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Abstract. We consider a class of crowdsourcing problems where the
owner of a task benefits from the high quality opinions provided by experts. Executing the task at an assured quality level in a cost effective
manner in such situations becomes a mechanism design problem when
the individual qualities are private information of the experts. The considered class of task execution problems falls into the category of interdependent values, where one cannot simultaneously achieve truthfulness
and efficiency in the unrestricted setting due to an impossibility result
[7]. We propose a mechanism QUEST, that leverages the structure of
our special class of problems and guarantees allocative efficiency, ex-post
incentive compatibility, ex-post individual rationality, and strict budget balance, which even the mechanism given by Mezzetti [13] cannot
achieve in this setting. The ex-post individual rationality comes under a
tight sufficiency condition, and we show that the above four properties
are not simultaneously satisfiable if the sufficient condition is violated.
To the best of our knowledge, this is the first attempt in developing a
quality assuring crowdsourcing mechanism in an interdependent value
setting with quality levels held private by strategic agents.

1

Introduction

This paper is motivated by several real-world situations where an organization or
a task owner would benefit from the opinions of several experts in making crucial
binary decisions. Crowdsourcing often facilitates such opinion aggregation from
a set of skilled workforce or experts. We motivate our problem by describing a
few such situations.
Suppose a company wants to launch a high risk new product and would like
to take a go/no-go decision by collecting the opinions of domain experts. Using a
crowdsourcing platform, the company may select a certain number of experts to
get a binary (yes/no) opinion from the experts. The experts selected will delve
into the details of the product, may glean many relevant documents, use their
domain knowledge, etc., to come up with a decision. There is a cost involved here
in procuring the services of each expert, which is often a common knowledge.
Each expert selected for providing opinion has a certain level of proficiency or
quality in arriving at a decision. This quality is private to the expert; however, an
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expert with strategic intent may not reveal this quality truthfully in the hope of
gaining higher rewards. The company arrives at its final decision by aggregating
the opinions collected using some algorithm and the value that accrues to the
company will depend on the true qualities of the experts selected. This value is
observable once the company implements the decision and the experts could be
rewarded based on the actual outcome.
As our second example, let us consider a healthcare provider who is trying
to decide whether or not to carry out a high risk but critical surgery on a
patient depending on her medical reports. In addition to an in-house doctor, the
administration of the hospital would like to take expert opinions from elsewhere.
With the advent of Internet, it is easy to outsource the reports to remote experts
anywhere in the world and gather their opinions. Whether or not the patient
recovers is observable, and the experts can be rewarded accordingly. The practice
of outsourcing is quite intense in the area of healthcare, since there are very few
occupational health professionals such as doctors and nurses covering different
specialties at the hospitals [15]. Also, some U.S. hospitals are outsourcing the
tasks of reading and analyzing scan reports to companies in Bangalore, India [1].
Gupta et al. [3] give a detailed description of how the healthcare industry uses
the outsourcing tool.
Our third example concerns a common situation facing a funding agency such
as the World Bank while taking a decision on whether or not to fund a major
project proposal. Typically the funding agency would select a team of experts to
study the project proposal in detail and come up with their individual opinions
(yes or no decisions). The funding agency will aggregate the opinion of all the
experts commissioned for this purpose and take a final overall decision. Here
again, the actual outcome is observable.
Aggregating the opinions of the experts and awarding monetary compensation is an example of crowdsourcing [5] which has recently become popular, and it
provides an efficient way of task execution in business, healthcare, Government,
legal matters, politics, etc. With the proliferation of the Internet-based crowdsourcing platforms like Amazon Mechanical Turk, Innocentive, oDesk, Topcoder,
etc., which provide access to experts and skilled workforce, crowdsourcing has
gained in popularity for such niche applications also.
All the scenarios above call for a strict quality assurance of the strategic
experts. If the qualities were known to the designer, this problem reduces to a
stochastic optimal control problem that can be solved using standard optimization techniques. However, the problem becomes non-trivial when the qualities
are private information of the strategic experts and unknown to the designer,
as the agents can potentially misreport their qualities in order to maximize
their payoffs. We need a mechanism design approach that should ideally satisfy (a) allocative efficiency (allocation maximizes the total value of the agents),
(b) incentive compatibility (experts report their true qualities), (c) individual
rationality (the center and the experts obtain a non-negative utility through participation), and (d) budget balance (the payments by the center to the experts
and the receipts by the experts balance out each other).
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In this paper, we use the following abstraction of the above problems. A center
(task owner) wants an item (e.g. a document) to be binary labeled. A set of agents
(experts) with varied qualities are contacted using a crowdsourcing or any other
platform. Depending on the quality reports of the agents, the mechanism selects
a subset of the experts for labeling the item. The center observes their labels and
finally observes the true label and rewards the allocated experts accordingly.
1.1

Overview and Main Results

In this paper, we pose crowdsourcing to strategic experts as a mechanism design
problem. The labelers perfectly know their own qualities for labeling an item. If
an expert is allocated the task of labeling, she incurs a cost (which is publicly
known) to observe the noisy label of the document. On the other hand, the value
to the center is the reward (or loss, which is also observable publicly) it earns
after making a decision based on the reports of the labelers. The goal of the
mechanism designer in this setting is to design an allocation rule and a payment
rule that elicit the true qualities of the labelers, encourage participation of all
players, maximize the social welfare, and ensure budget balance.
We show that this formulation belongs to an interdependent valuation setting, since the reward of the center is dependent on the qualities of all the
labelers. The impossibility result by Jehiel and Moldovanu [7] makes mechanism
design difficult in this setting. Though Mezzetti [13] circumvents this problem
by proposing a two stage mechanism, that is not enough to guarantee all the
desirable properties mentioned above. Our main contributions are as follows.
• We propose a novel mechanism QUEST (quality elicitation from strategic
agents) that is ex-post incentive compatible (EPIC) (Theorem 1) and ex-post
individually rational (EPIR) under a sufficient condition (Theorem 2). In addition, it is allocatively efficient (AE) and strictly budget balanced (SBB) (Observation 1). The novelty and non-triviality of our mechanism lie in achieving the
above properties in an interdependent value setting exploiting certain special
characteristics of this problem.
• We show that the above four properties cannot be satisfied simultaneously if
the sufficient condition is violated (Theorem 3). QUEST, therefore, delivers
the properties with the weakest possible sufficient condition.
• We contrast our mechanism to a classic mechanism given by Mezzetti [13] for
interdependent values and show that it does not guarantee SBB, while ours
does (Section 4.2).
To the best of our knowledge, this is the first attempt in developing a quality assuring crowdsourcing mechanism in an interdependent value setting with quality
levels held private by strategic agents. We propose a mechanism that satisfies all
the four properties mentioned above with the minimal sufficient condition. The
proposed mechanism overcomes the limitations of applying the VCG mechanism
which cannot handle the interdependent setting.
1.2

Related Work

Mechanism design has been used in the literature as a tool to analyze crowdsourcing problems. Gao et al. [2] consider a crowdsourcing contest where the
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competing workers win a reward by exerting the most extra effort. They design
a contest to maximize the expected quality at the center while trading it off with
the risk (or variance). Lin et al. [11] propose a graphical model to represent the
multiple workflow scenario and provide algorithms to learn the parameters of
the model. They empirically show the superiority of their approach to existing
single workflow models.
Stein et al. [18] look at the task of procuring services under a strict deadline as
a mechanism design problem. A mechanism for determining near optimal prices
for performing tasks in online labor markets that use crowdsourcing is presented
by Singer and Mittal [17]. Jain et al. [6] develop incentive mechanisms for online
question answer forums. Ramchurn et al. [16] propose trust based mechanisms for
procurement scenarios where there exists uncertainty about agents successfully
completing their assigned tasks. These mechanisms take into account the subjective measures of the probability of success of an agent and produce allocations
that are efficient, incentive compatible, and individually rational. Jurca et al.
[8] look at quality of service monitoring by a trusted monitor based on clients’
truthful feedback on a service provider. Minder et al. [14] present a platform for
crowdsourcing that assumes the worker abilities to be common knowledge and
the costs are private.
Ho and Vaughan [4] look into the problem of online assignment in crowdsourcing markets and propose a two phase explore-exploit assignment algorithm.
However, they assume honest agents and also that costs are the same for all the
agents. Our paper overcomes these two limitations by offering a mechanism design solution with individual costs. We propose a model that is applicable to a
certain sub-domain of the task outsourcing setting, and provide a mechanism
that satisfies four very essential properties.
The rest of the paper is organized as follows. In Section 2, we present the formal model and the definitions. The proposed mechanism QUEST is presented
in Section 3 and its properties are presented in Section 4. We discuss the applicability of VCG in Section 4.1, compare with the mechanism of Mezzetti in
Section 4.2 and conclude the paper in Section 5.

2

The Model and Definitions

Let the set of players be denoted by Np , which consists of a center (player 0)
and n labelers N = {1, . . . , n}, i.e., Np = {0} ∪ N .4
The center brings in a task where the final outcome y can take binary values
in the set {0, 1} according to a Bernoulli distribution with parameter θ, and
this parameter is a common knowledge. The goal of the center is to improve the
accuracy to predict y using experts’ (the labelers’) advice.
Labeler i has an intrinsic quality, given by qi which is the probability of a
correct observation. If the observed label is ỹi , then qi = P(ỹi = y). The labelers
also have a cost to make this observation, given by ci , which is assumed to be
4

For simplicity we have assumed a single center but the model can be extended to
multiple centers as the payoffs of the players are additive for multiple tasks
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common knowledge. However, the quality qi ∈ [0, 1] is private information of the
labeler, and that constitutes the type set of agent i.
We assume that the center’s type set is a singleton, hence he does not report
any private information. For brevity of notation, we suppress θ and ci ’s when
they are clear from the context.
A direct revelation mechanism M = hS, r, Pi, decides the following: (a) an
allocation S(q̂) ⊆ N of the labelers given the quality reports of the labelers, given
by q̂, (b) the label r(ỹ S(q̂) (q), q̂) from the binary set after the true observations
ỹ S(q̂) (q) are received from the selected labelers, where q is the true quality.
Note that the observations come from the players that belong to S(q̂), but are
functions of the true quality, since that is the noise with which they observe y.
We assume that the actual labels of the labelers ỹ S(q̂) (q) are observable by the
center and therefore cannot be misreported. (c) The payment is decided after
the true y is realized. Each labeler i ∈ S(q̂) receives Pi (S(q̂), ỹ S(q̂) (q), q̂, y) and
the consolidated sum is charged to the center (player 0). We adopt the notation
ti to denote the transfer to the agent. Hence,

i ∈ S(q̂)
 Pi (S(q̂), ỹ S(q̂) (q), q̂, y)
i ∈ N \ S(q̂)
ti = 0 P

− i∈S(q̂) Pi (S(q̂), ỹ S(q̂) (q), q̂, y) for i = 0
The reward generated by the center after the true y is observed is given by the
reward matrix R, which gives a reward of R(r, y), when the label decided by the
mechanism is r and the true label is y. We assume this reward is observable to
all the participants and the mechanism designer.
The value of the agents in the mechanism M is given by,

i ∈ S(q̂)
 −ci
i ∈ N \ S(q̂)
vi = 0

R(r(ỹ S(q̂) (q), q̂), y) i = 0

Note that the valuation at the center (player 0) depends on the qualities of all
the selected labelers, as the observed ỹ S(q̂) is a function of the true q. This makes
this problem fall under the interdependent valuation setting [10]. The utility of
the agents are quasi-linear, and are given by,
S(q̂)
uM
(q), y|q) = vi + ti ,
i (q̂, ỹ

where q denotes the true quality vector and q̂ is the reported one. The dynamics
of the mechanism is shown in Figure 1.
Let us now define the social welfare with and without an agent i, which will
be useful in presenting the main mechanism of this paper.
Definition 1 (Social Welfare). For a label selection rule r and a labeler selection rule S, when the true label y is observed, the center obtains a reward
R(r(ỹ S (q), q̂), y) and each selected labeler i ∈ S(q̂) incurs a cost ci . Then, the
social welfare is given by the net gain of the system,
X
cj .
(1)
W (r, S(q̂), q̂, y|q) = R(r(ỹ S(q̂) (q), q̂), y) −
j∈S(q̂)
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Fig. 1. Illustration of the mechanism design problem

Having chosen labeler set S, one can evaluate the worth of an agent i ∈ S by
calculating the expected social welfare in absence of i for the same observed y.
Definition 2 (Social Welfare in the Absence of i). For a label selection
rule r and a labeler selection rule S, when the true label y is observed, the social
welfare in the absence of i is defined as,
W−i (r, S(q̂−i ), q̂−i , y|q−i )


= EX R(r(ỹ S(q̂−i ) (q−i ), q̂−i ), y) −

X

j∈S(q̂−i )



cj  ,

(2)

where X = ỹ S(q̂−i )\S(q̂) |y, q̂−i . We define W−i = 0 for i = 0, i.e., the absence of
the center yields no social welfare.
The set S(q̂−i ) may contain labelers that are not present in the set S(q̂), and
hence the labels of those “missing” labelers cannot be observed. Hence, we take
expectation w.r.t. their possible reports based on the reported qualities. The
expression X essentially captures this.
2.1

Design Desiderata

We now look at a list of desirable properties which a mechanism in this setting
should satisfy. Let us define the expected social welfare Q(S, q) as follows.
 ∗ S

 P
P
ỹ , q, θ P ỹ S |q, θ − i∈S ci , if S 6= ∅
ỹ S ∈{0,1}|S| R
(3)
Q (S, q) =
maxr Ey|θ R(r, y),
if S = ∅.
Let us denote, Qθ := maxr Ey|θ R(r, y). In the above equation,
X


P y|ỹ S , q, θ R(r, y);
R∗ ỹ S , q, θ = max
r

y∈{0,1}
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X


P ỹ S |y, q P(y|θ);
P ỹ S |q, θ =
y∈{0,1}



P ỹ S |y, q =
wise.

Q

i

I(ỹ −y)
(1
i qi

− qi )1−I(ỹ

i

−y)

, where I(x) = 1, if x = 0, and 0 other-

Definition 3 (Allocative Efficiency). A labeler selection rule S AE is allocatively efficient if,
S AE (q) ∈ arg max Q(S, q).
(4)
S⊆N

Notice that, Q(S, q) = EỹS |q,θ maxr Ey|ỹS ,q,θ W (r, S, q, y|q). Hence, the efficient
allocation maximizes the expected social welfare. Also, Q(S AE (q), q) ≥ Qθ , by
the definition of the maximizing term (Equation (4)). This inequality holds for
any number of agents, e.g., Q(S AE (q−i ), q−i ) ≥ Qθ .
Since the actual qualities are private to the agents, we need to elicit them
truthfully as we are interested in maximizing the true social welfare realized. We
use Ex-Post Incentive Compatibility (EPIC) as the notion of truthfulness.
Definition 4 (Ex-post Incentive Compatibility, EPIC). A mechanism
M = hS, r, Pi is ex-post incentive compatible, if for all q, and for all q̂i ,
M
S2
S1
EX1 uM
i (qi , q−i , ỹ , y|q) ≥ EX2 ui (q̂i , q−i , ỹ , y|q),

(5)

where, S1 = S(qi , q−i ), S2 = S(q̂i , q−i ), and X1 = ỹ S1 , y|q, θ , X2 = ỹ S2 , y|q, θ .
EPIC is a stronger notion of truthfulness than Bayesian Incentive Compatibility
(BIC), but is weaker than Dominant Strategy Incentive Compatibility (DSIC)
[12].
To ensure that the labelers participate voluntarily in this labeling exercise,
the mechanism has to make sure that the expected utility before observing ỹi ’s
or y is non-negative for every agent. This desirable property is captured by
individual rationality, defined as follows.
Definition 5 (Ex-post Individual Rationality, EPIR). A mechanism M
is called ex-post individually rational, if the expected utility is non-negative for
all agents, i.e.,
S(q)
EỹS(q) ,y|q uM
, y|q) ≥ 0, ∀ i ∈ N
(6)
i (q, ỹ
It should be emphasized that the term ex-post refers to the fact that the decisions
are taken after observing the types q. The nomenclature does not relate to the
realization of y, as the labeler and label selection decisions are taken before the
realization of y.
Definition 6 (Budget Balance). A mechanism is weakly budget balanced if
net monetary transfer in the system is non-positive.
X
ti ≤ 0,
(7)
i∈Np

and when the inequality is met with equality, it is called strictly budget balanced.
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In summary, the design question is to design an allocatively efficient, strictly
budget balanced, truthful mechanism in this setting where the agents participate
voluntarily.

3

The QUEST Mechanism

In this section, we present our mechanism QUEST (quality elicitation from
strategic agents), that selects the set of labelers S ∗ , decides the label r∗ , and
the payment to the selected labelers P ∗ . Therefore, QUEST = hS ∗ , r∗ , P ∗ i.
Definition 7 (Labeler selection rule). We can write the labeler selection
rule in terms of an expected social welfare as,
S ∗ (q̂) ∈ arg max Q(S, q̂),
S⊆N

(8)

where Q(S, q̂) is defined in Equation (3).
Note that when the reported types are q̂, the labelers selected by the mechanism
would be S ∗ (q̂). Depending on that the mechanism selects a label that maximizes
its reward based on the labels reported by the labelers in S ∗ (q̂).
Definition 8 (Label selection rule). Given the reported quality vector q̂ and
the observations of the labeler set S ∗ (q̂), the optimal label r∗ is selected by,

X 
∗
∗
P y|ỹ S (q̂) (q), q̂ R(r, y) .
(9)
r∗ (ỹ S (q̂) (q), q̂) ∈ arg max
r

y

The idea for designing the payment is to pay i her cost, and in addition a fraction
α > 0 of i’s marginal contribution. Let W be the realized social welfare, as stated
in Definition 1 (based on S ∗ , r∗ , q̂, and the observed true label y), and W−i be
the social welfare excluding i, given by Definition 2. Using the above setup, we
define the payment rule as follows.
Definition 9 (Payment rule).
∗

ti = Pi∗ (S ∗ (q̂), ỹ S (q̂) (q), q̂, y)

 α × [W (r∗ , S ∗ (q̂), q̂, y|q)
=
−W−i (r∗ , S ∗ (q̂−i ), q̂−i , y|q−i )] + ci , if i ∈ S ∗ (q̂)

0,
if i ∈ N \ S ∗ (q̂)
X
∗
Pi∗ (S ∗ (q̂), ỹ S (q̂) (q), q̂, y)
t0 = −

(10)

i∈S ∗ (q̂)

This payment rule makes labelers partners in the center’s venture. Theorem 2
shows how the choice of α becomes crucial to ensure EPIR.
Algorithm 1 shows the dynamics of QUEST using pseudo-code. Figure 2
shows the dependency of the different variables of this problem using a multiagent influence diagram (MAID) [9].

A Quality Assuring Mechanism for Crowdsourcing with Strategic Experts

9

Algorithm 1 QUEST
for agents i = 1, . . . , n do
agent i observes qi ;
agent i reports q̂i ;
end for
select labelers S ∗ (q̂) according to Definition 7;
for agents in S ∗ (q̂) do
center observes noisy label ỹi of labeler i;
end for
∗
center reports r ∗ (ỹ S (q), q̂) as per Definition 8;
true state of the document y is realized;
social welfare W is realized
make payment Pi∗ to P
agent i, as per Definition 9;
charge an amount of i∈S ∗ Pi∗ to the center;

y

i=1:n

qi

ỹi

q̂i

ci
θ

S∗
r∗

i=1:n
ui

Pi∗

Fig. 2. Multi-agent influence diagram for QUEST

4

Properties of QUEST

The proposed crowdsourcing mechanism satisfies several important properties
given by the following theorems. We denote q = (qi , q−i ) to be the true quality
of the agents. To improve readability, we move some of the proofs to Appendix.
The following observation on the allocative efficiency and budget balance of
QUEST follows from the definitions.
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Observation 1 QUEST is AE and SBB.
The following theorem considers the truthfulness property of QUEST.
Theorem 1 (EPIC). QUEST is EPIC for all agents.
The proof is given in Appendix A.1.
Let us call quality vector q to be Pareto better than quality vector qt , and
denote it by q  qt if, qi ≥ qi,t , ∀i, where qi is the i-th component of q. Observe
that a labeler with q = 0.1 is as good as the labeler with q = 0.9 when the
labels from the former are flipped. Hence it is enough to consider qualities only
above 0.5. Let us denote the quality vector such that qi,0.5 = 0.5, ∀i as q0.5 . The
following theorem provides a sufficient condition for which the expected utility
of each agent is non-negative under QUEST.
Theorem 2 (EPIR). Let the problem instance (R, c, θ, qt ) be such that the labelers’ qualities are Pareto better than qt , i.e., q  qt  q0.5 , and the expected
social welfare at qt is non-negative, i.e., Q(S ∗ (qt ), qt ) := ǫ(R, c, θ, qt ) ≥ 0, then
the following choice of α(ǫ(R, c, θ, qt )) ensures that QUEST is EPIR for all
agents including center.
(
1
if Qθ ≥ 0
α(ǫ(R, c, θ, qt )) ≤ n ǫ(R,c,θ,qt )
n(ǫ(R,c,θ,qt )−Qθ ) otherwise.
Recall the parameter α above from the payment rule given by Definition 9. The
condition of having a lower bound on the qualities of the agents is not a limitation
since in the worst case, qt can be a vector of 0.5 as that is the worst possible
quality the mechanism designer can expect. Often the designer can have a better
idea about the qualities of the agents and therefore can set a better qt , and the
α accordingly. Later, we show that if the qualities are lower bounded as given
in the above theorem, no mechanism can achieve all the properties satisfied by
QUEST when the expected social welfare Q(S ∗ (qt ), qt ) is negative. This shows
the tightness of the sufficient condition given by the above theorem. We will
prove this theorem via the following lemma on the monotonicity of Q.
Lemma 1 (Monotonicity of Q). If q  qt  q0.5 , Q(S ∗ (q), q) ≥ Q(S ∗ (qt ), qt ).
Proof sketch: We prove the lemma by proving the fact that Q(S ∗ (q), q) ≥
Q(S ∗ (q), qt ) ≥ Q(S ∗ (qt ), qt ). The second inequality is true by definition of S ∗
and we show the first inequality for any S, which includes S ∗ (q) as well. We
argue that it is enough to consider just one labeler i ∈ S whose quality improves
when others’ qualities are held fixed and show that the expected social welfare
Q is non-decreasing. The detailed proof is given in Appendix A.1.
Remark 1. Lemma 1 agrees with the intuition that better quality labeler set
cannot hurt the expected social welfare. However it is not very obvious given
that the result holds for any reward matrix.
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Proof of Theorem 2: First, let us prove that under the sufficient condition,
QUEST is EPIR for the center.
Case 1: Qθ ≥ 0. By definition, Q(S ∗ (q), q) ≥ Qθ , via Equations (3) and
(8). Now, if S ∗ (q) = ∅, center’s expected payoff is Qθ ≥ 0. To shorten the
notation here and elsewhere in the paper, we will use W ∗ to denote the fact
that the labeler selection and label selection were done according to the rule
of QUEST (Equations 8 and 9), with only the relevant arguments inside. In
∗
the following, we use W ∗ to denote W (r∗ , S ∗ (q), q, y|q) and W−i
to denote
∗
∗
∗
W−i (r , S (q−i ), q−i , y|q−i ). If S (q) 6= ∅, then the center’s payoff is given by,


Ey,ỹS∗ (q) |q R(r∗ (ỹ S

∗

(q)

, q, θ), y) −

X

i∈S ∗ (q)



= Ey,ỹS∗ (q) |q R(r∗ (ỹ S

∗

(q)

, q, θ), y) −



Pi∗ 

X

ci − α|S ∗ (q)|W ∗ + α

i∈S ∗ (q)

i∈S ∗ (q)



= Q(S ∗ (q), q) − α|S ∗ (q)|Q(S ∗ (q), q) + αEy,ỹS∗ (q) |q 

X

i∈S ∗ (q)

∗

∗

∗

X

∗

≥ Q(S (q), q) − α|S (q)|Q(S (q), q) + α|S (q)|Qθ





∗ 
W−i

∗ 
W−i

(11)

The first equality comes by substituting Equation (10), and the second is by the
fact that Q(S ∗ (q), q) = Ey,ỹS∗ (q) |q [W ∗ ]. The inequality is due to the fact that
∗
Ey,ỹS∗ (q) |q W−i
= Q(S ∗ (q−i ), q−i ) ≥ Qθ , and S ∗ is AE. Now, the last term in
Equation (11) can be made non-negative by setting α ≤ 1/n, since Qθ ≥ 0.
Case 2: Qθ < 0. We are given that Q(S ∗ (qt ), qt ) = ǫ ≥ 0. Therefore, S ∗ (q) 6= ∅
when q  qt . Then one can show using Lemma 1 that the last term in Equaǫ
tion (11) is non-negative when α ≤ n(ǫ−Q
and q  qt . Hence, we have shown
θ)
that QUEST is EPIR for the center.
Next we show that QUEST is EPIR for the labelers too. If labeler i is not
selected in S ∗ (q), the payoff and cost are both 0 and EPIR holds. So we consider
a q such that i is a part of S ∗ (q). We use the shorthand S ∗ to denote S ∗ (q) and
∗
S−i
to denote S ∗ (q−i ). Then,


∗
1
∗
) + (ci − ci )/α
EỹS∗ ,y|q [uQUEST
(qi , q−i , ỹ S , y|q)] = EỹS∗ ,y|q ( W ∗ − W−i
i
α
∗
We are done if we show that EỹS∗ ,y|q W ∗ ≥ EỹS∗ ,y|q W−i
. By EPIC, Q(S ∗ (q), q) =
∗
EỹS∗ ,y|q W .



∗

∗
R(r∗ (ỹ S−i , q−i ), y) −
∗ \S ∗
EỹS∗ ,y|q W−i
= EỹS∗ ,y|q EỹS−i
|y,q

X

∗
j∈S−i



cj 
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∗

∗

∗
Writing S1 = S−i
∩ S ∗ and observing that ỹ S−i \S is independent of ỹ S1 , we get,


X
∗
∗
R(r∗ (ỹ S−i , q−i ), y) −
∗ \S ∗
EỹS∗ ,y|q W−i
= EỹS∗ ,y|q EỹS−i
cj 
|y,ỹ S1 ,q
∗
j∈S−i



R(r∗ (ỹ
∗ \S ∗
= EỹS∗ ,ỹS−i
,ỹ S1 ,y|q

∗
S−i

, q−i ), y) −

X

∗
j∈S−i

= Q(S ∗ (q−i ), q−i )



cj 

Now, Q(S ∗ (q−i ), q−i ) is the expected welfare of an AE outcome when i is not
a part of labeler pool. The labeler selection rule S ∗ has the property that the
alternatives S ∗ (q) ∈ A contain the alternatives S ∗ (q−i ) ∈ A−i . This is because
the available choices of S ∗ (q−i ) are contained in the possible choices of S ∗ (q).
Therefore we conclude that,
Q(S ∗ (q), q) ≥ Q(S ∗ (q−i ), q−i )
This concludes the proof.



Theorem 3 (Unachievability Result). If the problem instance (R, c, θ, qt ) be
such that the labeler quality vector q  qt  q0.5 , but the sufficiency condition
of Theorem 2 is violated, then no mechanism can satisfy AE, EPIC, EPIR, and
SBB.
Proof: Let us assume there exists a mechanism M = hS M , rM , P M i satisfies
EPIR, EPIC, AE and SBB simultaneously. The labeler and label selection rule
are the same as QUEST since they are AE by definition, i.e., S M ≡ S ∗ , rM ≡ r∗ .
Since M is EPIC, we can work with the true qualities q. Now, we can write the
expected utility to the center by rewriting the first term in Equation (11) for
the mechanism M as follows.


X
M
E SM (q) R(rM (ỹ S (q) , q, θ), y) −
PiM 
|q

y,ỹ

i∈S M (q)



= Ey,ỹSM (q) |q R(rM (ỹ S
∗

= Q(S (q), q) +

X

M

(q)

, q, θ), y) −

(ci −

X

i∈S M (q)

PiM )

ci +

X

i∈S M (q)

ci −

X

i∈S M (q)



PiM 

i∈S M (q)

The last equality comes as S M ≡ S ∗ , rM ≡ r∗ , hence the expected welfare
under M is same as Q(S ∗ (q), q), the welfare under QUEST. As the sufficiency
condition of Theorem 2 is violated, it implies, Q(S ∗ (q), q) = ǫ < 0. The PiM
term indicates the payment to labeler
i. For M to be EPIR for the labelers,
P
PiM − ci ≥ 0, for all i. Therefore, i∈S M (q) (PiM − ci ) ≥ 0. For M to be EPIR for
P
P
the center, Q(S ∗ (q), q)+ i∈S M (q) (ci −PiM ) ≥ 0, which implies, i∈S M (q) (PiM −
ci ) ≤ Q(S M (q), q) < 0, which is a contradiction. Hence proved.
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Why is VCG not Applicable?

Though the proposed mechanism resembles a VCG mechanism it operates under
a different setting. VCG is applicable to an independent private value setting,
whereas this setting is that of interdependent values. VCG does not guarantee
truthfulness in an interdependent value setting [7].
4.2

Comparison with Mezzetti’s Mechanism

In this paper we investigate a special sub-class of the interdependent value setting that is relevant for crowdsourcing setting and the proposed mechanism
QUEST satisfies AE, EPIC, EPIR, and SBB under a sufficient condition given
by Theorem 2. Let us compare QUEST vis-à-vis the classic mechanism given
by Mezzetti [13] (we will call this mzt) which too is EPIC and AE in the interdependent value setting. We note that in the first stage, mzt determines the
allocation based on the type reports q̂i ’s, and the allocation rule is the same as in
QUEST (Definition 7). However, the payment in the second round is different.
∗
QUEST is SBB even after observing (y, ỹ S (q) ). However, this is not guaran∗
teed by mzt even ex-ante observing (y, ỹ S (q) ). Let us explain why. The center’s
∗
valuation after observing (y, ỹ S (q) ) is,
v0 = R(r∗ (ỹ S

∗

(q)

, q), y) .

∗
We consider true q since mzt is EPIC.
P The value of a labeler i ∈ S (q) is given
c
.
The
transfer
to
the
labeler i is
by, vi = −ci . Therefore, tmzt
=
−
0
i∈S ∗ (q) i
given by,
X
∗
cj .
tmzt
= Pimzt = R(r∗ (ỹ S (q) , q), y) −
i
j∈S ∗ (q)\{i}

Therefore, the net monetary transfer is given by,


X
X
∗
cj  .
tmzt
= n R(r∗ (ỹ S (q) , q), y) −
i
j∈S ∗ (q)

i∈Np

∗

If we take the expectation of the net monetary transfer w.r.t. (y, ỹ S (q) ), the
expression on the RHS becomes,


X
∗
cj  = nQ(S ∗ (q), q) ≥ 0.
nEy,ỹS∗ (q) |q R(r∗ (ỹ S (q) , q), y) −
j∈S ∗ (q)

The inequality comes from the sufficient condition of Theorem 2. Hence mzt is
ex ante BB only when the expected social welfare is zero. In the more interesting
scenario, where the system generates a positive social welfare, mzt may run into
∗
a budget deficit. However, QUEST is SBB even ex-post observing (y, ỹ S (q) ).
The above expression also says that the ex-ante budget deficit in mzt is n-fold
the net ex-ante social welfare of QUEST.
The reason of the above phenomenon is because Mezzetti [13] provides one
possible implementation in the interdependent valuation setting, and does not
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provide a characterization result. Other mechanisms may exist that satisfy the
same or more properties as mzt in a specific setting, and QUEST is one such
example.

5

Conclusions and Future Work

This paper was motivated by several real world problems in which a center benefits from the opinions provided by experts but the experts themselves could
exhibit strategic behavior. Achieving an assured quality level in a cost effective
manner in such situations becomes a mechanism design problem when the individual qualities are private information of the experts. We proposed a mechanism
QUEST, that ensures four desirable properties: allocative efficiency, ex-post incentive compatibility, ex-post individual rationality, and strict budget balance.
QUEST is able to achieve the above properties in a subclass of interdependent value setting with the weakest sufficiency condition. We believe this is the
first attempt in developing a quality assuring crowdsourcing mechanism in an
interdependent value setting with quality levels held private by strategic agents.
Considering settings where both cost and quality are privately held by labelers is an important and interesting future work. Also extending the mechanism
to a more general setting than binary labels would be a useful extension.
Acknowledgments. This work is part of a collaborative project between Xerox
Research and Indian Institute of Science on incentive compatible learning for eservices.
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A
A.1

Appendix
Proofs not Included in the Main Text

Proof of Lemma 1
Proof: Consider two quality levels q = {q1 , . . . qn } and let q̃ = {q˜1 , . . . , q˜n } such
that ∀i ∈ {1, 2, . . . , n}, qi ≤ q˜i . We will show that,
Q(S ∗ (q), q) ≤ Q(S ∗ (q), q̃) ≤ Q(S ∗ (q̃), q̃).
The second inequality above is true by the definition of labeler selection rule
(Equation (8)). Hence we need to prove only the first inequality. In fact, we
show that the inequality holds for any S, i.e., Q(S, q) ≤ Q(S, q̃). We see that for
S = ∅, Q(S, q) is independent of q (Equation (3)). Hence we need to prove the
result only when S 6= ∅.
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Case 1: |S| = 1. It is clear that only the quality q of the labeler i ∈ S
influences the expected welfare Q(S, q). Hence we only work with q of that
labeler. For notational convenience, we will use shorthand Rry to denote R(r, y).
For the single labeler set S, the expected social welfare is given by,


X
X
X
Rry P(y, ỹ|q, θ) −
ci
max 
Q(S, q) =
ỹ∈{0,1}

=

X

ỹ∈{0,1}

r∈{0,1}

max 

r∈{0,1}

i∈S

y∈{0,1}



X

y∈{0,1}



Rry P(ỹ|y, q, θ)P(y|θ) −

X

ci .

(12)

i∈S

The cost term on the R.H.S. of Equation 12 appears in both Q(S, q) and Q(S, q̃)
and therefore cancels out while comparing. Hence, we can WLOG assume ci = 0
for i ∈ S to prove the lemma. Expanding, we obtain,
Q(S, q)
(13)
= max {Rr1 0 (1 − θ)q + Rr1 1 (1 − q)θ} + max {Rr2 0 (1 − q)(1 − θ) + Rr2 1 qθ}
{z
}
{z
}
r1 ∈{0,1} |
r2 ∈{0,1} |
=:f (r1 ,q)

=:g(r2 ,q)

= max f (r1 , q) + max g(r2 , q)
r1 ∈{0,1}

=

max

(r1 ,r2 )∈{0,1}2

r2 ∈{0,1}

(f (r1 , q) + g(r2 , q))

= max{R1 (q), R2 (q), R3 (q), R4 (q)},

(14)

where,
R1 (q) = f (0, q) + g(0, q) = R01 θ + R00 (1 − θ),

invariant with q,

R2 (q) = f (0, q) + g(1, q) = mq + a,
R3 (q) = f (1, q) + g(0, q) = −mq + b,
R4 (q) = f (1, q) + g(1, q) = R11 θ + R10 (1 − θ),

invariant with q,

where, m = R00 (1 − θ) − R01 θ − R10 (1 − θ) + R11 θ , a = R01 θ + R10 (1 − θ) and
b = R00 (1 − θ) + R11 θ. We notice that the functions R1 through R4 are affine
functions of q and hence their maximum given by Equation (14) is convex in q.
All that we need to show now is that Q(S, q) attains a minima at q = 0.5, and
together with the convexity of Q(S, q), it is going to be non-decreasing within
the interval q ∈ [0.5, 1].
It can be seen that at q = 0.5, the two lines R2 (q), R3 (q) intersect and

the expected welfare is given by 0.5 R00 (1 − θ) + R01 θ + R10 (1 − θ) + R11 θ .
Let us denote this by d, as shown in Figure 3 for m ≥ 0 (the complementary
plot for m < 0 would be similar with the lines R2 (q) and R3 (q) flipped around
q = 0.5). The maximizer of the two lines is given by the equation |m(q−1/2)|+d.
Combined with the max of R1 (q) and R4 (q), we conclude that the expected social
welfare Q(S, q) does not decrease when q increases from 0.5 to 1, and Figure 3
shows one such case when max{R1 (q), R4 (q)} > d (shown in bold lines).
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Q(S, q)
m≥0
mq + a

−mq + b

or

max{R1 (q), R4 (q)}

d

0

1
2

1

q

Fig. 3. Expected Welfare versus q when |S| = 1

Case 2: |S| > 1. It is enough to consider the case when for only one particular
player i the quality is increased, i.e., q̃i ≥ qi and the other players’ qualities are
held fixed. This is because if we show that welfare increases monotonically with
qi is this case, the argument can be repeated for another player j, with i’s quality
at q̃i , j’s quality increasing from qj to q̃j and other agents’ quality held fixed.
Also, if i ∈
/ S, the expected welfare remains the same, hence it is enough to
consider only when i ∈ S. So we find the the expected social welfare is to be,
Q(qi , q−i , S)



 X
X X
X
=
Rry P(y, ỹi , ỹ S−i |q, θ) −
ci
max 


r∈{0,1}
i∈S
y∈{0,1}
ỹi ∈{0,1}
ỹ S−i




X
X X

Rry P(ỹ S−i |y, q−i , θ) P(ỹi |y, qi , θ)P(y|θ)
max 
=


r∈{0,1}
y∈{0,1}
ỹi ∈{0,1}
ỹ S−i
X
−
ci .
i∈S

The term in curly braces for a particular fixed ỹ S−i resembles Equation (12)
and hence it is non-decreasing in qi ∈ [0.5, 1] by a similar argument used when
|S| = 1. Since the total welfare is sum of such functions we get the desired result.

Proof of Theorem 1
Since the center has a singleton type space, which is common knowledge, the
EPIC result is required only for the labelers. We prove this theorem for the
labelers with the aid of three lemmas. To show that QUEST is EPIC, let us
assume, WLOG, that only agent i is a potential misreporter. We assume that the
true type profile is given by q = (qi , q−i ). Therefore, q̂ = (q̂i , q−i ). For notational
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simplicity, we will use the shorthands W ∗ (q̂i , q−i ) to denote W (r∗ , S ∗ (q̂), q̂, y|q)
∗
and W−i
(q̂i , q−i ) to denote W−i (r∗ , S ∗ (q̂−i ), q̂−i , y|q).
∗
(q̂i , q−i ) =
Lemma 2. Let S1 = S ∗ (q̂i , q−i ), S2 = S ∗ (qi , q−i ) then, EỹS1 ,y W−i
∗
EỹS2 ,y W−i (qi , q−i ) for all q̂i .

This lemma shows that the expected social welfare in the absence of i is independent of i’s reported quality.
Proof: Write S3 = S ∗ (q−i )\ S1 and S4 = S ∗ (q−i )\ S2 . We will use the shorthand
∗
S−i
to denote S ∗ (q−i ) from now on. Let us consider the following term,


X
∗
∗
cj 
(qi , q−i ) = EỹS2 ,y EỹS4 |y R(r∗ (ỹ S−i , q−i ), y) −
EỹS2 ,y W−i
∗
j∈S−i



= EỹS2 ,y EỹS4 |ỹS2 ,y R(r∗ (ỹ


= EỹS2 ,ỹS4 ,y R(r∗ (ỹ


∗
S−i

R(r∗ (ỹ
∗ (q
= EỹS−i
−i )
,y

∗
S−i

, q−i ), y) −

, q−i ), y) −

∗
j∈S−i

X

∗
j∈S−i

∗
S−i

X

, q−i ), y) −





cj 

cj 

X

∗
j∈S−i



cj 

∗
(q̂i , q−i ) (following similar steps).
= EỹS1 ,y W−i

The first equality arises since ỹ S2 is independent of ỹ S4 given the true label y.
∗
The third equality is true since the term in expectation depends on ỹ S−i and
∗
S2 ∪ S4 ⊇ S−i
(q−i ).

Lemma 3. For any S ⊆ N fixed, the expected social welfare is maximal when
every agent in S reports truthfully. In other words, with true quality profile q =
(qi , q−i ), we have EỹS ,y|q W ∗ (qi , q−i ) ≥ EỹS ,y|q W ∗ (q̂i , q̂−i ).
Proof: Consider,
EỹS ,y|q W ∗ (qi , q−i ) − EỹS ,y|q W ∗ (q̂i , q̂−i ) = EỹS |q Ey|ỹS ,q [W ∗ (qi , q−i ) − W ∗ (q̂i , q̂−i )]


X
X
= EỹS |q Ey|ỹS ,q R(r∗ (ỹ S , (qi , q−i )), y) −
cj − R(r∗ (ỹ S , (q̂i , q̂−i )), y) +
cj 
j∈S

j∈S

Let us write, r1 = r∗ (ỹ S , (qi , q−i )), y), r2 = r∗ (ỹ S , (q̂i , q̂−i )), y). So, we get,
EỹS ,y|q W ∗ (qi , q−i ) − EỹS ,y|q W ∗ (q̂i , q̂−i )
= EỹS |q
≥ 0.

hP

y

i


P
P y|ỹ S , q R(r1 , y) − y P y|ỹ S , q R(r2 , y)
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The inequality arises from the label selection
8), as r1 =

P rule (Definition
r∗ (ỹ S , (qi , q−i )), y) maximizes the expression y P y|ỹ S , q R(r1 , y) for all ỹ S .

Lemma 4. Suppose S1 , S2 are as defined in Lemma 2. For any i,
EỹS2 ,y|q W ∗ (qi , q−i ) ≥ EỹS1 ,y|q W ∗ (q̂i , q−i ), that is, the expected social welfare for
the center is maximal when everyone reports truthfully.
Proof: Consider,


EỹS2 ,y|q W ∗ (qi , q−i ) = EỹS2 |q Ey|ỹS2 ,q R(r∗ (ỹ S2 , q), y) −


′



′

≥ EỹS′ |q Ey|ỹS′ ,q R(r∗ (ỹ S , q), y) −

X

j∈S2

X

j∈S ′



cj 


cj 

≥ EỹS′ |q Ey|ỹS′ ,q R(r∗ (ỹ S , (q̂i , q−i )), y) −

X

j∈S ′



cj 

The first inequality arises from the fact that the set S2 = S ∗ was chosen to
maximize the term inside the bracket, and so, the inequality holds for all S ′ ⊆ N .
The second inequality arises from Lemma 3. In particular, the last inequality
holds true even for S ′ = S1 . This completes the proof.

Proof of Theorem 1: The payment under QUEST is given by Equation (10).
∗
(q̂i , q−i )). To
The utility of agent i is uQUEST
= Pi − ci = α(W ∗ (q̂i , q−i ) − W−i
i
show the mechanism is EPIC, we need to show that,
(q̂i , q−i , ỹ S1 , y|q)],
(qi , q−i , ỹ S2 , y|q)] ≥ EỹS1 ,y|q [uQUEST
EỹS2 ,y|q [uQUEST
i
i
where S1 = S ∗ (q̂i , q−i ), S2 = S ∗ (qi , q−i ). This is the same as showing,




∗
∗
EỹS2 ,y|q W ∗ (qi , q−i ) − W−i
(qi , q−i ) ≥ EỹS1 ,y|q W ∗ (q̂i , q−i ) − W−i
(q̂i , q−i ) .

∗
Now, the W−i
terms on either side of the inequality cancel out due to Lemma 2,
so to show EPIC, we need to show,

EỹS2 ,y W ∗ (qi , q−i ) ≥ EỹS1 ,y W ∗ (q̂i , q−i ).
The above follows directly from Lemma 4. Hence proved.



