
Competitive Outcomes in the 
Data Market: Statistical 

Estimation in a Strategic Setting

Tyler Westenbroek

with Roy Dong, Lillian Ratliff, and 
Shankar Sastry



Page 2

Problem Setting
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 Consider the scenario where a 
single central data buyer seeks 
to pool data collected from a 
number of data sources to 
perform some estimation task

 Recently, a class of incentive 
mechanisms has been studied 
which enable the data buyer to 
ensure the data reported by the 
data sources are of high quality, 
even if the sources have 
incentive to obfuscate their data
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 We develop a game theoretic 
framework to study how these 
mechanisms perform when 
there are multiple, competing
data buyers

 We introduce a model for the 
Data Market

 Data buyers now also consider 
the value of the data that is 
flowing to their competitors

Introducing the Data Market
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Data Sources
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 The effort exerted by the data source 𝑖 determines the 
distribution of 𝜉𝑖.

 The effort is not observed by anyone other than 𝑖.

 We assume that 𝔼𝜉𝑖 = 0 for any effort level.

 Data source 𝑖 has an effort-variance function 𝜎𝑖: ℝ → ℝ+.

 If 𝑖 exerts effort 𝑒𝑖, then 𝔼𝜉𝑖
2 = 𝜎𝑖

2 𝑒𝑖 .

 This effort function 𝜎𝑖 is common knowledge to all sources and 
buyers.

 Assumed to be strictly decreasing and convex.

𝑦𝑖 = 𝑓 𝑥𝑖 + 𝜉𝑖
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 Data source 𝑖 receives an incentive 𝑝𝑖 in exchange for sharing 
their data 𝑥𝑖 , 𝑦𝑖 .

 Recall the effort 𝑒𝑖 is not known to the data buyer.

 Their payoff if they choose to share their data (opt-in):
𝔼𝑝𝑖 − 𝑒𝑖

 If they choose to opt-out: 0.

Data Sources

9/6/2017
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𝔼𝑝𝑖 − 𝑒𝑖

 Assumptions in this formula:

 Data sources are risk-neutral.

 Data sources are effort-averse.

 Data sources must decide whether to opt-in ex-ante.

 The effort 𝑒𝑖 can be normalized to be comparable with the payment 
𝑝𝑖.

Data Sources

9/6/2017
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 Suppose there is only one data buyer. 

 The data buyer picks an estimator መ𝑓 for 𝑓.

 This estimator depends on the data:

Ԧ𝑥, Ԧ𝑦 = 𝑥𝑖 𝑖∈𝒮 , 𝑦𝑖 𝑖∈𝒮

 This estimator does not directly know:

 The efforts exerted by the data sources: Ԧ𝑒 = 𝑒𝑖 𝑖∈𝒮.

 The variance of the reported data: 𝜎𝑖
2 𝑒𝑖

𝑖∈𝒮
.

Data Buyers

9/6/2017
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Data Buyers
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 The data buyer’s optimization:

𝔼 መ𝑓 Ԧ𝑥,𝑦( Ԧ𝑒) 𝑋 − 𝑓 𝑋
2
+෍

𝑖∈𝒮

𝑝𝑖

 Constraints:

 The efforts are compatible with the game:

 Ԧ𝑒 is a unique dominant strategy equilibrium.

 Individual rationality:

 Each data source 𝑖 will choose to opt-in, i.e. 𝔼𝑝𝑖 − 𝑒𝑖 ≥ 0.
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 The data buyer issues incentives of the form:

𝑝𝑖 Ԧ𝑥, Ԧ𝑦 = 𝑐𝑖 − 𝑑𝑖 𝑦𝑖 − መ𝑓 Ԧ𝑥−𝑖,𝑦−𝑖
𝑥𝑖

2

Theorem [Cai, Daskalakis, Papadimitriou 2015]

 Incentives of this form can induce a unique dominant strategy 
equilibrium that is individually rational.

 Furthermore, this equilibrium can be made incentive 
compatible:

𝔼𝑝𝑖 = 𝑒𝑖
 In this case, these incentives achieve the social optimum.

Structure of Payments

9/6/2017
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 Suppose there are 
multiple data buyers.

 Let the set of buyers be 
ℬ = 1,2, … ,𝑀 .

 What if there is 
competition between 
data buyers?

Multiple Data Aggregators 

9/6/2017

[1] Cai, Daskalakis, Papadimitriou (2015)
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 Data source 𝑖 ∈ 𝒮 gives data buyer 𝑗 ∈ ℬ the data 𝑥𝑖 , 𝑦𝑖
𝑗

.

 In return, 𝑖 receives payment 𝑝𝑖
𝑗

Ԧ𝑥, 𝑦𝑗 from 𝑗.

 The total payments data source 𝑖 receives:

𝑝𝑖 =෍

𝑗∈ℬ

𝑝𝑖
𝑗

Ԧ𝑥, 𝑦𝑗

Multiple Data Buyers

9/6/2017
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 Proposition [Westenbroek, Dong, Ratliff, Sastry: CDC 2017 (To Appear)] 

 Let:

𝑝𝑖 =෍

𝑗∈ℬ

𝑐𝑖
𝑗
− 𝑑𝑖

𝑗
𝑦𝑖 −

෢𝑓𝑗 Ԧ𝑥−𝑖,𝑦−𝑖
𝑥𝑖

2

 These incentives still induce a game between data sources that 
has a unique dominant strategy equilibrium.

Results

9/6/2017



Page 13

𝑝𝑖
𝑗
Ԧ𝑥, Ԧ𝑦 = 𝑐𝑖

𝑗
− 𝑑𝑖

𝑗
𝑦𝑖
𝑗
− ෢𝑓𝑗

Ԧ𝑥−𝑖,𝑦
𝑗
−𝑖

𝑥𝑖
2

Proposition [Westenbroek, Dong, Ratliff, Sastry: CDC 2017 (To Appear)] 

 Under incentives of this form, data sources will share the same 

data with all data buyers, i.e. 𝑦𝑖 = 𝑦𝑖
𝑗

for all 𝑗.

Results

9/6/2017
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 However, in the case of multiple data buyers, there is also a 
game between data buyers.

 Fix a buyer 𝑗 ∈ ℬ. Their cost is:

𝐽𝑗 𝑝𝑗 , 𝑝−𝑗 = 𝔼 ෢𝑓𝑗 𝑋𝑗 − 𝑓(𝑋𝑗)
2
−

𝔼 ෍

𝑘∈ℬ∖ 𝑗

𝛿𝑗,𝑘
෢𝑓𝑘 𝑋𝑗,𝑘 − 𝑓 𝑋𝑗,𝑘

2
+ 𝔼෍

𝑘∈ℬ

𝑝𝑖
𝑘

Game Between Data Buyers

9/6/2017
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Game Between Data Buyers

𝐽𝑗 𝑝𝑗 , 𝑝−𝑗 = 𝔼 ෢𝑓𝑗 𝑋𝑗 − 𝑓(𝑋𝑗)
2
−

𝔼 ෍

𝑘∈ℬ∖ 𝑗

𝛿𝑗,𝑘
෢𝑓𝑘 𝑋𝑗,𝑘 − 𝑓 𝑋𝑗,𝑘

2
+ 𝔼෍

𝑘∈ℬ

𝑝𝑖
𝑘

 Constraints:

 Efforts are compatible with the induced game:

𝑒𝑖
∗ = argmax𝑒𝑖𝔼σ𝑘∈ℬ 𝑝𝑖

𝑘 − 𝑒𝑖 for all 𝑖 ∈ 𝒮

 Coefficients make sense:

𝑑𝑖
𝑗
≥ 0 for all 𝑖 ∈ 𝒮

15
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Game Between Data Buyers

 Summarize these constraints for buyer 𝑗 with the set ℳ𝑗 𝑝−𝑗 .

 Note that the constraint set depends on the actions of the other 
buyers.

Definition: The best response set is given by:

𝐵𝑅 𝑝−𝑗 = argmin
𝑝𝑗∈ℳ𝑗 𝑝−𝑗

𝐽𝑗 𝑝𝑗 , 𝑝−𝑗

16
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Definition: A generalized Nash equilibrium (GNE) for the game is a 

vector of payments 𝑝𝑗
𝑗∈ℬ

such that, for all 𝑗 ∈ ℬ:

𝑝𝑗 ∈ 𝐵𝑅 𝑝−𝑗

Generalized Nash Equilibrium

9/6/2017
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 We are able to provide necessary and sufficient conditions for 
the existence of GNE solutions to the game between buyers

Theorem: [Westenbroek, Dong, Ratliff, Sastry: Transaction on Automatic Control (In Preparation)] 

Suppose that the game between the aggregators admits a GNE 
solution. Then there are an infinite number of GNE solutions to the 
game. Moreover, there is complete ambiguity in what portion of 
the payments to the data source each buyer will provide.

Results

9/6/2017



Page 19

 Potential for freeriding 

 The effort exerted by data sources may be different across 
different equilibria

 Aggregators can’t predict the quality of data they will receive as 
they could in the single aggregator case

 In most practical situations the GNE solutions are not socially 
efficient

 One can view crowdsourcing as a public good, which aggregators 
have incentive to over consume

Characteristics of GNE Solutions 

9/6/2017
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Summary of Results

 We developed a model for the Data Market, and used game 
theoretic techniques to analyze equilibrium outcomes for a 
given incentive mechanism

20

Company

Data-Driven

Data-Driven
Company

$

$

$

 We demonstrated that when 
this mechanism was used a 
more realistic, competitive 
environment, it failed to 
produce the desirable results 
it did in the single buyer case
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Future Work

 In future work:

 Expand our framework to a 
dynamic setting. 

 Explore how the value of 
data propagates through 
time

 Learning dynamics and 
their convergence to GNE.

 Exclusivity contracts 
between data buyers and 
data sources.

 Extending results to 
general classes of payment 
structures.
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