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ABSTRACT

In many applications, an organization may want to acquire data
from many data owners. Data marketplaces allow data owners to
produce data assemblage needed by data buyers through coalition.
To encourage coalitions to produce data, it is critical to allocate
revenue to data owners in a fair manner according to their contri-
butions. Although in literature Shapley fairness and alternatives
have been well explored to facilitate revenue allocation in data
assemblage, computing exact Shapley value for many data owners
and large assembled data sets through coalition remains challeng-
ing due to the combinatoric nature of Shapley value. In this paper,
we explore the decomposability of utility in data assemblage by
formulating the independent utility assumption. We argue that
independent utility enjoys many applications. Moreover, we iden-
tify interesting properties of independent utility and develop fast
computation techniques for exact Shapley value under independent
utility. Our experimental results on a series of benchmark data sets
show that our new approach not only guarantees the exactness of
Shapley value, but also achieves faster computation by orders of
magnitudes.
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1 INTRODUCTION

The thriving success of data science and machine learning appli-
cations heavily relies on the availability of huge amounts of data.
In many applications, an organization may want to empower its
business using data but may not have all the necessary data [1, 19].
At the same time, while organizations can use their own data to
strengthen their businesses individually, their data, if being used
properly, can help many others, achieve much more social good
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and bring in dramatic extra value beyond their traditional busi-
ness. To facilitate demands and supplies of data meeting each other,
various facilities and mechanisms are constructed. For example,
in data marketplaces, organizations and people can buy and sell
data [12, 31, 34]. The size of data marketplaces over the world has
grown dramatically since the last decade, from 7.6 billion US dollars
in 2011 to 64 billion US dollars in 2021 and 103 billion US dollars
projected in 2027

The data demand from a buyer may be complicated and thus can-
not be met solely by one data owner. Such data may have to come
from many different data owners. To meet the complicated demand,
data from multiple owners has to be integrated and assembled. To
encourage data owners to produce valuable data for many appli-
cations through coalition, it is critical to allocate revenue to data
owners in a fair manner according to their contributions. However,
fair revenue allocation in data assemblage is far from trivial. The cel-
ebrated Shapley fairness [33] is the most fundamental and popular
fairness principle used in marketplaces. In a coalition, the Shapley
value of a participant is essentially the expectation of marginal
contribution made by the participant in all possible coalitions with
various subsets of other participants. Shapley value enjoys a series
of desirable properties, including efficiency in revenue allocation,
symmetry, additivity, and dummy player.

Due to the combinatoric nature of Shapley value, computing the
exact Shapley value is often very costly and in general is exponen-
tial with respect to the number of participants in coalition [13, 15].
Therefore, approximation approaches are developed. In those ap-
proximation approaches, the estimation error can be bounded by,

for example O(\/% ) [21], where r is the range of marginal contribu-

tions and m is the sample size. While mathematically the estimation
error bound may look satisfying, in practice the approximation qual-
ity of Shapley value may be much less impressive. Consider the
scenarios of data acquisition through crowdsourcing, where there
may easily be tens of thousands of data owners contributing their
data. Due to the diversity of data contributors, the contributions
from different data owners may also vary dramatically and often
demonstrate a long tail distribution. Therefore, the range of mar-
ginal contributions is significant, say easily much greater than 1%
of the total revenue of the coalition. Even if the estimation error can
be bounded to a small percentage, say 0.1%, of the whole revenue
to be allocated, the absolute error of the estimated Shapley values

Uhttps://www.statista.com/statistics/254266/global-big- data-market-forecast/,
accessed on July 1, 2022.
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of those participants not in the head may easily larger than their
true Shapley values, as demonstrated by our experiments, too. In
such situations, exact Shapley values are highly desirable.
Moreover, even estimating Shapely value may still be time con-
suming. When there are many data owners, a large number of
samples are needed to accomplish a reasonable estimation. In gen-
eral, in order to achieve an error bound € (in percentage of the total

revenue to be allocated) with probability at least 1 — «, that is, to
2

2
ensure P(||W -y (u)| <€) = (1-a), we need at least O(Z"‘e/—ﬁa)
samples, where /(u) and W are the Shapley value and the estima-
tion, respectively, Z,, is the value such that P(Z > Z,5) = @/2,
o? is the sample variance, and Z ~ N(0, 1) [3]. As shown in our
experiments, the Monte Carlo simulation costs dramatic time when
there are many data owners in assemblage of large data sets.

Most of the existing studies in Shapley value computation for
data marketplaces assume general utility functions, such as accu-
racy of machine learning models and database query results [13-15].
We observe that, due to the fine granularity and powerful compos-
ability of data, in many applications, utility in data assemblage has
some unique and useful properties. First, as pointed out by estab-
lished research in data economics [29, 32], the basic units in data
are often well defined and fixed. For example, when an organization
wants to acquire data for marketing, each customer record is a unit
and the utility of the record often can be evaluated independently
in business. This is very different from the conventional physical
products where the utility of a part by itself is almost useless. Sec-
ond, data records often have strong composability. For example, in
many situations, the utility of a collection of customer records for
marketing can be estimated well by the sum of the utility of the
individual records [35]. The decomposability not only is intuitive,
but also facilitates business operations foundamentally.

Can we explore the decomposability of utility in data assemblage
and achieve exact and fast Shapley value computation? This insight
motivates our study here. Based on the above analysis, we develop a
simple and intuitive independent utility assumption - the utility of a
unit in the result of coalition can be assessed independently and the
total utility of the coalition is the sum of the utility of all units pro-
duced in the coalition. This independent utility assumption holds
in many applications where data is assembled by coalition among
multiple data owners and provided to data buyers for consumption,
such as many demands and supplies of survey data, micro data, and
review data in data marketplaces. For example, data marketplaces
like Windows Azure Marketplace? support pricing an API call by
summing up the cost of each tuple returned by the call. In data
marketplace Datarade?, there are multiple data vendors like Traject
Data* and Mapping Resources > that charge per record.

To the best of our knowledge, we are the first to explore indepen-
dent utility and utility decomposability in general for data coalition.
Under independent utility how can we compute Shapley value fast?
There are a series of challenges. Straightforwardly applying the

https://azuremarketplace.microsoft.com/, accessed on May 3, 2022.
3https://datarade.ai/, accessed on May 3, 2022.
“https://datarade.ai/data-products/local-business-reviews- traject-data, accessed on
May 3, 2022.

Shttps://datarade.ai/data-products/united- states-individual-and-household-
consumer-list-database-mapping-resources, accessed on May 3, 2022.
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independent utility assumption to the existing methods may not
reduce the computation cost. Existing methods compute the exact
Shapley value of a participant by considering the marginal contri-
butions made by the participant in all possible coalitions with other
participants. For every possible coalition, it is needed to assemble
data from all participants in a coalition and then calculate the total
utility. The existing approximation methods may rely on Monte
Carlo simulation and demand a large number of samples to reduce
the error to a sufficient level. The independent utility assumption
cannot help the existing methods to reduce the number of coali-
tions, the workload of assembling in each coalition, or the required
sample size. Moreover, when we explore the decomposability of
Shapley value to reduce the cost in an exponential number of coali-
tions and in data assemblage, one data record may still be produced
by multiple data owners in different ways. The combinatoric nature
of Shapley value remains at the unit level.

To tackle the challenges, we systematically analyze the possible
situations where a record in the coalition results is produced and
develop corresponding methods, some with closed form and some
with fast algorithms. Importantly, we investigate the interesting
tradeoffs in computation cost between the number of contributing
data owners and the number of possible ways a record is produced.
Our overall approach smartly chooses the faster way to derive exact
Shapley value according to how a result record is produced.

To evaluate the effectiveness and efficiency of our approach, we
conduct extensive experiments on a series of benchmark data sets
and compare with the state-of-the-art exact Shapley value compu-
tation baseline and Monte Carlo based baselines. The results clearly
show that our new approach not only can always guarantee the
exactness of Shapley value but also can achieve faster computation
by orders of magnitudes.

The rest of the paper is organized as follows. We review the
related work in Section 2. Then, we formulate the independent
utility assumption in Section 3. We explore the decomposability of
Shapley value computation under independent utility and tackle
two basic cases in Section 4. We tackle the general situation and
complete our method in Section 5. We report the experimental
results in Section 6 and conclude the paper in Section 7.

2 RELATED WORK

Due to the strong rise of data science, many data marketplaces [12,
31] are constructed, where data demands and supplies can meet.
Some examples of data marketplaces include Dawex®, Snowflake
data marketplace’, and BDEX®. Muschalle et al. [26] identify seven
categories of participants in data marketplaces. In addition to data
marketplaces, model marketplaces, where the acquisition of data
is mainly to train machine learning models, is also an emerging
research topic [5, 19]. While many common principles are appli-
cable to both data marketplaces and model marketplaces [29], a
critical difference is on the utility measure. In model marketplaces,
utility is often measured using model performance, such as accu-
racy and precision. General data marketplaces do not hold such an
assumption about the utility measure. For data pricing for machine

®https://www.dawex.com/en/, accessed on May 9, 2021.
https://www.snowflake.com/data-marketplace/, accessed on May 9, 2021.
8https://www.bdex.com, accessed on May 9, 2021.
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learning tasks, Cong et al. [6] provide a survey. In this paper, we
focus on data marketplaces.

In data and model marketplaces, a critical issue is fair revenue al-
location. Shapley [33] establishes the Shapley fairness, which is the
most fundamental and popular fairness principle used in market-
places (see Section 3.1 for a brief review). Computing Shapley value
is often costly due to its combinatoric nature. Some alternatives
are, for example, leave-one-out [7], which measures the value of a
data point by the difference between the utility of the whole data
set and the set leaving the data point out. It does not satisfy all the
four desirable properties of Shapley fairness and may not properly
evaluate the value of a data point. For example, in a data set where
there are two identical data points u and v, leave-one-out assigns
them value 0 since leaving one out does not affect the utility of the
rest of the data set [36].

To tackle the challenges in computing Shapley value, Maleki
et al. [21] propose the Monte Carlo approximation method. Assum-
ing more properties of utility functions in marketplaces facilitates
further approximations. For example, Kleinberg et al. [16] consider
the utility of a coalition as the number of unique items in the assem-
bled data sets of the coalition and thus the Shapley value of a data
owner is the total “novelty” of the owner’s data items. The novelty
of an item is inversely proportional to the number of data owners
having the item. Ghorbani and Zou [13] assume that, in supervised
learning, the performance change of a model may be ignorable if
only one or very few training data points are added. They develop
the truncated-based and gradient-based approximation methods for
Shapley values of individual data points. Jia et al. [15] approximate
Shapley value using group testing. Jia et al. [14] exploit locality of
utility in some models, such as k-nearest neighbor classifiers, and
develop polynomial time complexity methods.

Our study is different from the previous methods in two aspects.
First, in this paper, we consider the situations where the utility of
a record in the coalition result set is independent from the other
records. Independent utility is a fundamental and natural property
that rises in many applications. To the best of our knowledge, the
independent utility and decomposability of utility in coalition are
not considered by any previous studies. Second, we systematically
explore the opportunity of efficient computation of exact Shapley
value enabled by independent utility. Most of the previous methods
on fast computation of Shapley value have to adopt approximation.

Our study is also remotely related to pricing database queries [4,
8,9, 17, 18, 25, 35]. A critical difference is that pricing database
queries tries to set a price for a query extracting information from a
database, while our study computes the Shapley value of every data
owner who contributes to a coalition. In pricing database queries,
there is only one data owner but there are many queries that can
be regarded as data buyers. In our study, we consider only one data
buyer but many data owners. Therefore, those methods for pricing
database queries cannot be used to tackle the problem studied in this
paper. Although Koutris et al. [18] consider revenue sharing among
possibly multiple data owners in pricing database queries, their
revenue allocation method does not satisfy the Shapley fairness
requirement.

Finally, our study is also related to quantifying the contribution
of database tuples to query answers [10, 20, 23, 24, 30]. The major
difference is that those methods mainly focus on numerical queries
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that map databases to numbers, like Boolean queries, but our study
puts no constraint on query types and can be applied to any queries
in general.

3 PROBLEM FORMULATION

In this paper, we consider data assemblage from a set of data
owners U = {uy,...,uy}. Each data owner u; (1 <i < n) owns a
data set. For the sake of clarity, we overload the symbol u; to denote
the data set owned by owner u;. A buyer wants to get as much
data as possible from the data owners that meets the buyer’s need.
The data owners also want to contribute their data to produce as
many unique data records’ as possible meeting the buyer’s need. A
coalition plan, denoted by P, that is, how the data sets from data
owners are used to assemble tuples in the outcome of coalition, is
specified and managed by a broker or coordinator. The data set D
produced by coalition is called the coalition (data) set. We assume
that there are no duplicate tuples in D. That is, although multiple
combinations of data owners may produce the same tuple in the
coalition set, those duplicates are combined into one. The data
assemblage task is to assemble the data for the buyer by coalition
among the data owners.

ExAMPLE 1 (DATA ASSEMBLAGE). Suppose a data buyer wants to
collect data about potential customers and companies in schema
R = (customer-pseudo-identifier, company). A social media uq
as a data owner may provide data in schema R; = (customer-
pseudo-identifier, product), which records the potential interest on
products by customers. Another social media u; as a data owner
may provide data in schema Ry = (customer-pseudo-identifier,
brand), which records the customers’ interest on brands. A data
integration company u3 provides the mapping among products,
brands, and companies in schema R3 = (product, brand, company).

Suppose the tables of the data owners are, respectively, u; =
{(#10093,911 Targa)}, ug = {(#10093, Audi)}, and u3 = {(AS,
Audi, Volkswagen), ..., (911 Targa, Porsche, Volkswagen)}. Here,
we overload the symbols uj, uz, and us to denote the data sets of
the three owners, respectively.

To produce the data in the coalition set, a broker/coordinator
specifies the coalition plan

P =Projcystomer-pseudo-identifier, company(“1 > u3)

U Projcystomer-pseudo-identifier, company(”2 >< u3)
where Proj and »< are the projection and natural join operations on
relational data, respectively!?.

The coalition set D contains only one tuple (#10093, Volkswagen),
which is generated by the coalition between u; and us3, as well as
that between uy and us. Indeed, u; and u3 together produce an
instance and uy and u3 together produce another instance, but the
coalition set merges the two duplicates into one. O

3.1 Shapley Fairness and Shapley Value

If a buyer pays a reward v for the data produced by the coalition
among the data owners, how can we distribute the reward as the
revenue'! to the owners in a fair way to properly recognize their

%In this paper, we use the terms “record” and “tuple” interchangeably.
10We reserve symbol II for the set of all permutations.
1n this paper, the terms “reward” and “revenue” are used interchangeably.



contributions? Shapley [33] establishes the Shapley fairness in
recognizing the individual contribution in a coalition. Let v; (1 <
i < n) be the payment to data owner u;. There are four fundamental
requirements to achieve a fair allocation.

e Balance. The payment of v is fully distributed to all data
owners, that is 3.7 ; v; = v. This property is also known as
efficiency of revenue allocation.

o Symmetry. The same contributions lead to the same payment.
Given two data owners u; and u; (1 < i, j < n), if for every
subset of data owners S C U such thatu; ¢ Sand u; ¢ S,
the utility of S U {u;} and that of S U {u;} are the same, then
v; = 0j.

e Zero element. No contribution, no payment. For data owner
u;, if for every subset of data owners S € U such thatu; ¢ S,
the utility of S U {u;} and that of S are identical, then v; = 0.
This property is also known as null player.

e Additivity. If the coalition can be used for two tasks and
thus two payments v and v’ are obtained, then the payment
to complete both tasks is v + o’. This property is also called
the additivity.

In the above well celebrated Shapley fairness, the Shapley value

is the unique allocation of payment that satisfies all the require-
ments. For any data owner u € U, the Shapley value of u is

Y(u) = m Z Utility(S U {u}) - Utility(S)

n—1

ST\ (u) (jsi)
where Utility(+) is a utility function and U is the complete set of
data owners. For the sake of simplicity, we overload the function
Utility(-) so that it can take either a set of data owners or a set of
data records owned by multiple data owners as input, and returns
the utility of the coalition among all the data owners and the utility
of the coalition using all the data, respectively.

Equivalently, Equation 1 can also be rewritten as

Y= —— 3 (Utility(P} U {u}) - Utility(PT)) (@)
I S

where IT(U) is the set of all possible permutations of all data own-
ers, 7 is a permutation, and P7 is the set of data owners preceding
uin 7.

Computing Shapley value using Equations 1 and 2 is often very
costly and cannot scale up to a large set of data owners, due to the
combinatorial nature of the problem.

ey

3.2 Independent Utility

In the context of acquiring records in a database, the basic units
are often records. As illustrated in Section 1, in many applications,
it is natural and reasonable to assume that the utility of a set of
tuples is the sum of the utility of individual tuples in the set, and
the utility of tuples is independent from each other. We formalize
the notion of independent utility.

AssuMPTION 1 (INDEPENDENT UTILITY). The independent util-
ity assumption holds on a data set D = {t, ..., 1;} if the utility of
the data set Utility(D) = 2521 Utility(t;) and forany1 <i,j <1,
Utility(t;) and Utility(t;) are non-negative and independent from
each other.

In this paper, for the ease of presentation, most of the time we
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assume each tuple has the same utility 1. However, our discussion
can be straightforwardly extended to entertain the scenarios where
different tuples may carry different utility values.

Under the independent utility assumption, the Shapley value of
a data owner with respect to a coalition set can be decomposed
into the Shapley value of the data owner with respect to every
individual tuple in the coalition set.

THEOREM 1 (INDEPENDENT SHAPLEY VALUE). LetD = {t1,...,1;}
be a coalition set produced by a coalition by data owners U =
{u1,...,un}. Under the independent utility assumption, for every data
owneru; (1 < i < n), the Shapley value of u; isy(u;) = Z§:1 Y, (i),
where i, (u;) is the Shapley value of u; in producing tuple tj by coali-
tion.

ProOF. Due to the independent utility assumption, for any sub-
set of tuples D’ C D, Utility(D’) = },;ep Utility(t). According
to Equation 2,

Y(ui) =—

n!

Z (Utility(PE U {w;}) - Utility(P]))
rell(U)

!
1
== Z Z(Utility(tj) I(tj € PE U {u;})
" rell(U) =1
= Utility(t;) - I(tj € Pyj,))
]
1
ZZ(F Z [Utility(t;) - I(tj € PT U {u;})
ji=1 " mell(U)
- Utility(t;) - I1(tj € Py)])

l
= Z Y, (ui)
J=1

where I(-) is the indicator function, and t; € S is overloaded to
denote that tuple ¢; can be produced by a coalition among the data
owners in subset S € U. O

Theorem 1 indicates that, for each data owner, the Shapley value
with respect to individual data tuples are also independent from
those of other data tuples that may be produced by coalition. This
nice property of decomposability enables new opportunities to
calculate Shapley value efficiently in data assemblage.

For a set of data owners S who try to produce a tuple t € D in the
coalition set through coalition, we write Utility; (S) to represent
the utility with respect to t. When S can produce ¢, Utility;(S) =
Utility(t); otherwise, Utility;(S) = 0.

3.3 Complexity and Opportunities

Unfortunately and not surprisingly, even under independent util-
ity, Shapley value computation is still NP-hard. This can be eas-
ily shown by a reduction from the Shapley value computation in
(weighted) k-majority games [2, 11, 28].

The intractability of Shapley value under independent utility
does not prevent us from exploring fast methods in practice. Par-
ticularly, under independent utility, sparsity provides significant
opportunities. In the context of data assemblage, although there
may be many data owners and many tuples in a coalition set, for one
specific tuple in the coalition set, there are typically very few ways



to produce the tuple and very few data owners involved. Exactly
due to this sparsity and scarcity, data pricing becomes meaningful.
To this extent, our proposal on independent utility is a step towards
exploring efficient data pricing addressing the scarcity of supplies
of specific data.

4 SYNTHESES AND SHAPLEY VALUE
COMPUTATION DECOMPOSITION

In order to compute Shapley value, we need to model how tuples
in a coalition set are synthesized by data owners according to the
coalition plan. Under independent utility, can the computation of
Shapley value of one tuple in the coalition set also be decomposed
according to syntheses? In this section, we first propose the notion
of synthesis. Then, we answer the above question in two simple
cases. In the first case, a tuple in the coalition set is contributed by
data owners independently without any interaction, that is, there
is only one owner in a synthesis. In the second case, a tuple in the
coalition set is produced by multiple data owners together, but there
is only one way to produce an instance of the tuple by multiple
data owners. For both cases, we give closed form solutions.

4.1 Syntheses

For a tuple in the coalition set ¢t € D, if data owners u;,, ..., u;,, in
coalition produce an instance of t according to the coalition plan P,
then U = {u;,,...,u;,,} is called a synthesis of ¢. As a special case,
a data owner can produce a tuple in the coalition set by itself if the
owner has the complete tuple. Trivially, the corresponding synthesis
has only one data owner. We call a synthesis U = {u;, } that contains
only one data owner a single-owner synthesis. As demonstrated
in Example 1, for a tuple ¢ € D in the coalition set, there may exist
more than one synthesis, and even a data owner may participate in
more than one synthesis of a tuple ¢ in the coalition set. A synthesis
U = {uj,, ..., ui,} is called a multi-owner synthesis if | U]| > 2.
A synthesis U is a minimal synthesis of tuple t € D if no proper
subset of U is still a synthesis of t.

ExAMPLE 2 (SYNTHESES). Data owners u; and uy have schemas
Ry = Ry = (personl, person2) representing which people are mu-
tual friends. Suppose the data sets u; = {(a,b0),(a,¢)} and up =
{(b,¢)}, the target schema R = (person, person) and the coalition
planP = ulUuzUPrOle.personl,Rz.personZ (ug >y .person2=u;.personl
ug).

For tuple t = (a, ¢) in the coalition set D, {u;} is a single-owner
synthesis and {u1, u2} is a multi-owner synthesis. {u } is a minimal
synthesis but {u1, uz} is not. O

Intuitively, non-minimal syntheses contain redundant data own-
ers. In a non-minimal synthesis, a data owner not in any minimal
synthesis does not contribute to the production of the tuple. Accord-
ing to the zero element requirement in Shapley fairness, such a data
owner should not get any reward in this non-minimal synthesis.
Formally, let Uy = {u;,,...,u;, } be the set of data owners each of
which participates in at least one minimal synthesis of t € D in the
coalition set. We call U; the set of minimal synthesis owners
with respect to t. Clearly, U; € U. We have the following result.

THEOREM 2 (MINIMAL SYNTHESES). Let U = {uy,...,un} bea
set of data owners in coalition. For a tuple t € D in the coalition set,
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let Uy = {ui,, ..., u;, } be the set of minimal synthesis owners with
respect tot. Under independent utility, for each owneru;; (1 < j < m),
the Shapley value

1 . o I
Ve (ui;) = T Z (Utilitye (P, U {ui,}) = Utilitye (P )
7 €ll(Uy)
1 Utility: (S U {ui; }) — Utility:(S)
- kA
It SCUN fu; ) Chsy)

®3)
and for any other data owneru € U \ Uy, Y (u) = 0.

Proor. Using Equation 2, we have:

Ur(u) = —— Y (Utlity, (P} U {uy,}) ~ Utility (P, ))

]! j J

mell(U)

For a permutation 7 € II(U) and a permutation 7’ € TI(U;),
is said to subsume 7', denoted by 7’ < , if for every pair of data
OWners uy, ty in 77’ such that uy precedes uy, uy also precedes uy
in 7. In other words, as U, is a subset of U, 7’ and 7 are consistent
in the order on all data owners in U;.

For any permutations 7 € II(U) and n’ € II(U;) such that
' < 7w, we show Utilityt(P,’fij) = Utility; (P,’fl; ). This is because
Utility; (Pl’fij) = Utility(¢) if P,’fl_j contains at least a minimal syn-
thesis of t; or otherwise 0. Those data owners in the minimal syn-
theses are all retained in 7.

Similarly, we can show U'tility; (P{fij U {u;; }) = Utility, (Pz’fl; v
{ui; ).

For each permutation 7’ € II(U;), the number of permutations
7 € I(U) such that 7’ < 7 is

| -
(”ﬂt”)(llﬂll 12 11)!

which is a constant. Thus,

e
211!

1
Vi) =gz ), (Utility (P, U {wi) ) = Utilitye (P, )
" rell(U)
1 ,
=W( Z (Utility (P, U {u;;})
T ell(U;)
. o U
— Utility;(PF ) -———
T
1 , ,
SAT Z (Utility (P U (i, }) = Utilitye (P, )
I en(u,)

Following the equivalence between Equations 1 and 2, we have
the second form in Equation 3.

For any other data owners u who are not in the set of minimal
synthesis owners, due to the zero element in the Shapley fairness,
the Shapley value is 0. O

In the practice of data assemblage, although there may be many
data owners, typically there are only very few minimal syntheses of
one tuple in the coalition set. That is, || U, || is dramatically smaller
than ||U||. Theorem 2 dramatically reduces the amount of com-
putation for Shapley value even if we want to use a brute-force
approach to compute the exact Shapley value.

In this paper, we assume that syntheses can be obtained in the



data assemblage process following the coalition plan. To find min-
imal syntheses, for each tuple in the coalition set, we only need
to check and remove those syntheses that are proper supersets of
some other syntheses. Since for one tuple in the coalition set, there
are only a small number of syntheses, the computation cost is often
small.

4.2 Shapley Value When Only Single-owner
Syntheses Exist

Let us consider a simple case where a data buyer can simply obtain a
tuple ¢ from data owners separately without any interaction among
different data owners. In other words, in this case, all minimal
syntheses of t are single-owner syntheses. Please note that a tuple
may be extracted from more than one data owner, and thus the
corresponding reward needs to be distributed to all data owners
who can contribute the tuple.

How can we calculate the Shapley value for each data owner
where there are only single-owner syntheses? We have the follow-
ing closed form rule.

THEOREM 3 (SINGLE-OWNER SYNTHESES ONLY). Let U be a set of
data owners. For tuplet € D in the coalition set, if all minimal synthe-

ses of t are single-owner syntheses {u;, }, ..., {u;, } ({ui,,..., ui,,} C
U), then, for each data owneru;; (1 < j < m), the Shapley value
Utility(t)
Vi) = =52 *)

and for any other data owneru € U\ {u;,, ..., u;i,, }, Y1 (u) = 0.

Proor. According to Equation 2, for each tuple t € D, the Shap-
ley value of u is
1

V() = 0

T7TH Z (Utility, (P} U {u}) - Utility,(P})))

rell(U)

For any subset of data owners X, Utility;(X) can only take two
possible values. If there exists at least one data owner u;; € X
(1 < j < m),then Utility; (X) = Utility(t); otherwise 0. Therefore,
Utility; (P U {u}) — Utility; (P} ) takes one of the following two
cases.

In the first case, u € {u;,,...,u;,,}, thatis, u = uj; for some
1<j<m Utilityt(P,fij U{u}) —Utilityt(P,jrij) = Utility(t) if and
only if all data owners in P,’fij do not form a single-owner synthesis.
Since in total there are m syntheses, the probability that u;; is before
every data owners in {ujj, ..., u;,, } \ {;;} in a permutation is %
that is,

Ve (u,) = S (Utility (P, U {u,}) — Utility, (P, )
- j J Jj
rell(U)

_ Utility(t)

B m
In the second case, u ¢ {u;,, ..., u;,, }. According to Theorem 2,

Utility: (PT U {u}) — Utility, (PT) = 0. O

L
iz

Note that Equation 4 can also be proved easily using the balance
and symmetry properties of Shapley fairness. We omit the details
here. The general Shapley value computation is NP-hard. However,
Theorem 3 shows that, under independent utility, when only single-
owner syntheses exist, Shapley value has a closed form solution in
constant time.
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4.3 Can the Single-owner Solution Be
Straightforwardly Generalized?

Equation 4 gives a simple yet elegant closed form to calculate the
Shapley value for an individual data owner when all syntheses are
single-owner. Naturally, one immediate question is whether it can
be extended to handle multi-owner syntheses.

For a tuple t € D in a coalition data set and a data owner u, each
of the set of minimal synthesis owners contributes to producing
some instances of ¢t. Can we extend Equation 4 to

Utility(t)
elw) = =t )
when there are multi-owner syntheses? Unfortunately, this does
not hold, as shown in the following example.

ExAaMPLE 3 (COUNTER EXAMPLES). Suppose data owner u; =
{(a,b)} in schema R; = (A, B), data owners uy and u3 have identical
data uy = us = {(b,c)} in schema Rz = R3 = (B, C). The coalition
plan P = (ug »< uy) U (ug »< u3), and thus the coalition set D =
{(a,b,c)}. Let Utility(a,b,c) = 1.

Using Equations 1 or 2, we can easily calculate the Shapley value
of the data owners, {(u1) = % and ¢(uz) = ¢ (us) = %.

Using Equation 5, we have | U;|| = 3, since {u1, uz} and {uq, u3}
are two minimal syntheses of (a, b, ¢). Therefore, Equation 5 cal-
culates the same value, % for each of uq, u2 and us, which are not
equal to their Shapley values. O

Example 3 indicates that, when multiple owners need to work
together to form a tuple in the coalition set, an owner who has more
ways to collaborate with other owners can claim a higher Shapley
value. In other words, when there are multi-owner syntheses, not
every data owner contributing to a tuple in the coalition set gains
the same for the Shapley value.

Example 3 also suggests that the ways data owners assemble
a tuple in the coalition set matter. Can we equivalently split the
utility of a tuple in the coalition set among all the multi-owner
syntheses and then, within each synthesis, equivalently split the
utility among all data owners participating?

ExAMPLE 4 (EXAMPLE 3 CONTINUED). In the case in Example 3,
there are 2 minimal multi-owner syntheses of (g, b, ¢) in the coali-
tion set, U = {uy,u2} and Uz = {u1, u3}. One may think, we may
evenly split the utility 1 of the tuple (a, b, ¢) in the coalition set be-
tween the 2 syntheses, thus each synthesis receives utility % Then,
each data owner obtains an even share in each synthesis between
all the owners participating. For example, u; obtains half of the
utility % in the synthesis U; where u; and uy join their tuples to
form (a, b, ¢). The utility allocated to u; is % X % + % X % = % it still
does not match ¢/ (u;) = % O

The failures of the above attempts clearly show that computing
Shapley value where there are multi-owner syntheses is far from
trivial. Some straightforward extensions to Equation 4, the closed
form solution to the single-owner only situation, cannot capture
Shapley value in a general scenario correctly.



4.4 Unique Multi-owner Synthesis and Shapley
Value Closed Form

Now, let us consider a still specific situation involving multi-owner
syntheses. It is more general than the case discussed in Section 4.2
where there are only single-owner syntheses.

For a tuple t € D in a coalition set, if there exists only one
minimal multi-owner synthesis U, then U is called the unique
multi-owner synthesis of . Unique multi-owner synthesis en-
ables a closed form calculation of Shapley value.

THEOREM 4. For a tuple t in a coalition set, if there is a unique
multi-owner synthesis U = {u;,,...,u;, } (m > 2) and k single-
owner syntheses of t, then the Shapley value of each data owner
uj; €U <j<m)is

Yous)) = Utility(t)

( k) (m+k 1)
and the Shapley value of each data owner u contributing to a single-
owner synthesis is

V() = Utility(t)

(- — )
k (m+k)(m+k 1)

ProoF. Let U be the set of all data owners. Let {uy, }, ..., {u, }
be the k single-owner syntheses. Apparently, u; ¢ U for1 < x <k,
otherwise, U is not minimal. Therefore, U; = {u;,, ...,
up. }

According to Theorem 2, we have

Utility: (S U (ui;)) — Utility: (S)
l//t(ulj)

(1)
SCUN uy;} ISl

Obviously, since there is only one unique multi-owner synthesis
U and k single-owner syntheses, Utility; (SU(u;;)) - Utility:(S) =
Utility(t) ifand only if S = U\ u;; . In all other situations, Utility; (S
U(us;)) — Utility;(S) = 0. In other words, in the only non-zero
case, ||U;|| = m + k and ||S]| = m — 1. Thus, we have
Yous)) = Utlllty(tk)
( + k) (m+ 1)

Now, let us consider the data owners in the single-owner syn-

theses. According to the balance requirement in Shapley fairness,

uim, ull, e

II‘UtII

k m
D e(uy,) = Utility(t) = ) yr(ui))
x=1 Jj=1

According to symmetry requirement in Shapley fairness, for each
data owner u € {ull, ulk},

k Utility(t) — 3™, v (i)
Y(u) = %Z‘ﬁt(”lx): T :
x=1
_ Utility(t) {— m ).

k (m+k)(m+k 1)
O

In Theorem 4, if there is no unique multi-owner synthesis at all,
and there are only single-owner syntheses, then the Shapley value
of a data owner who contributes to a single-owner synthesis is
the same as computed in Theorem 3. Thus, Theorem 4 is a general
result covering Theorem 3.

Under independent utility, when there exist only one unique
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multi-owner synthesis of size m and optionally k single-owner
syntheses, using Theorem 4, we have a closed form solution for
Shapley value in linear time O(min(m, k)).

5 COMPUTING SHAPLEY VALUE UNDER
INDEPENDENT UTILITY

In this section, we develop two algorithms for the general situation
beyond the two special cases discussed in Sections 4.2 and 4.4 and
present the overall Shapley value computation method integrating
all possible cases.

5.1 The Synthesis-combination (SC) Algorithm

A straightforward approach to compute, for each tuple ¢ in a coali-
tion set, the Shapley value of data owners 4 (u) is to apply Equa-
tion 2. The equation requires us to compute the utility values
Utility; (P}}) and Utility; (P} U {u}) for every possible permuta-
tion 7 of users. A naive method is to check whether the data owners
in P} and P} U {u} can synthesize t according to the coalition plan.

To speed up the computation and reduce the number of permu-
tations needed to consider, we propose a synthesis-combination
(SC) algorithm. The general idea is that we materialize all synthe-
ses of every tuple in the coalition set as a byproduct of computing
the coalition set. Then, when we apply Equation 2, we use the com-
binations of the syntheses to cover all permutations and obtain the
utility values instead of computing the utility from scratch again
and again.

As the first step, we compute the coalition set D according to the
coalition plan . In this process, for each tuple t € D, we record
the set of minimal syntheses ¢.S.

ExAMPLE 5 (CoMPUTING SYNTHESES). Consider the data owners
and their data as well as the coalition plan in Example 3. Following
the coalition plan, we have the coalition set D = {(a, b, c)}. There
are two multi-owner syntheses of tuple t = (a, b, c¢). Thus, t.§ =

{Hur, uz}, {u1, us}}. o

To evaluate Equation 2 efficiently, we only need to find the
permutations 7 such that Utility,;(P]] U {u}) — Utility;(P]}) =
Utility(t). Assume there are in total m, minimal syntheses Uy, . . .,
Uiy, of t that contain u, and m; minimal syntheses Uj,, ..., Ujm,;,
that do not contain u. There are two situations where U'tility; (P U
{u})-Utility;(PJ) = 0. First, if P U{u} does not contain any mini-
mal synthesisin {Uj,, ..., U;,, }, Utility, (P;; U{u})-Utility,(P]) =
0. Second, when P} U {u} contains at least one minimal synthesis in
{Ui,, ..., U;,, },if P]7 U{u} contains at least one minimal synthesis in
{Ujs -+ s U, b Utilitye (P U {u}) - Utility; (P) = 0. Thus, in or-
der to have Utility; (P U{u})-Utility,(P]}) = Utility(t), P] U{u}
must contain at least one minimal synthesis in {U;, ..., U;,, } and
does not contain any minimal synthesis in {Uj,, ..., Ujmﬁ }.

To formalize the above insight, let

Vi ={r e II(U)|31 < k <my : Uy, CP;U{u}}
and
Z{ﬂevllalﬁkﬁmg:Ujk P”}
|V1 || IVall

Utility(t) - ar

Now, let us work on how to calculate V; and V3. For a synthes1s
U of t and a data owner u such that u € U, denote by Vi, the set

Then, Equation 2 can be rewritten to ¥; (u) =



of permutations where U \ {u} precedes u. We have the following
nice properties.

LEmMMA 1. Given a set of data owners U, for a synthesis U of t

and a data owneru € U, ”|‘|/$|1|l‘” = ||U|| Moreover, if there are m
syntheses Uy, ..., Up, such thatu € U; (1 < i < m), then

m

ﬂ VUi su = Vum Uy >u

i=1
Last,

2

1<ji<--<ji<m

Vi uall) ©

m m .
U Vomall = 0™
i=1 i=1

Proor. Since u € U, [IVirsull = (4 (101l - Dr(il - Ul
Therefore,

Vil _
!

(HUH)(IIUH — DUl - U
e

(ol - 1
e ol
The second property holds because, according to the definition,
the set N2, Vi, >, contains all permutations 7 where all data own-
ersin Uy \ {u},...,Up \ {u} all precede u, that is, V(UﬁlUi)>u'
Last, || U, Vi, >ull can be calculated using the set union cardi-
nality formula and the second property in this theorem. O

el

_ T Do DU - VI

Now, for a tuple ¢t € D in a coalition set, we are ready to compute
V1 and V, with respect to ¢ and give a formula to calculate ; (u)
for each data owner u.

THEOREM 5. For a data owner u and a tuple t in a coalition set D,

letWy, = {Uiy, ..., Ui, } bethe set of minimal syntheses that contain
u, W ={Ujy,..., Ujmﬂ } be the set of minimal syntheses that do not
contain u. Let
(=1)IIX1I+1
= D oy Gl
&t TOu,ex el
IIX1>1
and
—_)IXl+1
(W W)= Y e
X CW,xW, [ (Ux,Uy)eX( x y)”
IX1I>1
Then,
Ye(u) = Utility(t) (v(Wa) — 7(Wy, Wa)). )
Proor. Following the definitions, we have V; = U 2 VU, >u
and V2 = Uy, ew, Vu,uu,) >u- We calculate ¢, (u) as follows
UyeWy
VAl = lIVall
Vi (u) =Utility(t) ——————
]!
Il US2 Vo, sull = | Uueew, Viveou,) =ull
eWy
=Utility(t) Y
i)
()

Applying Equation 6, we have
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U Vo, ull
!

Vi i, ) >ull
e

2.

1<y;<--<yx<my

)

©)

_ i(_l)xﬂ(
x=1

According to Lemma 1, % = ||U||’ thus, in Equation 9,
Viex_ oz, r>ull ) )
< . Thus, Equation 9 can be further writ-
an = O Uiy 1 q
ten as
my
”Ux IVU,X>u|| _Z( l)x+1( Z 1 )
X U
ol Ly 2y <y 1 V31 Ui |
Y ¥ i
= = -
x=11<y;<--<yx<my I Uzmt Ulyl I
(-1)lIX1I+1
_ oy G
xe, Vueex Uxll
IX1/>1
(10)
Similarly, we can show
Il US"%“ Viuuuy) =ull
ST = (Wi, Wa) (v
Plugging Equations 10 and 11 into Equation 8, we establish Equa-
tion 7 immediately. O

The synthesis-combination method reduces the number of per-
mutations that need to be computed. The complexity of the algo-
rithm is independent from the number of data owners and, instead,
is exponential to max(my,, mym;). Assuming the cost for each set
union and arithmetic operations being bounded by a constant, the
time complexity of the algorithm is O (2™ (Mwmuma)) Tt js very
fast when there are only very few minimal syntheses with respect
to a tuple in the coalition set, although there may be many data
owners. However, if there are many minimal syntheses on a tuple
in the coalition set, the algorithm is costly since max(my,, mymy;) is
large in such a case. In the worst case, max(my,, m,m;) may even
exceed the number of data owners.

5.2 The Synthesis-look-up (SL) Algorithm

When there are many minimal syntheses with respect to a tuple
in a coalition set, how can we compute the Shapley value fast? We
propose a synthesis-look-up (SL) algorithm. The general idea is
that we still materialize all syntheses of every tuple in the coalition
set as a byproduct of computing the coalition set and use the second
form in Equation 3 to calculate the Shapley value, that is,

Vi (u) = D Utility, (S U (w)) - Utility(S)

ScU\{u} (”(Zhll_l)
st ISl

For each subset S C U, \ {u} in Equation 1, instead of computing
the utility from scratch, we obtain the utility by checking whether
S and S U {u} contain a synthesis.

Specifically, to calculate the Shapley value i (u) of data owner u
with respect to tuple t € D in the coalition set, we divide all minimal
syntheses of ¢ into two sets. Let Wy, = {Uj,, ..., Uj,, } be the set of
minimal syntheses that contain u, and Wy = {Uj,, ..., Ujpmy } be the
set of minimal syntheses that do not contain u. Clearly, for each
subset S € U;\{u} in Equation 1, Utility; (SU{u})-Utility;(S) =

II'UzII



Algorithm 1: IUSV: computing Shapely value under inde-
pendent utility.

Input: tables Dy, ..., D, from data owners uy, ..., un,
coalition plan P, hyper-parameter y
Output: coalition set D and for each data owner u;
(1 £ i < n), the Shapley value /(u;)

1 compute the coalition set D according to the coalition plan
P, for each tuple t € D, record the set of minimal
syntheses t.S;

2 foreach tuplet € D do

3 if t has only single-user syntheses then

4 ‘ apply Theorem 3;

5 else if t has unique multi-owner synthesis then
6 ‘ apply Theorem 4;

7 else

8 foreach data owneru € U; do

9 if ||U;|| > y - max(my, mymy) then

10 ‘ apply the SC algorithm (Theorem 5);
1 else

12 L apply the SL algorithm;

Utility(t) if and only if there exists a ky, (1 < k;, < my,) such that
Uiy, € S and there does not exist any kj (1 < kg < my) such that
Ui, € S. This condition can be checked using the materialized
minimal syntheses.

The complexity of the synthesis-look-up algorithm does not rely
on the number of minimal syntheses. Instead, it is exponential to the
number of data owners participating in the minimal syntheses, that
is, the size of the set of minimal synthesis owners || U;||. Assuming
the cost for each super set checking and arithmetic operations
being bounded by a constant, the time complexity of the algorithm
is O(2lU1l). When there are not many data owners participating
in the minimal syntheses, the algorithm is fast, though there may
still be many minimal syntheses.

5.3 Summary: the Independent Utility Shapley
Value (IUSV) Approach

The synthesis-combination method and the synthesis-look-up
method have their individual advantages and complement to each
other. Moreover, we have the special cases when a unique multi-
owner synthesis exists or there are only single-owner syntheses.
Algorithm 1 presents our independent utility Shapley value (IUSV)
approach. In order to coordinate the synthesis-combination algo-
rithm and the synthesis-look-up algorithm to handle different situ-
ations, the IUSV algorithm uses a hyper-parameter y. When there
are relatively fewer minimal syntheses, the synthesis-combination
method is used, otherwise, the synthesis-look-up method is em-
ployed. We will experimentally examine the effect of the hyper-
parameter in Section 6. The overall time complexity of the algorithm
is O(Z;ep min{2/1U: |l pmax(mu.muma) yy,

6 PERFORMANCE EVALUATION

In this section, we empirically evaluate the performance of our
proposed IUSV approach and compare with two representative
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baselines using two benchmark real data sets. We first describe the
experiment setup and then present the experimental results.

6.1 Experiment Setup

We compare our method with two baselines as follows.

o The traditional method (Trad) computes the exact Shapley
value based on Equation 1.

e The permutation-based sampling method (Perm) approxi-
mates Shapley value using the Monte-Carlo method according
to Equation 2 [21]. We write Perm-x (e.g., Perm-16 and Perm-
32) when the permutation-based sampling method takes x
permutations as the sample.

We implement all of these methods using the Rust programming
language [22]. The source codes of our implementation are avail-
able at https://github.com/IDEAL-Lab/shapley-value-independent-
utility.

We use two real data sets in our experiments, namely World!?
and TPC-H'3. The World data set consists of 3 tables with 239, 984,
and 4,079 records, respectively. The TPC-H data set has 8 tables
with 5, 25, 10,000, 150,000, 200,000, 800,000, 1,500,000, and 6,001,215
records, respectively. The World data set is used to evaluate the
performance of the baselines in some settings where they cannot
complete on the large TPC-H data set within reasonable time.

We randomly assign records in a data set to data owners in three
steps. In the first step, we assign data owners to each table in the
data set. Two different scenarios are implemented.

e EO (for equal number of owners) assigns k data owners to
each table and keeps the number of data owners for each table
equal. The only exception is the two smallest tables in the
TPC-H data set, where we only assign a single data owner to
those two tables since those two tables only have very few
records each, 5 and 25, respectively.

e UO (for unequal number of owners) assigns k data owners
to the largest table in a data set and only 2 data owners to
each of the other tables. In this setting, we test how the split-
ting of tuples in a large table may affect the Shapley value
computation.

In the second step, after assigning the data owners to each table,
we duplicate each record in the original data set several times. The
numbers of copies of tuples follow the Zipfian distribution [27] with
parameter a. We also enforce a hard constraint on the maximum
number of copies that a tuple can be duplicated, that is, a record
cannot have more than m copies.

As the last step, we assign records to data owners. Two scenarios
are considered.

e EA (for equal chance assignment) assigns records to data

owners with uniform distribution. That is, if a record has
I copies and there are k data owners assigned to the table,
then each data owner has a probability % to get a copy of the
record. We constrain that each data owner can only have up
to one copy of a record. Within a table, the expected number
of records held by each data owner is identical.

e UA (for unequal chance assignment) assigns records to data
owners following the Zipfian distribution, that is, the prob-

2https://dev.mysql.com/doc/world-setup/en/, accessed on July 1, 2022.
Bhttp://www.tpc.org/tpch/, accessed on July 1, 2022.


https://github.com/IDEAL-Lab/shapley-value-independent-utility
https://github.com/IDEAL-Lab/shapley-value-independent-utility
https://dev.mysql.com/doc/world-setup/en/
http://www.tpc.org/tpch/

Table 1: Default System Parameters

Parameters Default value

Number of data owners k per table 5 (World), 10 (TPC-H)

Zipfan parameter o 4.0
Max copy of tuples m 3

Zipfan parameter f (used in UA) 3.0
Hyper-parameter y in Algorithm 1 1.0

ability of a data owner obtaining a record obeys the Zipfian
distribution with parameter . Again, we constrain that each
data owner can only have up to one copy of a record. In this
case, a small number of data owners hold most of the records
in a table.

In total, we have four different settings in setting number of
data owners in tables and assigning records to data owners, namely
UO-UA, EO-UA, UO-EA, and EO-EA. Through those settings we can
observe how data owner distribution may affect the performance
of Shapley value computation. By setting UO versus EO, we can
observe the effect of the number of data owners in each table. By
setting UA versus EA, we can observe the effect of the numbers of
records held by data owners. The default parameters used in the
experiments are shown in Table 1.

To evaluate the performance, a coalition plan executes equi-join
queries among all tables in a data set. We assume that the utility of
each tuple in a coalition set is 1.

We use a commodity server with Intel Xeon 2.00GHz E7-4730
CPU and 125GB RAM, running Ubuntu 20.04 LTS to run the exper-
iments. We focus on two metrics as follows.

e Runtime measures the total clock time of computing the

Shapley values for all data owners.

e Error rate evaluates the quality of the approximated Shapley
value by the permutation-based sampling method and com-
putes the percentage of miscalculated Shapely value, that is,
error = M’W where (u) and W are the ex-

yeu ¥ (u

act Shapley value and the approximate Shapley value by the
permutation-based sampling method, respectively. The error
rate reflects the ratio of the total accumulated absolute errors
against the total Shapley value of all data owners.

For our proposed IUSV method, we measure two additional

metrics as follows.

e UMOS rate (for unique multi-owner synthesis rate) is the ra-
tio of the number of tuples with only one unique multi-owner
synthesis against the number of tuples in the coalition set.
Recall that the tuples with only one unique multi-owner syn-
thesis can use Theorems 3 and 4 to compute Shapley value di-
rectly. Thus, UMOS rate shows the percentage of cases where
Theorems 3 and 4 can be applied.

e SC rate and SL rate are, among the total number of times
the SC and SL algorithms are called when the multi-owner
syntheses of the tuples in the coalition set are not unique, the
percentages of the calls to the SC and SL algorithms, respec-
tively. These metrics show the relative frequencies the two
algorithms are used.

In our experiments, we enforce a timeout of 7,200 seconds, that is,
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Table 2: Permutation Method Error Rate Under Default Pa-
rameters

World TPC-H
Setting
Perm-16 Perm-32 Perm-16 Perm-32
UO-UA 29% 22% 63% 37%
EO-UA 33% 24% 58% 42%
UO-EA 23% 18% 54% 36%
EO-EA 23% 17% 49% 37%

we terminate a program if the runtime exceeds the allowed timeout.

6.2 Scalability on Number of Data Owners

Figure 1 shows the performance in the aforementioned four settings
when the number of data owners k per table varies. Compared
with the traditional method on the World data set, our proposed
TUSV method reduces the total runtime by 3 orders of magnitude
before the traditional method fails to finish the computation before
the timeout. Our IUSV method can efficiently compute the exact
Shapely value in all cases.

For the permutation-based sampling method, we choose a small
sample size, 16 or 32 for the data sets World and TPC-H, since
a larger sample size causes the permutation method timeout. To
obtain a permutation sample, the method has to compute the equi-
join of all tables once and thus is very costly. With such small
samples, the accuracy of the approximation is low. Table 2 shows
the error rates under the default parameters. As shown, the error
rate ranges from 17% to 63%. The errors are significant. At the same
time, even we choose only 16 samples and tolerate a large error (up
to 63%), Perm-16 is still slower than IUSV, as shown in Figure 1.

Figure 1 shows that the UMOS rate decreases as the number of
data owners increases from 1 or 2 to a small number (less than 5
in our experiments) in all settings, and then becomes stable. When
the number of data owners increases from 1 or 2 to a small number,
substantially more records in the coalition set have more than one
multi-owner synthesis. However, when the number of data owners
keeps increasing, due to the data sparsity, the UMOS rate becomes
stable. The results show that a substantial portion of cases can be
handled by Theorems 3 and 4 efficiently, which contributes to the
efficiency of TUSV significantly.

The SC and SL rates show that in most of the cases where multi-
owner syntheses are not unique, the SC algorithm is used. At the
same time, the SL algorithm handles a small portion of cases that are
very costly if the SC algorithm is used. The complement between
the two methods provides an overall fast solution.

6.3 Effect of Data Owner and Record
Assignment Distributions

Figure 2 shows the performance in the aforementioned four settings
with respect to the Zipfian parameter a, which controls the number
of copies of records in tables. In all settings, the runtime of all
methods on the World data set is insensitive to & mainly due to the
small size of the data set. The runtime of IUSV on TPC-H decreases
as « increases mainly for two reasons. First, a larger « assigns more
records to one data owner. Therefore, the UMOS rate increases
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and thus IUSV can apply Theorem 4 to calculate Shapley values in
more cases. Second, more records held by one data owner leads to
decrease in both the number of minimal syntheses and the number
of minimal synthesis owners. Consequently, the execution of the SC
algorithm becomes faster when the number of minimal synthesis is
smaller, and the SL algorithm is faster when the number of minimal
synthesis owners is smaller.

The maximum number of copies of a data record as a hard con-
straint also has a mild effect similar to the situation where « is
small. The smaller the maximum number, the more data records are
held by a data owner. Limited by space, we omit the details here.

In the unequal chance assignment of records to data owners
(UA), the Zipfian distribution with parameter f is used. Figure 3
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a small number of records with multiple copies. This leads to a
small amount of tuples that yield a large number of syntheses. As
a result, we observe that the SL algorithm invoking rate remains
low. Whether a data owner holds most records of a table affects
the individual data owners’ Shapley values, but does not affect the
computation cost much.

6.4 Effect of Hyper-parameter y

We investigate the performance of IUSV when the hyper-parameter
y in Algorithm 1 varies under the default data owner distribution.
For the ease of reading, we only plot the SL rate, as the SC rate is
100% minus the SL rate. Figures 4 to 6 show the results with respect
to the number of data owners per table, Zipfian parameter «, and
Zipfian parameter f3, respectively.

When y increases, the runtime drops first when y is small, and
then increases. This holds in all four settings. According to Algo-
rithm 1, when y < 1, IUSV chooses the SC algorithm over the SL
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z o 0% 0 data assemblage task remains challenging in computation. While

most of the existing work on Shapley value computation does not
look into the specific characteristics in data assemblage, in this
paper, we explore the decomposability of utility in data assemblage
and formulate the independent utility assumption. We discover
that independent utility enjoys many applications and has a few
interesting properties. We develop fast and scalable algorithms for
computing Shapley value under independent utility. Our experi-
mental results on real data sets show that our new approach is
orders of magnitude faster than the conventional approaches.
Shapley value computation under independent utility opens
a new direction for future work. For example, it is interesting to

%12 18 24 3.0

0%,

3.0

Figure 6: Effect of hyper-parameter y (Different Zipfian Pa-
rameter f values)

algorithm even when max(my,, m,my;) is large, where in this case
the SC algorithm is slow. This explains the initial drop. When y
keeps increasing, IUSV chooses the SL algorithm more and more,
as shown by the SL rate. Since the SL algorithm may be more costly

than the SC algorithm for tuples where the number of minimal
synthesis owners is large, a good choice of y is close to 1.
One important observation is that, when y is fixed, the perfor-

explore whether the independent utility assumption can enable new
opportunities for approximation of Shapley values and incremental
Shapley value computation on dynamic and streaming data.

2772



REFERENCES

(1]

(6

=

[10]

[11]

[12]

[13

[14]

[15

[16]

Anish Agarwal, Munther A. Dahleh, and Tuhin Sarkar. 2019. A Marketplace
for Data: An Algorithmic Solution. In Proceedings of the 2019 ACM Conference
on Economics and Computation, EC 2019, Phoenix, AZ, USA, June 24-28, 2019,
Anna Karlin, Nicole Immorlica, and Ramesh Johari (Eds.). ACM, 701-726. https:
//doi.org/10.1145/3328526.3329589

J. M. Bilbao, J. R. Fernandez, N. Jimenez, and J. J. Lopez. 2002. Voting power
in the European Union enlargement. European Journal of Operational Re-
search 143, 1 (November 2002), 181-196. https://ideas.repec.org/a/eee/ejores/
v143y2002i1p181-196.html

Javier Castro, Daniel GOmez, and Juan Tejada. 2009. Polynomial calculation of the
Shapley value based on sampling. Computers & Operations Research 36, 5 (2009),
1726-1730. https://doi.org/10.1016/j.cor.2008.04.004 Selected papers presented
at the Tenth International Symposium on Locational Decisions (ISOLDE X).
Shuchi Chawla, Shaleen Deep, Paraschos Koutris, and Yifeng Teng. 2019. Revenue
Maximization for Query Pricing. Proc. VLDB Endow. 13, 1 (2019), 1-14. https:
//doi.org/10.14778/3357377.3357378

Lingjiao Chen, Paraschos Koutris, and Arun Kumar. 2019. Towards Model-
based Pricing for Machine Learning in a Data Marketplace. In Proceedings of
the 2019 International Conference on Management of Data, SIGMOD Conference
2019, Amsterdam, The Netherlands, June 30 - July 5, 2019, Peter A. Boncz, Stefan
Manegold, Anastasia Ailamaki, Amol Deshpande, and Tim Kraska (Eds.). ACM,
1535-1552. https://doi.org/10.1145/3299869.3300078

Zicun Cong, Xuan Luo, Jian Pei, Feida Zhu, and Yong Zhang. 2022. Data pricing
in machine learning pipelines. Knowl. Inf. Syst. 64, 6 (2022), 1417-1455. https:
//doi.org/10.1007/s10115-022-01679-4

R.D. Cook and Sanford Weisberg. 1980. Characterizations of an Empirical In-
fluence Function for Detecting Influential Cases in Regression. Technomet-
rics 22, 4 (1980), 495-508.  https://doi.org/10.1080/00401706.1980.10486199
arXiv:https://www.tandfonline.com/doi/pdf/10.1080/00401706.1980.10486199
Shaleen Deep and Paraschos Koutris. 2017. The Design of Arbitrage-Free Data
Pricing Schemes. In 20th International Conference on Database Theory, ICDT
2017, March 21-24, 2017, Venice, Italy (LIPIcs, Vol. 68), Michael Benedikt and
Giorgio Orsi (Eds.). Schloss Dagstuhl - Leibniz-Zentrum fir Informatik, 12:1-
12:18. https://doi.org/10.4230/LIPIcs.ICDT.2017.12

Shaleen Deep and Paraschos Koutris. 2017. QIRANA: A Framework for Scalable
Query Pricing. In Proceedings of the 2017 ACM International Conference on Man-
agement of Data, SIGMOD Conference 2017, Chicago, IL, USA, May 14-19, 2017,
Semih Salihoglu, Wenchao Zhou, Rada Chirkova, Jun Yang, and Dan Suciu (Eds.).
ACM, 699-713. https://doi.org/10.1145/3035918.3064017

Daniel Deutch, Nave Frost, Benny Kimelfeld, and Mikaél Monet. 2021. Computing
the Shapley Value of Facts in Query Answering. CoRR abs/2112.08874 (2021).
arXiv:2112.08874 https://arxiv.org/abs/2112.08874

S. Shaheen Fatima, Michael J. Wooldridge, and Nicholas R. Jennings. 2008. A
linear approximation method for the Shapley value. Artif. Intell. 172, 14 (2008),
1673-1699. https://doi.org/10.1016/j.artint.2008.05.003

Raul Castro Fernandez, Pranav Subramaniam, and Michael J. Franklin. 2020. Data
Market Platforms: Trading Data Assets to Solve Data Problems. Proc. VLDB Endow.
13, 11 (2020), 1933-1947. http://www.vldb.org/pvldb/vol13/p1933-fernandez.pdf
Amirata Ghorbani and James Y. Zou. 2019. Data Shapley: Equitable Valuation of
Data for Machine Learning. In Proceedings of the 36th International Conference
on Machine Learning, ICML 2019, 9-15 June 2019, Long Beach, California, USA
(Proceedings of Machine Learning Research, Vol. 97), Kamalika Chaudhuri and
Ruslan Salakhutdinov (Eds.). PMLR, 2242-2251. http://proceedings.mlr.press/
v97/ghorbani19c.html

Ruoxi Jia, David Dao, Boxin Wang, Frances Ann Hubis, Nezihe Merve Giirel, Bo
Li, Ce Zhang, Costas J. Spanos, and Dawn Song. 2019. Efficient Task-Specific
Data Valuation for Nearest Neighbor Algorithms. Proc. VLDB Endow. 12, 11
(2019), 1610-1623. https://doi.org/10.14778/3342263.3342637

Ruoxi Jia, David Dao, Boxin Wang, Frances Ann Hubis, Nick Hynes, Nezihe Merve
Giirel, Bo Li, Ce Zhang, Dawn Song, and Costas J. Spanos. 2019. Towards
Efficient Data Valuation Based on the Shapley Value. In The 22nd International
Conference on Artificial Intelligence and Statistics, AISTATS 2019, 16-18 April
2019, Naha, Okinawa, Japan (Proceedings of Machine Learning Research, Vol. 89),
Kamalika Chaudhuri and Masashi Sugiyama (Eds.). PMLR, 1167-1176. http:
//proceedings.mlr.press/v89/jial9a.html

Jon Kleinberg, Christos H Papadimitriou, and Prabhakar Raghavan. 2001. On the
value of private information. In Theoretical Aspects Of Rationality And Knowl-
edge: Proceedings of the 8 th conference on Theoretical aspects of rationality and

2773

[18

[19

[21

[24

[25]

knowledge, Vol. 8. Citeseer, 249-257.

Paraschos Koutris, Prasang Upadhyaya, Magdalena Balazinska, Bill Howe, and
Dan Suciu. 2012. Query-based data pricing. In Proceedings of the 31st ACM
SIGMOD-SIGACT-SIGART Symposium on Principles of Database Systems, PODS
2012, Scottsdale, AZ, USA, May 20-24, 2012, Michael Benedikt, Markus Krétzsch,
and Maurizio Lenzerini (Eds.). ACM, 167-178. https://doi.org/10.1145/2213556.
2213582

Paraschos Koutris, Prasang Upadhyaya, Magdalena Balazinska, Bill Howe, and
Dan Suciu. 2013. Toward practical query pricing with QueryMarket. In Pro-

ceedings of the ACM SIGMOD International Conference on Management of Data,
SIGMOD 2013, New York, NY, USA, June 22-27, 2013, Kenneth A. Ross, Divesh
Srivastava, and Dimitris Papadias (Eds.). ACM, 613-624. https://doi.org/10.1145/
2463676.2465335

Jinfei Liu, Jian Lou, Junxu Liu, Li Xiong, Jian Pei, and Jimeng Sun. 2021. Dealer:
An End-to-End Model Marketplace with Differential Privacy. Proc. VLDB Endow.
14, 6 (feb 2021), 957-969. https://doi.org/10.14778/3447689.3447700

Ester Livshits, Leopoldo E. Bertossi, Benny Kimelfeld, and Moshe Sebag. 2020.
The Shapley Value of Tuples in Query Answering. In 23rd International Conference
on Database Theory, ICDT 2020, March 30-April 2, 2020, Copenhagen, Denmark
(LIPIcs, Vol. 155), Carsten Lutz and Jean Christoph Jung (Eds.). Schloss Dagstuhl
- Leibniz-Zentrum fir Informatik, 20:1-20:19. https://doi.org/10.4230/LIPIcs.
ICDT.2020.20

Sasan Maleki, Long Tran-Thanh, Greg Hines, Talal Rahwan, and Alex Rogers.
2013. Bounding the Estimation Error of Sampling-based Shapley Value Approxi-
mation With/Without Stratifying. CoRR abs/1306.4265 (2013). arXiv:1306.4265
http://arxiv.org/abs/1306.4265

Nicholas D Matsakis and Felix S Klock II. 2014. The rust language. In ACM
SIGAda Ada Letters, Vol. 34. ACM, 103-104.

Alexandra Meliou, Wolfgang Gatterbauer, Katherine F. Moore, and Dan Suciu.
2010. The Complexity of Causality and Responsibility for Query Answers and
non-Answers. Proc. VLDB Endow. 4, 1 (2010), 34-45. https://doi.org/10.14778/
1880172.1880176

Alexandra Meliou, Sudeepa Roy, and Dan Suciu. 2014. Causality and Explanations
in Databases. Proc. VLDB Endow. 7, 13 (2014), 1715-1716. https://doi.org/10.
14778/2733004.2733070

Xiaoye Miao, Yunjun Gao, Lu Chen, Huanhuan Peng, Jianwei Yin, and Qing
Li. 2020. Towards Query Pricing on Incomplete Data. IEEE Transactions on
Knowledge and Data Engineering (2020).

Alexander Muschalle, Florian Stahl, Alexander Loser, and Gottfried Vossen.
2012. Pricing approaches for data markets. In International workshop on business
intelligence for the real-time enterprise. Springer, 129-144.

Mark EJ Newman. 2005. Power laws, Pareto distributions and Zipf’s law. Con-
temporary physics 46, 5 (2005), 323-351.

Martin J. Osborne and Ariel Rubinstein. 1994. A course in game theory. The MIT
Press, Cambridge, USA. electronic edition.

J. Pei. 2021. A Survey on Data Pricing: from Economics to Data Science. IEEE
Transactions on Knowledge & Data Engineering 01 (dec 2021), 1-1. https://doi.
org/10.1109/TKDE.2020.3045927

Babak Salimi, Leopoldo E. Bertossi, Dan Suciu, and Guy Van den Broeck. 2016.
Quantifying Causal Effects on Query Answering in Databases. In 8th USENIX
Workshop on the Theory and Practice of Provenance, TaPP 2016, Washington, D.C.,
USA, June 8-9, 2016, Sarah Cohen Boulakia (Ed.). USENIX Association. https:
//www.usenix.org/conference/tapp16/workshop-program/presentation/salimi
Fabian Schomm, Florian Stahl, and Gottfried Vossen. 2013. Marketplaces for
data: an initial survey. ACM SIGMOD Record 42, 1 (2013), 15-26.

C. Shapiro, S. Carl, HR. Varian, and Harvard Business Press. 1998. Information
Rules: A Strategic Guide to the Network Economy. Harvard Business School Press.
Lloyd S. Shapley. 1952. A Value for n-Person Games. Technical Report P-295.
RAND Corporation, Santa Monica, CA.

Markus Spiekermann. 2019. Data marketplaces: Trends and monetisation of data
goods. Intereconomics 54, 4 (2019), 208-216.

Prasang Upadhyaya, Magdalena Balazinska, and Dan Suciu. 2016. Price-Optimal
Querying with Data APIs. Proc. VLDB Endow. 9, 14 (2016), 1695-1706. https:
//doi.org/10.14778/3007328.3007335

Jinsung Yoon, Sercan Omer Arik, and Tomas Pfister. 2020. Data Valuation using
Reinforcement Learning. In Proceedings of the 37th International Conference on
Machine Learning, ICML 2020, 13-18 July 2020, Virtual Event (Proceedings of
Machine Learning Research, Vol. 119). PMLR, 10842-10851. http://proceedings.
mlr.press/v119/yoon20a.html


https://doi.org/10.1145/3328526.3329589
https://doi.org/10.1145/3328526.3329589
https://ideas.repec.org/a/eee/ejores/v143y2002i1p181-196.html
https://ideas.repec.org/a/eee/ejores/v143y2002i1p181-196.html
https://doi.org/10.1016/j.cor.2008.04.004
https://doi.org/10.14778/3357377.3357378
https://doi.org/10.14778/3357377.3357378
https://doi.org/10.1145/3299869.3300078
https://doi.org/10.1007/s10115-022-01679-4
https://doi.org/10.1007/s10115-022-01679-4
https://doi.org/10.1080/00401706.1980.10486199
https://arxiv.org/abs/https://www.tandfonline.com/doi/pdf/10.1080/00401706.1980.10486199
https://doi.org/10.4230/LIPIcs.ICDT.2017.12
https://doi.org/10.1145/3035918.3064017
https://arxiv.org/abs/2112.08874
https://arxiv.org/abs/2112.08874
https://doi.org/10.1016/j.artint.2008.05.003
http://www.vldb.org/pvldb/vol13/p1933-fernandez.pdf
http://proceedings.mlr.press/v97/ghorbani19c.html
http://proceedings.mlr.press/v97/ghorbani19c.html
https://doi.org/10.14778/3342263.3342637
http://proceedings.mlr.press/v89/jia19a.html
http://proceedings.mlr.press/v89/jia19a.html
https://doi.org/10.1145/2213556.2213582
https://doi.org/10.1145/2213556.2213582
https://doi.org/10.1145/2463676.2465335
https://doi.org/10.1145/2463676.2465335
https://doi.org/10.14778/3447689.3447700
https://doi.org/10.4230/LIPIcs.ICDT.2020.20
https://doi.org/10.4230/LIPIcs.ICDT.2020.20
https://arxiv.org/abs/1306.4265
http://arxiv.org/abs/1306.4265
https://doi.org/10.14778/1880172.1880176
https://doi.org/10.14778/1880172.1880176
https://doi.org/10.14778/2733004.2733070
https://doi.org/10.14778/2733004.2733070
https://doi.org/10.1109/TKDE.2020.3045927
https://doi.org/10.1109/TKDE.2020.3045927
https://www.usenix.org/conference/tapp16/workshop-program/presentation/salimi
https://www.usenix.org/conference/tapp16/workshop-program/presentation/salimi
https://doi.org/10.14778/3007328.3007335
https://doi.org/10.14778/3007328.3007335
http://proceedings.mlr.press/v119/yoon20a.html
http://proceedings.mlr.press/v119/yoon20a.html

