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In this work we provide some insights and develop some ideas, with few technical details, about the role of
explanations in Data �ality in the context of data-based machine learning models (ML). In this direction there
are, as expected, roles for causality and explainable AI. �e la�er area not only sheds light on the models, but
also on the data that support model construction. �ere is also room for de�ning, identifying and explaining
errors in data, in particular, in ML; and also for suggesting repair actions. More generally, explanations can be
used as a basis for de�ning dirty data in the context of ML, and measuring or quantifying them. We think
dirtiness as relative to the ML task at hand, e.g. classi�cation.
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1 INTRODUCTION
In this short paper we aim to bridge recent work on explanations in data quality with explainable
AI. We start by describing a number of approaches for �nding explanations of query results. For
example, a query may extract potential inconsistencies or other forms of dirtiness in the data and
one wishes to �nd explanations for the inconsistencies. �e explanations correspond to typical
questions like “what data is dirty?”, “why is it dirty?”, and “how does a particular piece of data
contribute to the overall dirtiness?”. As such, they explain query results at an increasing level of
granularity.

In view of the rise of AI/machine learning methods to analyse data, the above explanation
methods need to be revisited. Indeed, the query now becomes a more complex data analytical task.
We remark that this paper is not a comprehensive survey. Instead our focus is to provide a bit of
insight into this general problem and to identify a couple of promising research directions.

2 INSPECTING DATA BY QUERIES
It is common that the cleanliness of a database is directly assessed on the basis of the database itself.
One can directly inspect the data, at the record (tuple) or record value level. A more systematic
way to do this inspection is by posing queries to the database; and even more sophisticated, one can
de�ne appropriate views that capture data with some “issues”. Again, one can directly inspect the

L. Bertossi is a member of the “Millenium Institute for Foundational Research on Data” (IMFD), Chile.
Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee
provided that copies are not made or distributed for pro�t or commercial advantage and that copies bear this notice and the
full citation on the �rst page. Copyrights for components of this work owned by others than the author(s) must be honored.
Abstracting with credit is permi�ed. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires
prior speci�c permission and/or a fee. Request permissions from permissions@acm.org.
© 2020 Copyright held by the owner/author(s). Publication rights licensed to ACM. XXXX-XXXX/2020/3-ART1 $15.00
DOI: 0000001.0000001

, Vol. 1, No. 1, Article 1. Publication date: March 2020.

Page 1 of 9 Journal of Data and Information Quality

https://mc.manuscriptcentral.com/jdiq



1:2 Bertossi & Geerts

query results or the view contents. A good example of this is consistency, one particular dimension
of data quality [2, 23].

Example 2.1. Consider the following database, � , below, and suppose that we expect � to be
consistent in that it satis�es the denial integrity constraint k : ¬∃G∃~ (( (G) ∧ '(G,~) ∧ ( (~)), that
prohibits a particular kind of joins.
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To check whether this constraint holds, one
can pose the queryQ(G,~) : ( (G)∧'(G,~)∧( (~),
associated withk , to � . �e query result Q(�)
will consist of all combinations of values that do
satisfy the join, i.e. inconsistencies fork .

In this case, the set of answers Q(�), which should be empty were the database consistent, is
{〈0, 1〉, 〈1,1〉}. �

�is is an example of a particular and classical kind of dirtiness that is related to an also classical
kind of integrity constraint. Other kinds of constraints have been proposed and investigated that
capture other forms of dirtiness or can be used to address other dimensions of data quality [19].

As another example, but this time along the redundancy dimension of data quality, we can give
an example related to duplicate detection, which is about identifying pairs (or sets) of records in a
database that represent the same external entity.

Example 2.2. Consider a database which consists of records of the form '(Name,Address,DOB,
Occup). In the database there should not be two di�erent records with same Name and DOB (date
of birth), and similar Address. We can �nd such undesired pairs of records by means of the query:

Q : '(Name,Address1,DOB,Occup1) ∧ '(Name,Address2,DOB,Occup2)
∧ Address1 ≈ Address2 ∧ (Address1 ≠ Address2 ∨ Occup1 ≠ Occup2)), (1)

that involves a built-in, application dependent similarity relation ≈, which is assumed to subsume
equality.

Similarly as in Example 2.1, the query Q corresponds to some kind of data quality constraint.
Indeed, it is associated to a matching dependency (MD), a relatively new kind of constraint proposed
for duplicate detection and reconciliation, the la�er being the process of fusing duplicates into
single records [7, 20]. In this case, the MD corresponding to Q would be the (implicitly universally
quanti�ed) formula:
'(Name,Address1,DOB,Occup1) ∧ '(Name,Address2,DOB,Occup2) ∧ Address1 ≈ Address2

→ Address1 �1 Address2 ∧ Occup1 �2 Occup2, (2)
which speci�es that for any two records that share the same name and date of birth and have
similar addresses, the addresses and the occupations have to be made identical. �is requirement is
application dependent. In this case, an application where the a�ributes Name,DOB,Address are
expected to act as a key, but with only similarity required for Address instead of the usual equality
used in key constraints. Here, the way to make values identical is built into the operators �1 and
�2, and is application dependent.

We can see that the �rst three atoms of query Q in (1) detect records that satisfy the le�-hand
side of the constraint in (2). �e disjunction in (1) captures the records that do not satisfy one (or
both) of the equalities required by the right-hand side of the MD in (2). �
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What we just described is a simply way to detect inconsistencies in the data and to answer “what
is dirty?”. One o�en wants to go beyond simple queries to detect inconsistencies (or other forms
of dirtiness), and go deeper into the causes. �at is, one wants the identify the root causes of the
reported inconsistencies, e.g. at the tuple level. �is is the role of causality in databases.

3 CAUSALITY IN DATABASES
Causality in databases was �rst introduced in [31], inspired by [21] (c.f. also [32]). We use an
example to give the intuition.

Example 3.1. (ex. 2.1 cont.) With the same database � , consider the existential closure of the
original query, i.e. the Boolean conjunctive query: Q : ∃G∃~ (( (G) ∧'(G,~) ∧( (~)), which happens
to be true in � , denoted � |= Q. We ask “why?”, and we want the causes, as explanations for Q
being true in � .

A tuple C ∈ � (that is a fact or, equivalently, a row in a relation in �) is a counterfactual cause
for Q in � if � |= Q and � r {C} 6|= Q. Here, ( (1) is counterfactual cause for Q in � : if ( (1) is
removed from � , then Q is no longer true (and then, no inconsistencies remain in �).

A tuple C ∈ � is an actual cause for Q if there is a contingency set Γ ⊆ � , such that C is a
counterfactual cause for Q in � r Γ. Here, '(0, 1) is an actual cause for Q with contingency set
{'(1,1)}: if '(0, 1) is removed from � , then Q is still true, but further removing '(1, 1) makes
Q false. It indicates that '(0, 1) is less of a good cause than ( (1) for the inconsistencies in � .
Every counterfactual cause is also an actual cause, with empty contingent set, but actual, but
non-counterfactual, causes need company to invalidate a query result.

A related question is “Can we quantify how good causes are?”. An answer comes from the notion
of responsibility [13]. �e responsibility of an actual cause C for Q is d

�
(C) := 1

|Γ | + 1 , with |Γ | the
size of smallest contingency set for C . In this example, the responsibility of '(0, 1) is 1

2 = 1
1+1 (its

several smallest contingency sets have all size 1). Hence, '(1,1) and ( (0) are also actual causes
with responsibility 1

2 . We note that ( (1) is an actual (counterfactual) cause with responsibility 1
= 1

1+0 . �is quantitatively validates our earlier observation that ( (1) is more causal than '(0, 1) for
the inconsistencies in � . �

We can see that causality gives us an additional knowledge on the reasons why a query is true,
or similarly, an integrity constraint is violated. In the end, we gain insight into the underlying data,
and their quality.

In particular, high responsibility tuples provide more interesting explanations. Causes in this
case are tuples that come with their responsibilities as “scores”. Actually, for a particular data
phenomenon, e.g. a query result, all tuples can be seen as actual causes and only the scores ma�er.
�is idea of assigning scores to tuples (or more �ne-grained, to tuple values [5]), can be taken much
further. Other score functions could be applied in situations where others do not provide intuitive
results, as the following example shows.

Example 3.2. �e following Boolean Datalog query Π (right) becomes true on database � (le�) if
there is a path from 0 to 1. We can alternatively interpret this by saying that � is consistent if no
path between 0 and 1 exists.

� - .

C1 0 1

C2 0 2

C3 2 1

C4 0 3

C5 3 4

C6 4 1
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<latexit sha1_base64="gElx9FwSD0gFkw75oetvJaUjzX0=">AAABinicZY5NSgNBEIWr4984Ro26dDMYBFdhOigibgK6cBnR/EAyhJ5OJTbp6Rm6O/4w5Ahu9TTewAt4G9tJNjEPCj5e1StenElhbBj+kNLa+sbmlrft75R39/YrB4dtk041xxZPZaq7MTMohcKWFVZiN9PIklhiJ57c/O07z6iNSNWjfcswSthYiZHgzDrrwQ4uBpVqWAsLBatAF1BteN9f4NQcVHR/mPJpgspyyYzp0TCzUc60FVzizO9PDWaMT9gYew4VS9BEeVF1Fpw6ZxiMUu1G2aBwlxJSxOg+KYxyhS/2NWH2aea7kvR/pVVo12s0rNF7Wm2cw1weHMMJnAGFS2jAHTShBRzG8A4f8EnKpE6uyPX8tEQWmSNYErn9BXAkaO4=</latexit><latexit sha1_base64="TFdmbzmHlEAz3Wzd/6HkX93GdHE=">AAABinicZY5NTgJBEIWr8W8cURGXbiYQE1dkmmiMcUMiC5cYHSCBCelpCuzQ0zPpbvwJmSO41Rt4C2/gBbyNI7BBXlLJl1f1Ki9KpTDW939IYWNza3vH2XX3ivsHh6WjctskU80x4IlMdDdiBqVQGFhhJXZTjSyOJHaiyc3fvvOE2ohEPdjXFMOYjZUYCc5sbt3bwcWgVPVr/lzeOtAlVBvO91e5+VlpDUq6P0z4NEZluWTG9Kif2nDGtBVcYub2pwZTxidsjL0cFYvRhLN51cw7zZ2hN0p0Psp6c3clIUWE+SeF4Uzhs32JmX3M3Lwk/V9pHdr1GvVr9I5WG+ewkAMnUIEzoHAJDbiFFgTAYQxv8A4fpEjq5IpcL04LZJk5hhWR5i+DTWoM</latexit><latexit sha1_base64="TFdmbzmHlEAz3Wzd/6HkX93GdHE=">AAABinicZY5NTgJBEIWr8W8cURGXbiYQE1dkmmiMcUMiC5cYHSCBCelpCuzQ0zPpbvwJmSO41Rt4C2/gBbyNI7BBXlLJl1f1Ki9KpTDW939IYWNza3vH2XX3ivsHh6WjctskU80x4IlMdDdiBqVQGFhhJXZTjSyOJHaiyc3fvvOE2ohEPdjXFMOYjZUYCc5sbt3bwcWgVPVr/lzeOtAlVBvO91e5+VlpDUq6P0z4NEZluWTG9Kif2nDGtBVcYub2pwZTxidsjL0cFYvRhLN51cw7zZ2hN0p0Psp6c3clIUWE+SeF4Uzhs32JmX3M3Lwk/V9pHdr1GvVr9I5WG+ewkAMnUIEzoHAJDbiFFgTAYQxv8A4fpEjq5IpcL04LZJk5hhWR5i+DTWoM</latexit><latexit sha1_base64="TjvawI849coL8nomqUU22W7ow+g=">AAABinicZY5LS8NAFIXv1FeNVaMu3QSL4CpkikXETUEXLivaB7ShTKa3cehkEmamPgj9CW71t/lvjDGb2gMXDufec/miTApjg+Cb1DY2t7Z36rvOXmP/4NA9Ou6bdKE59ngqUz2MmEEpFPassBKHmUaWRBIH0fz2dz94QW1Eqp7se4ZhwmIlZoIzW0SPdtKeuM3AD0p564ZWpgmVuhNXj6cpXySoLJfMmBENMhvmTFvBJS6d8cJgxvicxTgqrGIJmjAvUZfeeZFMvVmqi1HWK9OVhhQRFp8UhrnCV/uWMPu8dApI+h9p3fRbPg18+kCbncsKtw6ncAYXQOEKOnAPXegBhxg+4BO+SIO0yDW5+TutkapzAisidz+qIWcd</latexit>

t6
<latexit sha1_base64="xmYl/aaly/ZzLnesH1GnzKBakr8=">AAABinicZY5NSgNBEIWr4984Ro26dDMYBFdhOogibgK6cBnR/EAyhJ5OJTbp6Rm6O/4w5Ahu9TTewAt4G9tJNjEPCj5e1StenElhbBj+kNLa+sbmlrft75R39/YrB4dtk041xxZPZaq7MTMohcKWFVZiN9PIklhiJ57c/O07z6iNSNWjfcswSthYiZHgzDrrwQ4uBpVqWAsLBatAF1BteN9f4NQcVHR/mPJpgspyyYzp0TCzUc60FVzizO9PDWaMT9gYew4VS9BEeVF1Fpw6ZxiMUu1G2aBwlxJSxOg+KYxyhS/2NWH2aea7kvR/pVVo12s0rNF7Wm2cw1weHMMJnAGFS2jAHTShBRzG8A4f8EnKpE6uyPX8tEQWmSNYErn9BXFIaO8=</latexit><latexit sha1_base64="V5fiVmb6XgutYwAfXTnpiTAr9EA=">AAABinicZY5NTgJBEIWr8W8cURGXbiYQE1dkmhiNcUMiC5cYHSCBCelpCuzQ0zPpbvwJmSO41Rt4C2/gBbyNI7BBXlLJl1f1Ki9KpTDW939IYWNza3vH2XX3ivsHh6WjctskU80x4IlMdDdiBqVQGFhhJXZTjSyOJHaiyc3fvvOE2ohEPdjXFMOYjZUYCc5sbt3bwcWgVPVr/lzeOtAlVBvO91e5+VlpDUq6P0z4NEZluWTG9Kif2nDGtBVcYub2pwZTxidsjL0cFYvRhLN51cw7zZ2hN0p0Psp6c3clIUWE+SeF4Uzhs32JmX3M3Lwk/V9pHdr1GvVr9I5WG+ewkAMnUIEzoHAJDbiFFgTAYQxv8A4fpEjq5IpcL04LZJk5hhWR5i+EcWoN</latexit><latexit sha1_base64="V5fiVmb6XgutYwAfXTnpiTAr9EA=">AAABinicZY5NTgJBEIWr8W8cURGXbiYQE1dkmhiNcUMiC5cYHSCBCelpCuzQ0zPpbvwJmSO41Rt4C2/gBbyNI7BBXlLJl1f1Ki9KpTDW939IYWNza3vH2XX3ivsHh6WjctskU80x4IlMdDdiBqVQGFhhJXZTjSyOJHaiyc3fvvOE2ohEPdjXFMOYjZUYCc5sbt3bwcWgVPVr/lzeOtAlVBvO91e5+VlpDUq6P0z4NEZluWTG9Kif2nDGtBVcYub2pwZTxidsjL0cFYvRhLN51cw7zZ2hN0p0Psp6c3clIUWE+SeF4Uzhs32JmX3M3Lwk/V9pHdr1GvVr9I5WG+ewkAMnUIEzoHAJDbiFFgTAYQxv8A4fpEjq5IpcL04LZJk5hhWR5i+EcWoN</latexit><latexit sha1_base64="9l/sMpvAdnf58eA89iCRoFR1iO8=">AAABinicZY5LS8NAFIXv1FeNVaMu3QSL4CpkilTETUEXLivaB7ShTKa3cehkEmamPgj9CW71t/lvjDGb2gMXDufec/miTApjg+Cb1DY2t7Z36rvOXmP/4NA9Ou6bdKE59ngqUz2MmEEpFPassBKHmUaWRBIH0fz2dz94QW1Eqp7se4ZhwmIlZoIzW0SPdtKeuM3AD0p564ZWpgmVuhNXj6cpXySoLJfMmBENMhvmTFvBJS6d8cJgxvicxTgqrGIJmjAvUZfeeZFMvVmqi1HWK9OVhhQRFp8UhrnCV/uWMPu8dApI+h9p3fRbPg18+kCbncsKtw6ncAYXQOEKOnAPXegBhxg+4BO+SIO0yDW5+TutkapzAisidz+rRWce</latexit>

a
<latexit sha1_base64="KtNq7fqB10n045TXv5vJ5inn124=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVRXb+hp/i3zgm2cRcKDjcqlvcKFXSOkp/SGljc2t7p7zr7e0fHB5Vjk/aNsmMwJZIVGK6EbeopMaWk05hNzXI40hhJ5rc/+07z2isTPSje0sxjPlYy5EU3BVWkw8qAa3Sufx1YEsIbr9nsy8AaAwqpj9MRBajdkJxa3uMpi7MuXFSKJx6/cxiysWEj7FXoOYx2jCfF536F4Uz9EeJKUY7f+6uJJSMsPikMcw1vrjXmLunqVeUZP8rrUP7qspolTVZUL+GhcpwBudwCQxqUIcHaEALBCC8wwd8Eo9QUiM3i9MSWWZOYUXk7hdaFGks</latexit><latexit sha1_base64="ZSMRFfnhhqcV+nxKrCLIaWqW5ys=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdXkg0pAq3Qufx3YEoLbn6+ZvhuDiukPE5HFqJ1Q3Noeo6kLc26cFAqnXj+zmHIx4WPsFah5jDbM50Wn/kXhDP1RYorRzp+7KwklIyw+aQxzjS/uNebuaeoVJdn/SuvQvqoyWmVNFtSvYaEynME5XAKDGtThARrQAgEI7/ABn8QjlNTIzeK0RJaZU1gRufsDDXFq8Q==</latexit><latexit sha1_base64="ZSMRFfnhhqcV+nxKrCLIaWqW5ys=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdXkg0pAq3Qufx3YEoLbn6+ZvhuDiukPE5HFqJ1Q3Noeo6kLc26cFAqnXj+zmHIx4WPsFah5jDbM50Wn/kXhDP1RYorRzp+7KwklIyw+aQxzjS/uNebuaeoVJdn/SuvQvqoyWmVNFtSvYaEynME5XAKDGtThARrQAgEI7/ABn8QjlNTIzeK0RJaZU1gRufsDDXFq8Q==</latexit><latexit sha1_base64="4zU5SDuQ658R0UIUROoVwN2DEXo=">AAABiHicZY5LSwMxFIVv6quOr1GXbgaL4KokIhR3RTcuW7APaIeSSW9raCYzJKkPhvkFbvXH+W+MdTa1By4czr3n8iW5ktZR+k1qW9s7u3v1/eDg8Oj4JDw969tsaQT2RKYyM0y4RSU19px0Coe5QZ4mCgfJ4uF3P3hBY2Wmn9x7jnHK51rOpODOR10+CRu0SVeKNg2rTAMqdSahGU8zsUxRO6G4tSNGcxcX3DgpFJbBeGkx52LB5zjyVvMUbVysQMvoyifTaJYZP9pFq3StoWSC/pPGuND46t5S7p7LwEOy/0ibpn/TZLTJuqzRvq1w63ABl3ANDFrQhkfoQA8EIHzAJ3yRgFDSInd/pzVSdc5hTeT+B6FFZmI=</latexit>

b
<latexit sha1_base64="LRC61ejE4jWuUAEC3R8KaFE4Tb4=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVRXb+hp/i3zgm2cRcKDjcqlvcKFXSOkp/SGljc2t7p7zr7e0fHB5Vjk/aNsmMwJZIVGK6EbeopMaWk05hNzXI40hhJ5rc/+07z2isTPSje0sxjPlYy5EU3BVWMxpUAlqlc/nrwJYQ3H7PZl8A0BhUTH+YiCxG7YTi1vYYTV2Yc+OkUDj1+pnFlIsJH2OvQM1jtGE+Lzr1Lwpn6I8SU4x2/txdSSgZYfFJY5hrfHGvMXdPU68oyf5XWof2VZXRKmuyoH4NC5XhDM7hEhjUoA4P0IAWCEB4hw/4JB6hpEZuFqclssycworI3S9bOGkt</latexit><latexit sha1_base64="VVcurQ/4yKtyGwNu9DpN0sNuOis=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdWMBpWAVulc/jqwJQS3P18zfTcGFdMfJiKLUTuhuLU9RlMX5tw4KRROvX5mMeViwsfYK1DzGG2Yz4tO/YvCGfqjxBSjnT93VxJKRlh80hjmGl/ca8zd09QrSrL/ldahfVVltMqaLKhfw0JlOINzuAQGNajDAzSgBQIQ3uEDPolHKKmRm8VpiSwzp7AicvcHDpVq8g==</latexit><latexit sha1_base64="VVcurQ/4yKtyGwNu9DpN0sNuOis=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdWMBpWAVulc/jqwJQS3P18zfTcGFdMfJiKLUTuhuLU9RlMX5tw4KRROvX5mMeViwsfYK1DzGG2Yz4tO/YvCGfqjxBSjnT93VxJKRlh80hjmGl/ca8zd09QrSrL/ldahfVVltMqaLKhfw0JlOINzuAQGNajDAzSgBQIQ3uEDPolHKKmRm8VpiSwzp7AicvcHDpVq8g==</latexit><latexit sha1_base64="g80g72fWyNkq2j+2+wsO+M01l2o=">AAABiHicZY5LSwMxFIVv6quOr1GXbgaL4KokIhR3RTcuW7APaIeSSW9raCYzJKkPhvkFbvXH+W+MdTa1By4czr3n8iW5ktZR+k1qW9s7u3v1/eDg8Oj4JDw969tsaQT2RKYyM0y4RSU19px0Coe5QZ4mCgfJ4uF3P3hBY2Wmn9x7jnHK51rOpODOR91kEjZok64UbRpWmQZU6kxCM55mYpmidkJxa0eM5i4uuHFSKCyD8dJizsWCz3HkreYp2rhYgZbRlU+m0SwzfrSLVulaQ8kE/SeNcaHx1b2l3D2XgYdk/5E2Tf+myWiTdVmjfVvh1uECLuEaGLSgDY/QgR4IQPiAT/giAaGkRe7+Tmuk6pzDmsj9D6JpZmM=</latexit>

c
<latexit sha1_base64="qisStb0gX5Oemc0ah2wcBBSe72U=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVRXb+hp/i3zgm2cRcKDjcqlvcKFXSOkp/SGljc2t7p7zr7e0fHB5Vjk/aNsmMwJZIVGK6EbeopMaWk05hNzXI40hhJ5rc/+07z2isTPSje0sxjPlYy5EU3BVWUwwqAa3Sufx1YEsIbr9nsy8AaAwqpj9MRBajdkJxa3uMpi7MuXFSKJx6/cxiysWEj7FXoOYx2jCfF536F4Uz9EeJKUY7f+6uJJSMsPikMcw1vrjXmLunqVeUZP8rrUP7qspolTVZUL+GhcpwBudwCQxqUIcHaEALBCC8wwd8Eo9QUiM3i9MSWWZOYUXk7hdcXGku</latexit><latexit sha1_base64="Ak+m9dNsZ+FE/J2iLxE3MXY/KlE=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdUUg0pAq3Qufx3YEoLbn6+ZvhuDiukPE5HFqJ1Q3Noeo6kLc26cFAqnXj+zmHIx4WPsFah5jDbM50Wn/kXhDP1RYorRzp+7KwklIyw+aQxzjS/uNebuaeoVJdn/SuvQvqoyWmVNFtSvYaEynME5XAKDGtThARrQAgEI7/ABn8QjlNTIzeK0RJaZU1gRufsDD7lq8w==</latexit><latexit sha1_base64="Ak+m9dNsZ+FE/J2iLxE3MXY/KlE=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdUUg0pAq3Qufx3YEoLbn6+ZvhuDiukPE5HFqJ1Q3Noeo6kLc26cFAqnXj+zmHIx4WPsFah5jDbM50Wn/kXhDP1RYorRzp+7KwklIyw+aQxzjS/uNebuaeoVJdn/SuvQvqoyWmVNFtSvYaEynME5XAKDGtThARrQAgEI7/ABn8QjlNTIzeK0RJaZU1gRufsDD7lq8w==</latexit><latexit sha1_base64="ZKlq9/bktGFL5OiP+lLvElFpN/0=">AAABiHicZY5LSwMxFIVv6quOr1GXbgaL4KokIhR3RTcuW7APaIeSSW9raCYzJKkPhvkFbvXH+W+MdTa1By4czr3n8iW5ktZR+k1qW9s7u3v1/eDg8Oj4JDw969tsaQT2RKYyM0y4RSU19px0Coe5QZ4mCgfJ4uF3P3hBY2Wmn9x7jnHK51rOpODOR10xCRu0SVeKNg2rTAMqdSahGU8zsUxRO6G4tSNGcxcX3DgpFJbBeGkx52LB5zjyVvMUbVysQMvoyifTaJYZP9pFq3StoWSC/pPGuND46t5S7p7LwEOy/0ibpn/TZLTJuqzRvq1w63ABl3ANDFrQhkfoQA8EIHzAJ3yRgFDSInd/pzVSdc5hTeT+B6ONZmQ=</latexit>

d
<latexit sha1_base64="PP4WEj3Ctd1ScwLwmOEr1tVe0AQ=">AAABiHicZY7NSgMxFIVv6l8d/6ou3QwWwVVJRCiuLLpx2YLTFtqhZNLbGprJDEnqD0OfwK0uuvM1fBTfxnHaTe2BCx/n3nM5UaqkdZT+kNLG5tb2TnnX29s/ODyqHJ+0bTI1AgORqMR0I25RSY2Bk05hNzXI40hhJ5rc/+07z2isTPSje0sxjPlYy5EU3OVWazioVGmNFvLXgS2hevs9n38BQHNQMf1hIqYxaicUt7bHaOrCjBsnhcKZ159aTLmY8DH2ctQ8RhtmRdGZf5E7Q3+UmHy08wt3JaFkhPknjWGm8cW9xtw9zby8JPtfaR3aVzVGa6zFqo1rWKgMZ3AOl8CgDg14gCYEIADhHT7gk3iEkjq5WZyWyDJzCisid79dgGkv</latexit><latexit sha1_base64="2XesjRrtq7Ik2F6UgwP6iXPx5Rg=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdUcDioBrdK5/HVgSwhuf75m+m4MKqY/TEQWo3ZCcWt7jKYuzLlxUiicev3MYsrFhI+xV6DmMdownxed+heFM/RHiSlGO3/uriSUjLD4pDHMNb6415i7p6lXlGT/K61D+6rKaJU1WVC/hoXKcAbncAkMalCHB2hACwQgvMMHfBKPUFIjN4vTEllmTmFF5O4PEN1q9A==</latexit><latexit sha1_base64="2XesjRrtq7Ik2F6UgwP6iXPx5Rg=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdUcDioBrdK5/HVgSwhuf75m+m4MKqY/TEQWo3ZCcWt7jKYuzLlxUiicev3MYsrFhI+xV6DmMdownxed+heFM/RHiSlGO3/uriSUjLD4pDHMNb6415i7p6lXlGT/K61D+6rKaJU1WVC/hoXKcAbncAkMalCHB2hACwQgvMMHfBKPUFIjN4vTEllmTmFF5O4PEN1q9A==</latexit><latexit sha1_base64="BQ3RmAvOf/+86jKDYGNDV5axrMs=">AAABiHicZY5LS8NAFIXv1FeNr6pLN8EiuAozIhR3RTcuWzBtoQ1lMrmtQyeTMDPxQegvcKs/zn9jrNnUHrhwOPeeyxfnSlpH6TdpbG3v7O41972Dw6Pjk9bp2cBmhREYikxlZhRzi0pqDJ10Cke5QZ7GCofx4uF3P3xBY2Wmn9x7jlHK51rOpOCuivrJtNWmAV3J3zSsNm2o1Zu2zCTJRJGidkJxa8eM5i4quXFSKFx6k8JizsWCz3FcWc1TtFG5Al36V1WS+LPMVKOdv0rXGkrGWH3SGJUaX91byt3z0qsg2X+kTTO4CRgNWJ+1u7c1bhMu4BKugUEHuvAIPQhBAMIHfMIX8QglHXL3d9ogdecc1kTufwCksWZl</latexit> e

<latexit sha1_base64="t6bIt9OrdgQu4wx6aoEr4vZjkeE=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVRXb+hp/i3zgm2cRcKDjcqlvcKFXSOkp/SGljc2t7p7zr7e0fHB5Vjk/aNsmMwJZIVGK6EbeopMaWk05hNzXI40hhJ5rc/+07z2isTPSje0sxjPlYy5EU3BVWEweVgFbpXP46sCUEt9+z2RcANAYV0x8mIotRO6G4tT1GUxfm3DgpFE69fmYx5WLCx9grUPMYbZjPi079i8IZ+qPEFKOdP3dXEkpGWHzSGOYaX9xrzN3T1CtKsv+V1qF9VWW0yposqF/DQmU4g3O4BAY1qMMDNKAFAhDe4QM+iUcoqZGbxWmJLDOnsCJy9wtepGkw</latexit><latexit sha1_base64="1kaTuVXR7ue4nIvsk6rTQ7KeLHc=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdXEQSWgVTqXvw5sCcHtz9dM341BxfSHichi1E4obm2P0dSFOTdOCoVTr59ZTLmY8DH2CtQ8Rhvm86JT/6Jwhv4oMcVo58/dlYSSERafNIa5xhf3GnP3NPWKkux/pXVoX1UZrbImC+rXsFAZzuAcLoFBDerwAA1ogQCEd/iAT+IRSmrkZnFaIsvMKayI3P0BEgFq9Q==</latexit><latexit sha1_base64="1kaTuVXR7ue4nIvsk6rTQ7KeLHc=">AAABiHicZY7LSgNBEEWr4yuOr6hLN4OD4Cp0ixBcGXTjMgHzgGQIPZ1KbNLTM3T3+GDIF7jVhf6Jn+LfOHlsYi4UHG7VLW6UKmkdpb+ktLG5tb1T3vX29g8OjyrHJ22bZEZgSyQqMd2IW1RSY8tJp7CbGuRxpLATTe5n+84zGisT/ejeUgxjPtZyJAV3hdXEQSWgVTqXvw5sCcHtz9dM341BxfSHichi1E4obm2P0dSFOTdOCoVTr59ZTLmY8DH2CtQ8Rhvm86JT/6Jwhv4oMcVo58/dlYSSERafNIa5xhf3GnP3NPWKkux/pXVoX1UZrbImC+rXsFAZzuAcLoFBDerwAA1ogQCEd/iAT+IRSmrkZnFaIsvMKayI3P0BEgFq9Q==</latexit><latexit sha1_base64="OdB7DFUMHFhJy9g6O05SJYsu1Mc=">AAABiHicZY5LSwMxFIVv6quOr1GXbgaL4KokIhR3RTcuW7APaIeSSW9raCYzJKkPhvkFbvXH+W+MdTa1By4czr3n8iW5ktZR+k1qW9s7u3v1/eDg8Oj4JDw969tsaQT2RKYyM0y4RSU19px0Coe5QZ4mCgfJ4uF3P3hBY2Wmn9x7jnHK51rOpODOR12chA3apCtFm4ZVpgGVOpPQjKeZWKaonVDc2hGjuYsLbpwUCstgvLSYc7Hgcxx5q3mKNi5WoGV05ZNpNMuMH+2iVbrWUDJB/0ljXGh8dW8pd89l4CHZf6RN079pMtpkXdZo31a4dbiAS7gGBi1owyN0oAcCED7gE75IQChpkbu/0xqpOuewJnL/A6XVZmY=</latexit>

yes ← % (0, 1)
% (G,~) ← � (G,~)
% (G,~) ← % (G, I), � (I,~)
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1:4 Bertossi & Geerts

One can verify that all tuples are actual causes for the answer “yes” since every tuple appears in
a path from 0 to 1. However, all the tuples have the same causal responsibility of 1

3 , which may be
counter-intuitive. Indeed, C1 provides a direct path between 0 and 1, and one would expect C1 to be
more responsible than the other tuples that are only involved in indirect paths between 0 and 1. �

In [37], an alternative, quantitative notion of causal e�ect was introduced. �is is done by
transforming the database into a probabilistic one [40], where tuples have independent probabilities
of 1

2 of being true; and performing counterfactual interventions on it. �e causal e�ect is then the
di�erence of the expected values of the query being true and false. �e causal e�ect turned out to
give much more intuitive results. In the previous example, the causal e�ect for tuple C1 is 0.65625,
for tuples C2, C3 it is 0.21875, and for tuples C4, C5, C6 it is 0.09375. Interestingly, it was shown later
[29] that the causal e�ect coincides with the Banzhaf power index [18], which is de�ned in a similar
way as the Shapley value, a well known measure used in coalition game theory.

4 COALITION GAMES AND SHAPLEY
�e use of the Shapley value to measure how much a database tuple contributes to a query answer
from a database has been recently investigated in [29]. In this situation, several tuples together are
necessary to produce a query result. Like players in a coalition game, some may contribute more
than others. �e query (Boolean or aggregate numerical) becomes the wealth-distribution or game
function, G, that sends subsets of players to values E ∈ R. Since the players are the database tuples,
the set of players is the database � . We can apply standard measures of players’ contributions that
are used in game theory, economics, etc. One established measure is the Shapley value of a player.
It is based on counterfactual interventions, of the kind “What would happen if we change …?”.

More precisely, the Shapley value of player ? (i.e. a tuple) among a set of players � (i.e. the
database) is given by:

Shapley(�,G, ?) :=
∑

(⊆�\{? }

|( |!( |� | − |( | − 1)!
|� |! (G(( ∪ {?}) − G(()),

where |( |!( |� | − |( | − 1)! is the number of permutations of � with all players in ( coming �rst,
then ? , and then all the others. �is is an average of the game-function di�erences between a set
having player ? and not having it, over all sets of players. Again, a form of local counterfactual
intervention.

Example 4.1. (ex. 3.2 cont.) It can be veri�ed (see [29] for details) that Shapley(�,G, C1) = 35
60 ,

Shapley(�,G, C2) = Shapley(�,G, C3) = 8
60 , and Shapley(�,G, C4) = Shapley(�,G, C5) = Shapley(�,

G, C6) = 3
60 . Hence, although these values di�er from what was obtained for causal e�ect, the

ordering on the tuples induced by the Shapley value and causal e�ect coincide. �ey thus rank the
tuples in the same way in accordance to their relevance for the Boolean query Π. �

�e Shapley value provides a more sophisticated measure of the contributions of database tuples
to a result from the database. With it and other scores, we can shed some light on the underlying
data; and from the combination of results and scores, we can assess if unexpected results are being
obtained from the data, and then, their quality. �is idea becomes even more critical if the result
is something much more complex than a query result, e.g. the outcome from a machine learning
model that has been built using the data, and is being applied to those data.
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Data�ality and Explainable AI 1:5

5 EXPLAINABLE AI/ML
We next highlight a couple of interesting research directions, all related to �nding explanations
when queries are replaced with complex data analytical tasks. We here illustrate the problems in
the context of machine learning and data quality.

When it comes to machine learning and data quality, one can either use ML to assess the quality
of data, or assess the quality of data for the ML task at hand.

Indeed, integrity constraints are o�en used in combination with more complex methods to assess
the quality of data, including machine learning tasks [22]. A typical example is when each tuple
C in a database � is represented by features � (C) with � ∈ F , some set of features. �is can be
followed by a classi�cation task with the aim to label, with 0 (dirty) or 1 (clean), a tuple C based on
all its features F (C). As shown in Figure 1, the classi�cation model can be a black-box model (le�
in the �gure), or an explicit, open-box model, e.g. a classi�cation tree (right), that returns label
!(C) = 0, for “dirty tuple”.

L(t)
<latexit sha1_base64="7jEsHhgKsNEYQIZaKt7wUheGhw0=">AAABi3icZY5LS8NAFIXv1FetVutj5yZYhLopmSoI4qIgggsXFewD2lAn05t26GQSZiY+CPkLbvWv+W9MH5vaAxc+zr3ncvxYCmNd95cUNja3tneKu6W9/fLBYeXouGOiRHNs80hGuuczg1IobFthJfZijSz0JXb96f1s331DbUSkXuxnjF7IxkoEgjM7s55q9nJYqbp1dy5nHegSqs3TIHgFgNawogejiCchKsslM6ZP3dh6KdNWcIlZaZAYjBmfsjH2c1QsROOl866Zc5E7IyeIdD7KOnN3JSGFj/knhV6q8N1+hMxOslJekv6vtA6dRp26dfpMq81rWKgIZ3AONaBwA014hBa0gcMEvuAbfkiZXJFbcrc4LZBl5gRWRB7+AE/aaLA=</latexit><latexit sha1_base64="GXAzAt9KO594sCXuhaqM9n3aMBk=">AAABi3icZY5LS8NAFIXv1FeNVutj5yYYhLoJGRUEcVEQwYWLCvYBbSiT6U07dDIJM1MflP4Ft/rX/DemaTe1By58nHvP5USZFMYGwS8pbWxube+Ud529/crBYfXouGXSiebY5KlMdSdiBqVQ2LTCSuxkGlkSSWxH44f5vv2G2ohUvdrPDMOEDZWIBWd2bj3X7GW/6gV+UMhdB7oEr34aF2r0q7o3SPkkQWW5ZMZ0aZDZcMq0FVzizOlNDGaMj9kQuzkqlqAJp0XXmXuROwM3TnU+yrqFu5KQIsL8k8JwqvDdfiTMjmZOXpL+r7QOrSufBj59oV79BhYqwxmcQw0o3EIdnqABTeAwgi/4hh9SIdfkjtwvTktkmTmBFZHHP3vFaeg=</latexit><latexit sha1_base64="GXAzAt9KO594sCXuhaqM9n3aMBk=">AAABi3icZY5LS8NAFIXv1FeNVutj5yYYhLoJGRUEcVEQwYWLCvYBbSiT6U07dDIJM1MflP4Ft/rX/DemaTe1By58nHvP5USZFMYGwS8pbWxube+Ud529/crBYfXouGXSiebY5KlMdSdiBqVQ2LTCSuxkGlkSSWxH44f5vv2G2ohUvdrPDMOEDZWIBWd2bj3X7GW/6gV+UMhdB7oEr34aF2r0q7o3SPkkQWW5ZMZ0aZDZcMq0FVzizOlNDGaMj9kQuzkqlqAJp0XXmXuROwM3TnU+yrqFu5KQIsL8k8JwqvDdfiTMjmZOXpL+r7QOrSufBj59oV79BhYqwxmcQw0o3EIdnqABTeAwgi/4hh9SIdfkjtwvTktkmTmBFZHHP3vFaeg=</latexit><latexit sha1_base64="sghkRh10xYpboPtCYbtYVwbqKK8=">AAABi3icZY7NSsNAFIXv1L8arVZdugkGoW5CRgVBXBREcOGigmkLbSiT6W07dDIJM1N/KHkFt/pqvo1pzab2wIXDufdcvjiTwtgg+CGVjc2t7Z3qrrO3Xzs4rB8dt0060xxDnspUd2NmUAqFoRVWYjfTyJJYYiee3i/2nVfURqTqxX5kGCVsrMRIcGYX0VPDXgzqXuAHS7nrhpbGg1KtQV33hymfJagsl8yYHg0yG82ZtoJLzJ3+zGDG+JSNsVdYxRI00XzJmrvnRTJ0R6kuRll3ma40pIix+KQwmit8s+8Js5PcKSDpf6R10770aeDTZ+o1r0vcKpzCGTSAwg004RFaEAKHCXzCF3yTGrkit+Tu77RCys4JrIg8/ALZTmcw</latexit>

F (t)
<latexit sha1_base64="O4hmFqPei5jAMhiAnPUtq4+EyY0=">AAABknicZY5LSwMxFIVv6qvWV9Xu3AwWoW7KpAiCq0pBXLioYB/QDjWT3qmhmWRIUh8M8zPc6u/y3zi23dQeuPBx7j2XEyZSWOf7P6Swsbm1vVPcLe3tHxwelY9PulbPDMcO11KbfsgsSqGw44ST2E8MsjiU2Aunrb997xWNFVo9uY8Eg5hNlIgEZy63BumQM+ndZTV3OSpX/bo/l7cOdAnVZiWKngGgPSqb4VjzWYzKccmsHVA/cUHKjBNcYlYaziwmjE/ZBAc5KhajDdJ55cy7yJ2xF2mTj3Le3F1JSBFi/klhkCp8c+8xcy9ZKS9J/1dah26jTv06faTV5hUsVIQzOIcaULiGJtxDGzrAQcMnfME3qZAbcktai9MCWWZOYUXk4Rde2muU</latexit><latexit sha1_base64="QE06Djs2jgJRSEcdjqtkTt1FdIw=">AAABknicZY5LSwMxFIVv6qvWV9Xu3AwWoW7KRATB1UhBXLioYB/QDiWT3tbQTDIkqQ+G+Rlu9Xf5bxyn3dQeuPBx7j2XEyVSWOf7P6S0sbm1vVPereztHxweVY9PulbPDccO11KbfsQsSqGw44ST2E8MsjiS2Itmrb997xWNFVo9u48Ew5hNlZgIzlxuDdIhZ9K7zxruclSt+02/kLcOdAn1oDYp1B5VzXCs+TxG5bhk1g6on7gwZcYJLjGrDOcWE8ZnbIqDHBWL0YZpUTnzLnJn7E20yUc5r3BXElJEmH9SGKYK39x7zNxLVslL0v+V1qF71aR+kz7RenANC5XhDM6hARRuIIAHaEMHOGj4hC/4JjVyS+5Ia3FaIsvMKayIPP4CisVszA==</latexit><latexit sha1_base64="QE06Djs2jgJRSEcdjqtkTt1FdIw=">AAABknicZY5LSwMxFIVv6qvWV9Xu3AwWoW7KRATB1UhBXLioYB/QDiWT3tbQTDIkqQ+G+Rlu9Xf5bxyn3dQeuPBx7j2XEyVSWOf7P6S0sbm1vVPereztHxweVY9PulbPDccO11KbfsQsSqGw44ST2E8MsjiS2Itmrb997xWNFVo9u48Ew5hNlZgIzlxuDdIhZ9K7zxruclSt+02/kLcOdAn1oDYp1B5VzXCs+TxG5bhk1g6on7gwZcYJLjGrDOcWE8ZnbIqDHBWL0YZpUTnzLnJn7E20yUc5r3BXElJEmH9SGKYK39x7zNxLVslL0v+V1qF71aR+kz7RenANC5XhDM6hARRuIIAHaEMHOGj4hC/4JjVyS+5Ia3FaIsvMKayIPP4CisVszA==</latexit><latexit sha1_base64="BJnM8+pqWqqafSIpL3DIdNbapTQ=">AAABknicZY5LS8NAFIXv1Fetr/rYuQkWoW5KRgTBVaUgLlxUsA9IQ5lMb+vQyUyYmfog5Ge41d/lvzHGbGoPXDice8/lixIprPP9b1JZW9/Y3Kpu13Z29/YP6odHfasXhmOPa6nNMGIWpVDYc8JJHCYGWRxJHETzzu9+8ILGCq2e3HuCYcxmSkwFZy6PgnTEmfTusqa7GNcbfssv5K0aWpoGlOqO62Y00XwRo3JcMmsD6icuTJlxgkvMaqOFxYTxOZthkFvFYrRhWiBn3nmeTLypNvko5xXpUkOKCPNPCsNU4at7i5l7zmo5JP2PtGr6ly3qt+gjbbSvStwqnMIZNIHCNbThHrrQAw4aPuATvsgJuSG3pPN3WiFl5xiWRB5+AOhOahQ=</latexit>

L(t)
<latexit sha1_base64="7jEsHhgKsNEYQIZaKt7wUheGhw0=">AAABi3icZY5LS8NAFIXv1FetVutj5yZYhLopmSoI4qIgggsXFewD2lAn05t26GQSZiY+CPkLbvWv+W9MH5vaAxc+zr3ncvxYCmNd95cUNja3tneKu6W9/fLBYeXouGOiRHNs80hGuuczg1IobFthJfZijSz0JXb96f1s331DbUSkXuxnjF7IxkoEgjM7s55q9nJYqbp1dy5nHegSqs3TIHgFgNawogejiCchKsslM6ZP3dh6KdNWcIlZaZAYjBmfsjH2c1QsROOl866Zc5E7IyeIdD7KOnN3JSGFj/knhV6q8N1+hMxOslJekv6vtA6dRp26dfpMq81rWKgIZ3AONaBwA014hBa0gcMEvuAbfkiZXJFbcrc4LZBl5gRWRB7+AE/aaLA=</latexit><latexit sha1_base64="GXAzAt9KO594sCXuhaqM9n3aMBk=">AAABi3icZY5LS8NAFIXv1FeNVutj5yYYhLoJGRUEcVEQwYWLCvYBbSiT6U07dDIJM1MflP4Ft/rX/DemaTe1By58nHvP5USZFMYGwS8pbWxube+Ud529/crBYfXouGXSiebY5KlMdSdiBqVQ2LTCSuxkGlkSSWxH44f5vv2G2ohUvdrPDMOEDZWIBWd2bj3X7GW/6gV+UMhdB7oEr34aF2r0q7o3SPkkQWW5ZMZ0aZDZcMq0FVzizOlNDGaMj9kQuzkqlqAJp0XXmXuROwM3TnU+yrqFu5KQIsL8k8JwqvDdfiTMjmZOXpL+r7QOrSufBj59oV79BhYqwxmcQw0o3EIdnqABTeAwgi/4hh9SIdfkjtwvTktkmTmBFZHHP3vFaeg=</latexit><latexit sha1_base64="GXAzAt9KO594sCXuhaqM9n3aMBk=">AAABi3icZY5LS8NAFIXv1FeNVutj5yYYhLoJGRUEcVEQwYWLCvYBbSiT6U07dDIJM1MflP4Ft/rX/DemaTe1By58nHvP5USZFMYGwS8pbWxube+Ud529/crBYfXouGXSiebY5KlMdSdiBqVQ2LTCSuxkGlkSSWxH44f5vv2G2ohUvdrPDMOEDZWIBWd2bj3X7GW/6gV+UMhdB7oEr34aF2r0q7o3SPkkQWW5ZMZ0aZDZcMq0FVzizOlNDGaMj9kQuzkqlqAJp0XXmXuROwM3TnU+yrqFu5KQIsL8k8JwqvDdfiTMjmZOXpL+r7QOrSufBj59oV79BhYqwxmcQw0o3EIdnqABTeAwgi/4hh9SIdfkjtwvTktkmTmBFZHHP3vFaeg=</latexit><latexit sha1_base64="sghkRh10xYpboPtCYbtYVwbqKK8=">AAABi3icZY7NSsNAFIXv1L8arVZdugkGoW5CRgVBXBREcOGigmkLbSiT6W07dDIJM1N/KHkFt/pqvo1pzab2wIXDufdcvjiTwtgg+CGVjc2t7Z3qrrO3Xzs4rB8dt0060xxDnspUd2NmUAqFoRVWYjfTyJJYYiee3i/2nVfURqTqxX5kGCVsrMRIcGYX0VPDXgzqXuAHS7nrhpbGg1KtQV33hymfJagsl8yYHg0yG82ZtoJLzJ3+zGDG+JSNsVdYxRI00XzJmrvnRTJ0R6kuRll3ma40pIix+KQwmit8s+8Js5PcKSDpf6R10770aeDTZ+o1r0vcKpzCGTSAwg004RFaEAKHCXzCF3yTGrkit+Tu77RCys4JrIg8/ALZTmcw</latexit>

F (t)
<latexit sha1_base64="O4hmFqPei5jAMhiAnPUtq4+EyY0=">AAABknicZY5LSwMxFIVv6qvWV9Xu3AwWoW7KpAiCq0pBXLioYB/QDjWT3qmhmWRIUh8M8zPc6u/y3zi23dQeuPBx7j2XEyZSWOf7P6Swsbm1vVPcLe3tHxwelY9PulbPDMcO11KbfsgsSqGw44ST2E8MsjiU2Aunrb997xWNFVo9uY8Eg5hNlIgEZy63BumQM+ndZTV3OSpX/bo/l7cOdAnVZiWKngGgPSqb4VjzWYzKccmsHVA/cUHKjBNcYlYaziwmjE/ZBAc5KhajDdJ55cy7yJ2xF2mTj3Le3F1JSBFi/klhkCp8c+8xcy9ZKS9J/1dah26jTv06faTV5hUsVIQzOIcaULiGJtxDGzrAQcMnfME3qZAbcktai9MCWWZOYUXk4Rde2muU</latexit><latexit sha1_base64="QE06Djs2jgJRSEcdjqtkTt1FdIw=">AAABknicZY5LSwMxFIVv6qvWV9Xu3AwWoW7KRATB1UhBXLioYB/QDiWT3tbQTDIkqQ+G+Rlu9Xf5bxyn3dQeuPBx7j2XEyVSWOf7P6S0sbm1vVPereztHxweVY9PulbPDccO11KbfsQsSqGw44ST2E8MsjiS2Itmrb997xWNFVo9u48Ew5hNlZgIzlxuDdIhZ9K7zxruclSt+02/kLcOdAn1oDYp1B5VzXCs+TxG5bhk1g6on7gwZcYJLjGrDOcWE8ZnbIqDHBWL0YZpUTnzLnJn7E20yUc5r3BXElJEmH9SGKYK39x7zNxLVslL0v+V1qF71aR+kz7RenANC5XhDM6hARRuIIAHaEMHOGj4hC/4JjVyS+5Ia3FaIsvMKayIPP4CisVszA==</latexit><latexit sha1_base64="QE06Djs2jgJRSEcdjqtkTt1FdIw=">AAABknicZY5LSwMxFIVv6qvWV9Xu3AwWoW7KRATB1UhBXLioYB/QDiWT3tbQTDIkqQ+G+Rlu9Xf5bxyn3dQeuPBx7j2XEyVSWOf7P6S0sbm1vVPereztHxweVY9PulbPDccO11KbfsQsSqGw44ST2E8MsjiS2Itmrb997xWNFVo9u48Ew5hNlZgIzlxuDdIhZ9K7zxruclSt+02/kLcOdAn1oDYp1B5VzXCs+TxG5bhk1g6on7gwZcYJLjGrDOcWE8ZnbIqDHBWL0YZpUTnzLnJn7E20yUc5r3BXElJEmH9SGKYK39x7zNxLVslL0v+V1qF71aR+kz7RenANC5XhDM6hARRuIIAHaEMHOGj4hC/4JjVyS+5Ia3FaIsvMKayIPP4CisVszA==</latexit><latexit sha1_base64="BJnM8+pqWqqafSIpL3DIdNbapTQ=">AAABknicZY5LS8NAFIXv1Fetr/rYuQkWoW5KRgTBVaUgLlxUsA9IQ5lMb+vQyUyYmfog5Ge41d/lvzHGbGoPXDice8/lixIprPP9b1JZW9/Y3Kpu13Z29/YP6odHfasXhmOPa6nNMGIWpVDYc8JJHCYGWRxJHETzzu9+8ILGCq2e3HuCYcxmSkwFZy6PgnTEmfTusqa7GNcbfssv5K0aWpoGlOqO62Y00XwRo3JcMmsD6icuTJlxgkvMaqOFxYTxOZthkFvFYrRhWiBn3nmeTLypNvko5xXpUkOKCPNPCsNU4at7i5l7zmo5JP2PtGr6ly3qt+gjbbSvStwqnMIZNIHCNbThHrrQAw4aPuATvsgJuSG3pPN3WiFl5xiWRB5+AOhOahQ=</latexit>

Fig. 1. Classification models

In a similar vein, ML methods can be used to predict the best repair actions, e.g. to make the
database consistent [28]. In other words, ML is used to assess the quality of data, and as explanation,
we may ask about the feature of C that contributes the most to the outcome !(C) of C being dirty or
clean.

In a di�erent, but not unrelated direction, we can ask for explanations of outcomes of general
ML tasks. For example, in a typical application, F (C) in Figure 1 is a record of feature values, e.g.
for income, age, address, job, etc., that represent an entity that is applying for a loan at a �nancial
institution, and the classi�er returns 1 if the applicant is risky, and 0 if not (and the loan should be
granted). We thus want to assess the quality of data for the ML task at hand by �nding explanations
for unexpected outcomes.

We would like to �nd explanations in these se�ings, as captured by numerical scores assigned to
them. �e question here is what kind of scoring functions can be used.

As it turns out, the Shapley value has already been used with black-box models [30]. Di�erent
scores can be applied to investigate the relevance of the feature values for this decision, in particular,
the Shapley-score [8]. If we obtain “strange” scores, or, indirectly, rankings of feature values, we
may want to inspect more deeply the data, the model, or both.

For the Shapley-score, the players are the features � ∈ F , and the game function that depends
on C (and then, on its feature values) becomes, for ( ⊆ F : GC (() := E(!(C ′) | F

(
(C ′) = F

(
(C)),

where F( are features in ( . �is re�ects the fact that feature values outside ( are counterfactually
intervened in all possible ways. �us, GC (() is the expected value of the label over tuples that
coincide with C on features in ( , and can be estimated via the empirical distribution of the available
data. So, for a feature � ∈ F , one computes: Shapley(F (C),GC , � (C)). �is is just one example, but
more research is required to properly understand which score-functions are good in this context.

We also point out that score-based explanations for outcomes from black-box ML models can
also be applied with open-box models, using only the input/output relation. In some applications,
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it could be more appealing and more informative to use score-based, and ranking-based expla-
nation methodology that does use the internal components of the model. An example of such a
methodology is given in, e.g. [12]. C.f. [35] for thoughts on explanations and black box models.

Explanations come in di�erent forms, and are at the center of one of the most e�ervescent areas
of research in AI and data science.

6 ONTOLOGICAL CONTEXTS AND COUNTERFACTUALS
�ere is the general agreement that data quality is context dependent [4]. On this basis, and to
assess quality of data, and also extract quality data from a possible dirty source, contexts formalized
as ontologies have been proposed [3].

In more general terms, ontologies that describe the domain the data are about can be useful when
�nding explanations for results obtained from the data source. �is is intuitively clear, because we
have more elements, actually declarative ones, that can be used when looking for explanations
[9, 10, 14, 17].

Furthermore, ontologies could be handy when performing counterfactual interventions to obtain
causes or compute score-based explanations. As a particular case of the former, causes for query
answers in the presence of integrity constraints were investigated in [6]. In relation to counterfactual
updates under ontologies, we give a simple example, modi�ed from [15].

Example 6.1. A moving company makes hiring decisions based on feature values that become en-
tries in records representing applicants, say ' = 〈appCode, ability to li�, gender,weight, height, age〉.
Mary, represented by the record '★ = 〈101, 1, � , 160 pounds, 6 feet, 28〉, applies and is denied the job.
�at is, the classi�cation returns: !('★) = 1. To explain the decision, we can hypothetically change
Mary’s gender, from F into M , obtaining record '★′, for which we now observe !('★′) = 0. �us,
gender, or be�er its value F , can be seen as a counterfactual explanation for the initial decision.

�ere are other alternatives we might consider, e.g. keeping the value of gender, counterfactually
change the other feature values, to see if the original decision stays the same. If this is the case,
there would be evidence that the value F for gender is relevant for the decision made.

However, when considering counterfactual interventions we might be constrained or guided by
an ontology containing, e.g. a denial semantic constraint, such as ¬(' [2] = 1 ∧ ' [6] > 80), with 2
and 6 indicating position values in the record, that prohibits someone over 80 to be quali�ed as
�t to li�. We could also have a rule, such as (' [3] = " ∧ ' [4] > 100 ∧ ' [6] < 70) → ' [3] = 1,
specifying that men who weight over 100 pounds and are younger than 70 are automatically
quali�ed to li� weight. �

�is example shows that counterfactual interventions can be a�ected by ontological knowledge
that has to be brought into the game. Not every counterfactual intervention (or combination of
them) may be admissible, and some may automatically generate additional interventions. In other
words, counterfactual interventions and associated scores have to be semantically correct, in the
sense that they comply with the imposed integrity constraints. Furthermore, the ontological
knowledge has to be consistent with the data at hand. It may not make much sense imposing
conditions on the explanations if they are not satis�ed by the underlying data and the model trained
with them. �is is an area that deserves much more investigation.

More speculatively, there are situations where high score explanations may not be very useful.
For example, a loan applicant who has been rejected might want to know what to do to revert the
decision. If age has the highest score, there is not much to do, but maybe a a combination of other
features could be more useful, e.g. changing address and job. �is would bene�t from a declarative
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and usable speci�cation of preferences about what could be useful counterfactuals to consider, and
extending scores from single features to admissible combinations thereof [8].

7 FINAL REMARKS
We have argued that explanation methodologies need further investigation, especially when they
are to explain outcomes of complex data analytical tasks. When decisions or predictions are made
based on features, as is common practice in ML, we described explanation methodologies based on
these features. One can go, however, one step further. More precisely, it is o�en the case that the
features originate from queries posed to an underlying database, as is illustrated in the following
example.

Example 7.1. Consider the following two queries wri�en as rules (taken from [26]):

c1 (C) ← TxnInfo(C, =, 2, B),Card (=, 2, B) c2 (C) ← TxnInfo(C, =, 2, B),Card (=, 2, B ′)

over relations TxnInfo(txn, card, country, state) and Card (card, country, state) representing transac-
tion and credit card information. When posed over a database � , these queries correspond to two
Boolean features of transactions C : �8 (C) = 1 if C ∈ c8 (�) and �8 (C) = 0 if C ∉ c8 (�), for 8 = 1, 2.
�ese correspond to whether or not a transaction C happened in the same state or not. �ese
features can, e.g. be used to predict credit-card fraud. �

Explanations should then be sought in the underlying data, i.e. tuples in the database, from
which the features are derived, rather than on the feature level. �is leads to an interesting question
of how to combine the explanation methodologies for queries, which we discussed earlier, with
explanation methodologies for ML. It is likely that a Shapley-value approach can be applied here as
well, but this needs further investigation.

Moreover, the design of explanation methods for query-derived features should probably go
hand-in-hand with in-database learning methods. In such methods, ML tasks are performed without
an explicit materialisation of the features [24]. �is may bring additional bene�ts in terms of
computational aspects of explanation methods.

We also like to point out that it is o�en desirable to provide declarative descriptions of explana-
tions, rather than explanations based on data alone. In the context of data quality, one can consider
learning succinct declarative explanations of collections of inconsistencies [11] or of user-made
repairs of the data [33]. An interesting line of research is to develop similar techniques, alongside
scoring-based techniques, in the ML context described earlier.

If the explanation methodology is well-established and properly conceived, then the provided
explanations say something about the quality of the data itself, and the quality of data we used
to train the model, specially if we receive unexpected explanations. However, in these cases, the
quality dimension of data seems to be most naturally related to statistical concerns, such as bias
[36, 38], or to the (also data fed) algorithm at hand, whose outcomes can also be assessed from
the point of view of fairness [27, 39]. More research is needed here to identify good score-based
explanation methods for such statistical aspects.

It is well-known that classic aspects of data quality are critical for machine learning and data-
based AI: good quality data are necessary to learn and create the right models. It is also clear that
ML has an important role to play in data quality. �ere are many ML-based solutions to data quality
problems, e.g. entity resolution [1, 16, 25]. In this article we have shown how ML and AI bring to
the table new dimensions of data quality, and how techniques from explainable AI can help in this
direction.
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