29] (i.e., when individual followers have negligible market
power to control market-clearing prices). We show this fact
by pointing out an intimate connection between the tax rule
p) = A\*z} considered in Section [ll and the VCG-like tax
in (). For simplicity, we assume that cost functions v; are
strongly convex and continuously differentiable.

To see a connection, for each i, consider a smooth path
x; ¢ [0,1] — R™= defined by z;(t) = tz;. Intuitively, the path
x; continuously connects the follower ¢’s allocations in two
distinct situations: x;(0) = 0 corresponds to the case where
follower i is absent (allocation is zero), and z;(1) = = is
the optimal allocation in (2). For every point on the path
x;(t), it is possible to consider the primal-dual optimal so-
lution (2= (z;(t)), \=%*(24(t))) to the marginal optimization
problem ( . In particular, \~%*(z;(¢)) shows how the market-
clearing price determined by the rest of society (excluding %)
changes if follower i’s allocation is fixed at different values
x;(t) between 0 and z;.

Proposition 4. The VCG payment for the i-follower is ob-
tained by integrating the market—clearmg price X7 along
VCG _ f )\—z* mz R d!L‘Z

the path x;, i.e., p;
Proof: For notational ease, dependency of v; on 6; is
suppressed. Notice that

z; ) 1 ) )
/ A (@) Rida; = / A (4(1))R; dai({) dt

dz_” x;(t
S [ T
J#i
dz7 ™ (2 (t
= Z/ V05 (z (@a(t))) ——— Cgt ©) (10)
J#i
=D iz (=) = vz (0))] (1n
J#i
=) - Sl =
JFi j#i
The identity R, %" E#Z 7;”(1(:1-(0) = 0 is used in

@) ‘ar_lrd is from the.: optlrrllahty condition V,;v(z; " (x)) +
A7 (z)R; = 0,Vj # 4. The fundamental theorem of
calculus is used in (TTI). |

A pictorial interpretation of pVCG is shown in Fig. [2| (for
simplicity, assume R; = 1 for every i in the resource allocation
problem (2) in Section [ll). This figure shows that p) ©¢ ~
p? when the function A= (x;(-)) is nearly constant. In other
words, when the individual followers have negligible market
power, the “clearing price” mechanism can be identified with
the VCG mechanism.

VI. FAITHFUL IMPLEMENTATION OF AVERAGE CONSENSUS

Consider a multi-robot rendezvous problem in which N
robots want to meet in a single position (i.e., achieve a consen-
sus in space). Considering that each robot utilizes fuel/battery
to reach the rendezvous point, the social planner may want
them to end up at a point that minimizes the sum of their
distances from starting points, i.e., the average of the initial



positions denoted by 6;. Here, we design a mechanism that can
be used by the social planner (leader) to coordinate robots
(followers) to faithfully implement a distributed algorithm,
which lead them to the rendezvous point. In particular, we
consider an iterative average consensus algorithm [3§] in
which robots are required to communicate with neighboring
robots in each iteration. Notice that an incentive design is
needed in such situations, since otherwise a particular robot
may choose to stand stationary, hoping that all other robots
will move towards it thereby, not using any fuel. Due to
the nature of the average consensus algorithms, the robots
do not achieve exact consensus in their position in finite
time. Moreover, if we consider the position (™(6) of robots
after n iterations of communication as the social decision, the
decision rule ¢™(6) with finite » may not yield a feasible
solution. Hence the mechanism cannot be made single fault
tolerant, and Proposition [1| is not applicable. Instead, we use
the result of Proposition [2| Note that the existence of a leader
does not mean that communications are required between the
leader and the followers at every iteration, and hence does
not ruin the advantage of distributed consensus algorithms.
Indeed, in our design, a consensus is formed solely by local
communications among robots, and the leader plays its role
only at the beginning (to announce the tax rule and the
algorithm to be implemented) and at the end (to compute taxes
based on the information about the final positions of robots).

In what follows, we formally introduce a mechanism that
asymptotically implements the average consensus algorithm.
Let an undirected graph G = ({1,...,N}, &), with vertex
set {1,...,N} and edge set &, be given to illustrate the
communication links between the agents. Following [39], we
can achieve average consensus by solving

N
i i —0;)%, 12
min 3 (=00 12
s.t. 2 = 2;,V(4,5) € &, (12b)

where z; € R is the decision variable of follower i and 6; €
0; C R is its type. Let us define the incidence matrix B €
{—1,0, +1}V*I€l 5o that b;; = 1 if e; € & leaves vertex i,
bi; = —1 if e; € & enters vertex 4, and b;; = 0 otherwise
(assignments of directions to edges are arbitrary).

Proposition 5. Let G be a tree. The sequence of mechanisms
{M"},en provided in Algorithm [Z] is asymptotically incentive
compatible.

Proof: Proof can be found in Appendix ]

VII. DISCUSSION AND CONCLUSIONS

We have discussed a general indirect mechanism design
framework for faithful distributed algorithm implementations.
As examples, we have considered dual decomposition and
average consensus algorithms.

The framework of this paper is directly applicable to many
distributed control problems. Although the issue of incentive
is usually neglected in the control theory literature, it is an
important challenge that always arises when distributed agents

Algorithm 2 Distributed mechanism M" = (0",8",g") for
asymptotically implementing the average consensus.

Output: Consensus decision (" () and tax assignment 7" (6)

: (L) The leader announces the following algorithm;

: /I Solve optimization problem (12));

: (L) Set @ € (0,1/Amax(B " B)) and broadcast it;

: (L) Set p = Amin(B" B)/Amax(B " B);

: (F) Initialize z{ = 6; for each 1 < i < N;

for k=1,...,ndo
(F) Calculate 2F = 2F=1 + aYycn (szl — zF71), where
N is the neighbors of agent i in d, and transmit to neighbors;

8: end for

9: (F) Transmit z?* and ¥; = (2" — ;)? to the leader;

10: // Compute social outcomes;

11: (L) Determine and broadcast " (6) = 2";

12: if dist(2", Z) < (1—p)"||B(B" B) " '|l2sup,ce || B q|2 then

13: (L) Determine 7" (0) = >, 05;

Y N e

14: else

15: (L) Determine 7;'(0) = supgeeSup.ez ».;(2 — 0;)2,
where 2’ = YV with Y = {22,050+ 3,05 = La; >
0, 9]‘ S @],Vj}

16: end if

are strategic. For example, a distributed control algorithm pro-
posed in [40] assumes that agents are faithful to the algorithm.
However, this requirement can be removed by introducing the
tax mechanism in Algorithm []

In the future, we may also consider the faithful implemen-
tations of distributed model predictive control (MPC) algo-
rithms [41]]. Distributed MPC is expected to be a powerful tool
in large-scale social engineering problems (e.g., operations of
power systems [42] and transportation systems [43]]). Faithful
implementations of distributed MPC requires online (real-
time) mechanisms. Several appropriate modifications need to
be made to the current framework (e.g., replacement of the
solution concept from Nash equilibrium to Markov perfect
equilibrium). Further study will be required in this research
direction. We believe this is a great opportunity for economic
theory (i.e., mechanism design) and engineering (i.e., control)
to merge in order to tackle challenging problems in the society.

APPENDIX
A. Proof of Theorem

Case 1: We will first show that the tax rule must
be in the form of when s, € 0;(0;). Proof
is by contradiction. Suppose that g, (s;,0-;(0_;)) =
Zj;ﬁi vj(gg(si7o,i(9,i)); 9]) + ki(si7o,i(9,i)) where there
exist s;, s; € 0;(0;) such that

ki(si,0-i(0-1)) # ki(s}, 0-i(0-2)).

(Step 1): Suppose g¢(si; 0—i(0—:)) = gc(s;,0-i(0—;)). Let
0;,0; € ©; satisfy s; = 0,(0;) and s, = o,;(0;). If player i’s
true parameter is 6;, acting s; minimizes his net cost since M
is incentive compatible. Thus,

Vi (g¢(8i,0-i(0-0)); ) + g, (85,0-4(0-4))
< wilge(si, 0-i(0-4)); 05) + gm, (s, 0-i(0_4))

or gr,(8i,0-:(0-:)) < gn,(si,0-;(6—;)). On the other
hand, if player ’s true parameter is 6}, it must be that

13)



G (8i,0-i(0-1)) > g, (s}, 0-;(0_;)). Since both cases could
occur, the only possibility is

G (81, 0-i(0-i)) = g, (s}, 0i(0-3))-

The left hand side of equation (T4) can be written

as Y, 05(9c (51, 0-i(0-0)); 03) + kilsi,o—i(0-,)), while
the right hand side is Eﬁézvg(g((s o_i(6-:):60,) +
ki(sh,0-;(0_;)). Since we are assuming g¢(s;,0_;(0_;)) =

gc(sh,0-;(0_;)), equation (14) implies
ki(si, U,i(ﬁ,i)) = ki(s;, g_
This is a contradiction to (T3).
(Step 2): Now we can assume gc(s;,0-;(0_;)) #

gc(sh,0-;(0_;)). Without loss of generality, we can also
assume k;(s;,0-;(0—;)) < k;i(s},0-;(6_;)). Then,

ki(si,a,i(ﬁ,i)) < ki(SQ,O',Z'(H,i)) — €

for some € > 0. For every j # i,1 < j < N, assume v;(-;6;)
are quadratic functions. Since ©; exhausts the space of all
quadratic functions, there exists 6, € ©; such that

z07) = Zmz@

J#i
I — gc(sho—s(0-0))]2 )
+ —1]). 16
‘ (ngc(si,o_i(e_i)) RPN AN R E (16)

By incentive compatibility, player ¢ whose true type is 6.
attains smaller net cost by acting o;(6}’) than acting s;. (Here,
0:(07) and s; may or may not be equal.)

vi(9¢(03(07),0-i(0-:)); 0)) + gr, (0:(67), 05 (0—))
< vi(gc(55,0-4(0-4)); 0) + g, (51, 0-i(0-4)).

By efficiency, the outcome z of the mechanism minimizes

(% 0" +ZUJ z; 0
—1].
))lI? )

J#i
)II?
i(0-4))-

(14)

i(0-4)).

(15)

a7

6( 2 — ge(s}, 0—i(0—
lg¢(8i,0-i(0-4)) — ge(si,0-i(0-
Thus, the decision by the mechanism is
9¢c(0i(0),0-i(0-4)) = ge (s}, 0
Substituting (T8) into gives

0i(g¢ (55, 0-i(0-4)); 07) + gr, (0:(07), 0-i(0-))
< wilge(si,0-i(0-4));07) + g, (56, 0-4(0-4)).

Rewriting the above relation using (I6),

= vilge(sh, 0-i(0-:)); 0;) —e

(18)

i#i
+ > 0(9¢(ai(07), 0-i(0-0)); 0;) + ka0 (0]), 03 (0-))
i
=3 uilae(s0.0-4(60-)):8))
i#i

+ 3 0(ge(si,0-i(0-0)):05) + Kisi,0—i(0_,)).
Jj#i

Using (I8) again, this can be simplified to

ki((fi(tg;l%(f,i(e,i)) — € S k:i(si, O',Z'(H,i)). (19)

Since (I8), by applying the argument in Case 1, it must follow
that

k‘i(O'i (9;/), a,i(Q,i)) = k:z(si, U,Z‘(Q,i)). (20)

Substituting into (19), we have k;(s},0_;(0_;)) — € <

ki(si,o0_;(6_;)). This is a contradiction to (15). Hence, we
have shown that the tax rule must be in the form of (3) when
S; € O'z(@z)

Case 2: Now we need to show that the inequality (6) must
be satisfied for every s; € S; \ 0(0;), where k; is the same
function as in Case 1. Suppose, on the contrary, that there exist
s; €8\ 0(0;) and 6_; € ©_; such that

I, (8iy0-i(0-i)) + €
< Zvj(gc(si, 0-i(0-:));6;) + ki(0—i(0-5))

J#i
with € > 0. By incentive compatibility, the ¢-th follower can
minimize the net cost by acting o;(6;):
vi(g¢(0i(6:),0-i(0-4)); 0:) + gr, (0
< 'Uz(gC(Sm U—'(e— ))

By the discussion in Case 1, the equality

gri (03(0:), 03 (0-3)) = >, vi(9¢(0i(0i), 0-i(0-4)); 6;) +
ki(c—;(0—;)) is applicable on the left hand side. Also, by
substituting (ZT) into the right hand side, we obtain

N N
> vilge(os(6 ))i0:) <Y _vilge(si,oi(0
=1 =1

Now, consider an extreme situation in which all cost functions
are constant, i.e., v;(+;6;) = cforevery i € {1,--- , N'}. Then,
the last inequality leads to € < 0, a contradiction.

2y

i(0i),0-i(0-:))
)+g7r 84,0 — Z( ))

—i));0i) —e.

B. Proof of Proposition
To prove this proposition, assume that, Vn € N, agent ¢

follows s € SI* and the rest of the agents follow o™, (6_;).
Let us define sets
= {m e N|dist(g¢™ (s{", 077 (0-i)), Z) > B(nm)},
£ = {€ € N|dist(g}" (s}, 0™(6-.)), Z) < Bno)}.
Now, we prove the following two claims.
Claim 1: If M # (), Ve > 0, Im € M such that
vilge™ (a7 (0:), 075 (0-4)); 60:) + g (07 (0), 0757 (6-4))
<wilge™ (s, 07 (0-4));00) + gz (s, 027 (0-4)) + €,

for all m € M such that m > m.
To prove this claim, note that, Vim € M, we have

g (707 (04))50) + g7 (577 (0-)
=g} (55,077 (0-0); 60

N
- f f vi(z;0; 0;
o1o6, Jnf, vies6) + sup sup D vy (2:6)

N

> sup sup v;(2;0;
0O zeZ’Z ’ )

(22)



Now, because g/ (o™ (6;), 07 (6-:)) € Z', we get

N

N
supsupZUJZH ZZ o,

€O zeZ’
which, in combination with 22), gives

vilge™ (07 (0:), 075 (0-4)); 02) + g (o7

< wi(ge™ (si™, 07 (0-4));05) + g (57

™(0:), 07 (0-4))
mr(0-i)).
This proves Claim 1 by setting m = min,,c ¢ m (which is

well-defined as M # (). B
Claim 2: If £ # () and |£| = oo, Ve > 0, 3¢ € L such that

vi(g¢" (07 (6:), 025(0-4)); 0:) + gxf (0 W( i), 05(0- ))
< vilg¢* (57", 05(0- ))9)+9 ( ;05 (0-0) +

for all ¢ € £ such that ¢ > /.
Let us define

, 0

£ e argr;nn g7 (s, o5 (0

1)) - Z”Qa Vie L.

Let us show argmin, ¢z (g7 (57, 0™5(0-)) — z[l2 # 0. Fix

an arbitrary 2o € Z and define B = {z € R™ |||z — 2|2 <
2||gz (s, 0™4(0—4)) — 20ll2}. For all z € Z\ B, we have
llge (s, 025(0-)) — 2ll2 =z = 202
= llgg* (si, 025(0-4)) — 2ol
>||g2 (s, 025(0-4)) — zoll2,

where the first and the second inequalities, respectively, follow
from the triangular inequality and that z € Z \ B. Hence,

i) — 2|2
g2 (s, 025(0-4)) — |2,

—1

inf [|g2 (s7, o™ (6
inf llgg* (s, 075

= inf

z€EZNB (23)

because, as we showed above, any z ¢ Z N B results in a
strictly larger distance than zy € Z N B. Note that Z N B is
compact because it is bounded (subset of bounded set 53) and
closed (intersection of two closed sets). Theorem 4.16 in [44,
p- 89] shows 3z’ € ZNB that achieves the infimum on the right
hand side of (23) and, thus, the infimum on the left hand side
of (23). Therefore, 2’ € argmin, . z |7 (s, 05 (0—)) — 2|2
because 2z’ € Z. Therefore, 2™ is well- deﬁned For any € > 0,
there exists £; € L such that for all £ € £ that £ > {1, we get

N
> uigf (57 0™ (0- z
j=1

j=1
because of the continuity of wv;(-;6;), Vi, and the fact
that limge o0 dist(g¢ (s7*,0™5(0-4)),Z) = 0 since

{B(n¢) }eer is a vanishing sequen_ce (as |£| = 00). Hence,

N
ZUJ (25 6;) <ZUJ ch(sit o (0-40);

j=1
:Ui(gg (s, 05(0-:)); 0;)

+ 97 (s, 075(0-4)) + €/2.

2 0;5)| <e/2,

Hj) +€/2

(24)

" (0:), 07 (0-4)); 0;),

Note that, by construction, 2" € Z, V¢ € L. Hence, for any
€ > 0, there exists ¢5 € L such that for all ¢ € L that ¢ > {5,
we get

Ty

vi(gg* (07 (0:), 056 (07 (6:),075(0-4))

v; (g8 (07 (0:),025(0-4)); 0;)

i)); i) + gx!

I
(1= f§

.
Il
N

(25)

] =

v; (2™ 05) +€/2,

.
I
=

where the last inequality is because { g?e 00™ }yep is asymp-
totically efficient as |£| = oo (note that, by definition, if a
sequence of decision rules is asymptotically efficient, every
infinite subsequence of it is also asymptotically efficient).
Combining (24) and (23)) while setting / = max(¢1, {3) proves
Claim 2.

Now, we are ready to prove the statement of this proposition.
If |£| < oo (which implies that |[M| = oo as, by definition,
MUL = Nand M NN = (), the proposition follows
from Claim 1 and by setting 79 = max{nmax, . ¢; Mm} (0
Definition [5). Otherwise, if |£| = oo, the proof follows from
Claims 1 and 2 and by setting ng = max{nz, ns}.

C. Proof of Proposition 3]

First, note that the payments introduced in Algorithmmis of
the form 1ntroduced in Proposition I 1| when setting k;(s”;) =
- Z " for all 1 < ¢ < N. Note that this quantity does
not depend on follower 7’s actions. Second, for each n € N,
the mechanism M™ is single fault tolerant, since the outcome
of the mechanism is guaranteed to be feasible (i.e., (" (0) € Z)
due to the operation in line 17 of Algorithm [T} Third, by the
convergence property of the dual decomposition algorithm and
the continuity of cost functions, we have

N
Jim. Z v (G (6): 65

Hence, the sequence of decision rules {¢"},en is asymptoti-
cally efficient. Now, the rest follows from Proposition [T}

D. Proof of Proposition 3]

Note that Z = {z|BTz = 0}. For any 2 € RY,
dist(2,2) = |B(B"B)"'BT 2|y as (I - B(B"B)"'BT)2
is the projection of Z into Z. Following [45, p.74], we get

Amax(I — @B B) < Anax(I) + Amax(—aB " B)

= Amax(I) — @Amin(B ' B)
< 1- P

and

Amin(I — BT B) > Auin(I) + Amin(—aB ' B)

= Amin(I) — @Amax (BT B)
> 0.

Now, note that

B'** =B (I —aBB")z* = (I —aB"B)B' 2",



which results in

|BT2*3 < |l — aBT B3| BT 2|3
< Amax(I —aBTB)?||BT2¥|3
< (1-p)?|R¥|3,

where the second inequality follows from [45 p.133]. This
shows that

18723 < (1= p)*" 1B 213 < (1~ p)* sup | B q]l3.
q

Define (n) = (1— )" | B(BT B)~1l» sup,co | BT all. Evi-
dently, lim,, o B(n) = 0 since 0 < p < 1 (as Ayin (BT B) >

0 because G is a tree). Furthermore, since 172k =

1720

following the update dynamics in Algorithm [2] (see [46]), we

get limy o0 2k =

~ Y Gi) 1. Therefore, {g{* 0 0" }nen

is asymptotically efficient. Now, the rest of the proof follows
from applying Proposition [2]
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