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ABSTRACT

An important step in data preparation involves dealing with incom-
plete datasets. In some cases, the missing values are unreported
because they are characteristics of the domain and are known by
practitioners. Due to this nature of the missing values, imputation
and inference methods do not work and input from domain experts
is required. A common method for experts to fill missing values is
through rules. However, for large datasets with thousands of miss-
ing data points, it is laborious and time consuming for a user to
make sense of the data and formulate effective completion rules.
Thus, users need to be shown subsets of the data that will have the
most impact in completing missing fields. Further, these subsets
should provide the user with enough information to make an up-
date. Choosing subsets that maximize the probability of filling in
missing data from a large dataset is computationally expensive. To
address these challenges, we present ICARUS, which uses a heuris-
tic algorithm to show the user small subsets of the database in the
form of a matrix. This allows the user to iteratively fill in data by
applying suggested rules based on their direct edits to the matrix.
The suggested rules amplify the users’ input to multiple missing
fields by using the database schema to infer hierarchies. Simula-
tions show ICARUS has an average improvement of 50% across
three datasets over the baseline system. Further, in-person user
studies demonstrate that naive users can fill in 68% of missing data
within an hour, while manual rule specification spans weeks.
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1. INTRODUCTION

Data used for analysis is often incomplete. Reasons for this can
be broadly classified into two categories: 1) random missing data,
which includes incomplete response, attrition, human error and 2)
data that is not reported because it is known by practitioners. Tra-
ditional methods for dealing with missing data, such as imputation
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Figure 1: ICARUS Workflow: ICARUS uses its entropy based sam-
pling algorithm to display a subset of the database containing miss-
ing data to show the user, in the form of a matrix. The user then
updates a cell, based on which ICARUS generates multiple update
statements, presented as rules. Users can then choose to apply cor-
rect rules, amplifying their single update to multiple tuples.

or learning, address the first category. These methods do not apply
to the second category since imputation and machine learning are
based on observed values. When the data is unreported because its
values for specific instances are known, the observed data will not
contain results for those instances. Thus, inferred values for unre-
ported instances will be highly inaccurate. Our work addresses this
second category of missing data. In the rest of this paper we use
inputs, edits, updates and completions interchangeably to mean the
user filling in a null field.

1.1 Motivating Example

To better illustrate our contributions, we consider a real-world
clinical microbiology task [28] at the University’s medical center,
where ICARUS has been deployed for biomedical researchers to
use on real data for the past six months. Microbiology laboratories
report sensitivities of antibiotics to infection-causing organisms in
urine cultures. Each laboratory result contains an organism that
grew in culture and whether certain antibiotics are effective against
it. If an antibiotic is effective in killing the organism, the organ-
ism is said to be sensitive (S) to it, otherwise it is resistant (R).
Depending on characteristics of the organism, antibiotic, and in-
stitutional preference, laboratories only do sensitivity testing for a
subset of antibiotics. For example, if the organism Staphylococcus



aureus is sensitive to the antibiotic Cefazolin, it is also sensitive to
the antibiotic Cefepime. Hence, for Cefazolin sensitive Staphylo-
coccus aureus, Cefepime is unreported and there is no evidence in
the data to learn or impute from. For auxiliary use of this data, such
as modeling risk of resistance to individual antibiotics [17,27,28],
sensitivity information on all antibiotics is needed. For such cases,
the unreported data has to be filled in by domain experts, such as
physicians and microbiologists, whose time is expensive. Manually
specifying rules is time consuming and can span multiple weeks.
Hence, experts need to be able to effectively interact with the data.

A normalized database schema for this dataset might consist of
the six tables shown in Figure 2A. In this example, the antibiotic
table is self-referencing with nested classes. The organism table
also has a hierarchical relation where an organism references the
family it belongs to, which in turn references its gram_stain. The
culture table links every culture to the organism it grew. The cul-
ture_antibiotic table is a many-to-many join between cultures
and antibiotics, with the result field storing R/S/null indicating
resistant, sensitive or unknown respectively. To complete null
values in the result field, the culture, organism and antibiotic tables
need to be joined with the culture_antibiotic table. However, this
only shows organism and antibiotic pairs, which is not enough to
complete all missing sensitivities. The user further needs to look at
the sensitivities that have been tested for the antibiotics of the same
family for that culture. This corresponds to a pivot on culture_id,
so that each row represents a culture and each column an antibi-
otic (Figure 2 B). In a many-to-many join, pivoting on one of the
join values can create a very wide table, making it hard to reason
about the data. Thus, there is a need to guide the user on which
updates will have the most impact, and allow them to apply that
update to multiple cells by expressing the edit as a rule.

While much work has been done in using rule-based systems to
identify and correct errors, including HoloClean [44] and NADEEF
[15], they have focused on using violations to known conditional
functional dependencies (CFD) and integrity constraints. Inter-
active rule systems such as guided data repair [55] and Active-
Clean [34] use a combination of machine learning and human input
to learn rules. They select elements for user validation which are
likely to increase the accuracy of their models, which is not appli-
cable in our case when some user rules contradict the data. Further,
these systems deal with cleaning dirty data, while our system ad-
dresses unreported data that is semantically knowable. He et al.’s
Falcon [26] is the only system that we know of which addresses a
similar problem of reducing user effort in an interactive cleaning
system. Falcon iteratively asks the user multiple questions based
on a single update, to find the most general update query but is un-
able to provide guidance on which updates will have the highest
impact, i.e., will fix the most number of values. Further, Falcon
generalizes updates by using attributes within one table, but does
not use foreign-key relations among tables, which can apply to a
larger number of values. Thus, previous works either do not allow
direct updates and suggest rules based on violations to CFDs and
knowledge bases [13,55], or if they allow updates [26,46], they do
not provide guidance on useful updates. In summary, we need to
address the following challenges:

Guiding Users on Impactful Completions For wide databases
containing sparse data, it is difficult for the user to write update
queries to complete data if they do not know what information is
present and hence, which queries will fill in the most cells. Con-
sider a database containing country, city, temperature and precipi-
tation. Suppose the user is filling in information for the tempera-
ture field, and they specify an update query setting null values of
temperature to Below freezing whenever precipitation equals Snow.

But if the precipitation attribute is mostly missing whenever fem-
perature is missing, this update has a very low impact. Now, say
the location attribute is present for most cases when temperature is
missing. A better query would be to set temperature to Below freez-
ing when city equals Reykjavik and month equals January. Thus,
users need to be guided by seeing high impact fields together.

However, simply showing high impact fields is not enough if
the information is not relevant. For example, showing temperature
with traffic density is not helpful, even if traffic density is always
present when femperature is missing. Hence, the subsets should
contain attributes that are semantically relevant. However, this is
computationally expensive in an interactive system. If the user has
the capacity or screen size, to look at a 10 x 10 matrix at a time,
then selecting an optimal 10 x 10 matrix from a dataset of 10, 000
rows and 50 columns gives 10>® subsets to choose from.
Generalizing Completion Updates: Manually updating thousands
of null values in a large database is infeasible, while writing rules
a priori is ineffective. Thus, when the user updates a null value,
the system needs to suggest general update rules that apply to a
larger set of fields. Going back to the above example, once the user
updates the temperature for Reykjavik, along with suggesting an
update query of setting temperature to Below Freezing when city
equals Reykjavik, the system can also suggest a generalized update
of setting temperature to Below Freezing when country equals Ice-
land, since there is a hierarchical relation between country and city,
denoted by a foreign-key in a normalized database.

1.2 Contributions

To address the above challenges, we designed ICARUS (Iterative
Completion with RU]Ies, Figure 1) which shows the user samples of
the database containing missing cells in the form of a p X ¢ matrix.
Once the user fills in a data value, ICARUS suggests data specific
update rules (i.e., english translations of update queries) based on
the information present on the screen. It also presents general ver-
sions of these rules, by linking them to attributes in joined tables.
If the user sees a correct rule in the list of suggested rules, they can
immediately apply it to the entire dataset, thereby filling in all the
null values where the rule is applicable. The user goes back and
forth between editing the subset and picking rules until the desired
amount of data is filled. If they are no longer able to update null
values in the subset, they can choose to see a different sample. This
approach effectively completes sparse datasets while minimizing
the user input. Our contributions include:

1. Algorithm for identifying and showing the user candidates for
updates that are semantically relevant.

2. Minimization of user input by displaying high impact candidates

whose updates can be applied to a large set of null values.

3. Amplifying the user’s input to a larger number of cells using

foreign-key relations for rule generalization.

4. Implementation details and experimental evaluation of ICARUS,

which allows users to efficiently update incomplete databases.
Simulations show up to 70% reduction in human effort as com-
pared to the state-of-the-art baseline system. User study results
show that domain experts (who were naive users of the system)
were able to fill in 68% of the missing values within an hour,
while the manual rule formulation process took weeks.

2. PROBLEM FORMULATION

Let D be a normalized database schema, containing multiple re-
lations. Each relation A € D is defined over a set of attributes
attr(A). Domain of an attribute X € attr(A) is denoted by
dom(X).
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organism = culture antibiotic

SELECT * FROM
(SELECT culture_id, organism.name as org,

id | name fam_id | | Id org_id id | name class antibiotic.name as anti, result
1 | Escherichia coli 1 1 1 1| Cefepime 4 FROM antibiotic, organism, culture, culture_antibiotic
WHERE culture_antibiotic.antibiotic_id = antibiotic.id
2 | Pseudomonas aeruginosa | 2 2 1 2 | Cefazolin 5 AND culture_antibiotic.culture_id = culture.id
AND culture.organism_id = organism.id ) as source
3 Enterococcus faecium 3 3 2 3 Tobramycin 8
Il f
organism_family culture_antibiotic 4 é(gpﬁ:lréesr;;:: 6 PIVOT (MAX(resuIt) FOR anti in (SELECT
id | family gram_id id | cultid | antiid | result distinct(name) FROM antibiotic)) as pvt1
5 1st Generation 6
1 Enterobacteriaceae 1 1 1 1 null Cephalosporin
2 Pseudomonadaceae 1 2 1 2 S
6 Cephalosporin 7
3 Enterococcaceae 2 3 1 3 R
7 Beta-lactam 9
1 null
¢ 4 |2
gram_stain 8 Aminog " 9 culture_id | organism Cefepime Cefazolin | Tobramycin
- minoglycoside
5 |2 2 R oy T
id stain 1 Escherichia coli null S R
6 2 3 s 9 Antibiotic Class 9 — -
1 Negative 2 Escherichia coli null R S
7 3 3 null
2 Positive | 3 Pseudomonas aeruginosa | R null null
A) Database B) Table Needed by Expert to Infer Missing Information

Figure 2: Motivating Example - Microbiology Culture Database: Missing data is in the culture_antibiotics table, which is a many-to-many
join between the culture and antibiotic tables. To make any inferences on the missing values, atleast four tables need to be joined. Further,
the culture’s sensitivity to other relevant antibiotics are also needed, hence the culture_antibiotic table needs to be pivoted on culture_id.

2.1 Update Language

The supported repair language can be expressed as standard SQL
Update statements, where only null values are updated:

UPDATE A SET X =x WHERE X =null AND Y IN S

Where A € D and X,Y € attr(A). S C dom(Y') can be a set
of constants or a SELECT query pulling from other relations in D
which are joinable with A. The where clause can be extended to
constrain multiple attributes in A. For the rest of this paper, we use
the terms "update queries" and "rules" interchangeably.

2.2 Multiple Relations for Rule Generation

When a user updates a null value given the context of a single
relation, suggested rules would traditionally consider attributes of
only that relation [26]. But given a normalized database, we can
leverage its structure to suggest more general rules to the user.

While normalized schemas are optimal for storing information,
they are not ideal for data exploration. Consider a relation C' C
A x B where C is amany-to-many join between A and B, and
a_id, b_id € attr(C') are foreign-keys to A and B respectively.
Suppose ¢ € attr(C) contains null values. Presenting C' to the
user with a_id, b_id is unhelpful, since they do not know what
these keys mean. Instead, we should show them a meaningful at-
tribute from the referenced relation. This can either be manually
specified or be the most distinct attribute, i.e., whose distinct car-
dinality is closest to the cardinality of the relation. However, an
advantage of a normalized schema is that the join relations often
encode hierarchies in the form of many-to-one joins which we
can use to reduce human effort.

In a many-to-one join, one can think of the relation in the
many-side as belonging to, or being a subtype of the relation in
the one-side. Thus, there is a hierarchy where the one-side
relation is a parent of the many-side and rules on attributes of a
relation can be generalized to attributes of the parent relation. For
example, a rule about a city could apply to all cities in a state, or
a rule about a book could generalize to all books written by that
book’s author, etc. We define a parent relation as follows:
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Definition 1. Consider relations R, X, and Y, where R C X X
Y. Then Y is a parent of X if R is amany—to-one join between
X,Y. Formally, Y = Parent(X) if Vx € dom(X),y1,y2 €
dom(Y):

(z,y1) € RA(z,92) ER = y1 =12

Rules from one relation could be generalized to its parent. While
generalization in databases traditionally refers to attributes and is
defined with respect to addition/deletion of predicates [10], here
we use it to mean rule generalization, i.e., a rule that applies to an
attribute value can be generalized to the attribute’s parent value in
the next level of the hierarchy.

Definition 2. For relations X,Y, if Y is a parent of X, then
rules made on attributes of X can be generalized to attributes of Y.
We use I< to denote "can be generalized".

Parent(X) =Y < Rules(attr(X)) I< Rules(attr(Y))
Generalization is transitive: Parent(X) =Y, Parent(Y) = Z
< Rules(attr(X)) I< Rules(attr(Y))
A Rules(attr(Y)) I< Rules(attr(Z))
< Rules(attr(X)) I< Rules(attr(Z))

We refer to a parent’s parent as the relation’s grandparent and so on.
In the example shown in Figure 2, rules about an organism can be
generalized to the organism’s family and through the family to its
gram stain. Similarly, rules about an antibiotic can be generalized
to its parent class, its grandparent class, etc. If in Figure 2B, the
user were to fill in S in the first null cell of the table, which cor-
responds to the result cell in the first row of the culture_antibiotic
table in Figure 2A, the generated update queries (and the corre-
sponding rules shown to the user) would include the following :

e UPDATE culture_antibiotic SET result = S WHERE cult_id IN
(SELECT id FROM culture WHERE org_id = 1)
AND anti_id = 1;
Translates to "Escherichia coli is Sensitive to Cefepime"



o UPDATE culture_antibiotic SET result = S WHERE cult_id IN
(SELECT culture_id FROM culture JOIN organism WHERE
fam_id = 1) AND anti_id = 1;

Translates to "Enterobacteriaceae are Sensitive to Cefepime"

o UPDATE culture_antibiotic SET result = S WHERE cult_id IN
(SELECT culture.id FROM culture JOIN organism JOIN fam-
ily WHERE gram_id = 1) AND anti_id IN (SELECT antibiotic.id
FROM antibiotic WHERE class = 4;

Translates to "Gram Negative organisms are Sensitive to 4th Gen-
eration Cephalosporins”

The where clauses of these rules are conditioned only on the join
keys in the many-to-many relation and independent of other tu-
ples in this relation. Hence, we refer to these as independent rules.

In addition to the above rules, since the attribute being updated
already contains some data, the user could potentially use the in-
formation of tuples associated with the same foreign-keys to make
update decisions. This would require a rotated view of the relation,
constituting a pivot operation (Figure 2):

SELECT culture_id, organism.name as org, antibiotic.name as anti
FROM antibiotic JOIN cult_anti JOIN culture JOIN organism
PIVOT max(result) FOR anti IN (SELECT name FROM antibiotic)

A pivot operation creates a column for each value of the attribute
specified in the pivot line (antibiotic), grouped by attributes in
the outer select statement (organism,culture_id). Since each
culture and antibiotic pair have one value for result, max is an ap-
propriate aggregate. Going back to the above scenario of the user
filling S in the first null cell, the following rule is also added to
the list of possible rules:

e UPDATE culture_antibiotic SET result = S WHERE cult_id IN
(SELECT cult_id FROM culture_antibiotic WHERE anti_id = 2
AND result = §) AND anti_id = 1,

Translates to "Organisms Sensitive to Cefazolin are also Sensi-
tive to Cefepime"

In this case, the where clause is dependent on other tuples in
the relation being updated (i.e., where clause selects from cul-
ture_antibiotic relation). Hence, we refer to these as dependent
rules. Dependent rules are only generated between attributes that
have a similarity above a threshold. The attribute similarity mea-
sure can be user-defined, such as sharing a common foreign-key to
the parent relation, in our case (both Cefepime and Cefazolin are
Cephalosporins), or automated using the CORDS algorithm [30].

It should be noted that all of the update rules have an additional
clause requiring result = null, i.e., the rules never update existing
data that is known or has been filled in with a prior rule. Further,
rules are not applied until the user accepts them. It is possible that
a user defined rule conflicts with the original data, but this does not
imply that the rule or the original data is incorrect. It is the nature
of this dataset. For example, in Figure 2B, the E'scherichia coli
in culture 1 is sensitive to Cefazolin while the one in culture 2 is
resistant (i.e. the organism that grows in each culture has different
sensitivities), hence domain experts are required. Further, experts
may first apply specific narrow rules and then later make broader
generalizations that contradict with one of their earlier rules for the
remaining cells. In our pilot studies we observed that rules selected
in later passes were for rare cases and of lower confidence, hence
should not overwrite prior rules.

2.3 Problem Statement

Now that we have explained how rules are generated from an
edit, we are ready to formalize the data completion problem. As
explained above, the normalized tables do not provide the user with
enough information to make edits and have to be presented in a
denormalized form, shown in Figure 2B. But the matrix in Figure
2B can be undigestible to humans due to its size (10,000 x 50
in our case) and moreover, denormalization is expensive. Hence,
the user needs to be shown subsets from the denormalized view.
Subsets shown should maximize null values filled during user
interaction. Without loss of generality, we assume that a relation
contains only one attribute with null values.

Given a relation D that needs to be completed, let U C D be the
set of tuples containing null valuesin D. Let S = Powerset(D)
be the set of potential subsets that can be shown to the user. Each
subset s; € S contains null value tuples, s; N U which upon edit-
ing generates a set of rules - rules(s;). Eachrule r € rules(s;), if
accepted, in turn fills in a set of null values in D: result, C U.
We refer to each subset shown to the user as one iteration. With
these definitions, we formally define our problem as follows.

Iterative Data Completion Problem: Given relation D and U C
D denoting the set of tuples containing null values in D, the iter-
ative data completion problem (IDCP) is minimizing the number of
iterations required to complete U by selecting subsets s; € S C D
which maximize | | resulty| at each iteration.

rerules(s;)

2.4 Search Space

IDCP is an instance of the maximal weighted set cover prob-
lem (MWSCP), which is a well known NP-complete problem [23].
Given D, U, S as defined above and M = Powerset(U): Each
potential subset s; € S, which can be shown to the user in matrix
form (Figure 2B), maps to one set m; € M. We define the map-
ping as follows. For every cell ¢ € s;, let p. be the probability
of the user updating it. Updating ¢ generates rules(c). For each
rule 7 € rules(c), let p, be the probability of the user accepting
it. On showing s; to the user, every cell m € result, C U thus
has probability p. X p, of being updated. Each subset s; € S can
then be mapped to m; € M where m; = Urerules(si) result,.
The weight of m; is calculated as the number of cells s; can fill di-
vided by the probability of filling in each cell. Thus, those subsets
with higher probability of filling have lower weights. We want to
pick a set of minimum weight sets from M such that the maximum
number of elements in U is covered, which is MWCSP.

In fact, calculating any optimization function to find an ideal sub-
set is expected to be expensive. If the denormalized matrix is m xn,
and we want to select subsets of size p X ¢, the number of ways to
do this is equal to (') x (7). This has a growth rate of O(m?” xn?).

For our motivating example, there are about (1010000) X (?8) =10%
subsets to choose from. This calculation is expensive in an interac-

tive system which has low latency requirements.

3. SYSTEM DESIGN

In this section we provide implementation details of ICARUS, a
system that aims to minimize the user’s effort in filling in null
values. It does this by showing digestible subsets of the dataset
in the form of ¢ = p X ¢ matrix that fits on screen. ¢ contains a
combination of null and filled in cells. The user has the option to
fill in one of the null values or choose to see a different subset if
they feel they do not have enough information to make a decision.
On filling in a null values, ICARUS suggests rules to generalize
the edit on the rules pane as shown in Figure 3. If the user sees a
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Figure 3: ICARUS Interface: A) Editable interface showing a subset of the missing data. In each iteration, the user fills in as many values as
possible, based on the information present, and then proceeds to refresh. B) Once they update a cell with a value, generalized update rules,

which can fill in a larger set of values, are suggested to the user.

correct rule, they can accept it, and it is immediately applied to the
dataset. The user then continues filling in the subset and applying
rules until they are unable to make any more updates. They can
then ask for a different subset, ending an iteration. This process
continues until the desired percentage of data is filled, which the
user is able to track from a progress bar on top. Due to the compu-
tational challenges in choosing optimal subsets outlined in Section
2, we use sampling based techniques.

Algorithm 1 ICARUS Workflow
C' dataset
1: while Percentage of missing cells > threshold do
2: GENERATE_SUBSET(C)
while user can edit do
ti[c] = v + user edit
rules = GENERATE_INDEPENDENT_RULES(c,v,i) U
GENERATE_DEPENDENT_RULES(c,V,i)
if user accepts rule € rules then
apply rule to C
end if
end while
end while

3
4
5
6:
7.
8.
9
0
1:

3.1 Subset Selection

Before we present our heuristic algorithms for choosing subsets,
we provide some intuition. A row with all values missing is not
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very helpful because the user does not have any information to
make a decision, and only independent rules can be generated from
an edit. Similarly, having rows with only filled in values is a waste,
since they do not contribute to completing the dataset. Hence, we
would like to pick a subset with filled in and null values dis-
tributed in a manner that maximizes the probability of the user up-
dating a null value. Clustering, machine learning and imputation
methods do not work well as we will show in Section 4, since they
do not account for the user’s information needs.

3.1.1 Optimization Function

The probability of a user updating a cell in the given subset de-
pends on whether they have informative filled values. A filled cell
is informative to a null cell if it has a common foreign-key, i.e.,
they belong to the same row in the denormalized matrix. Thus,
given a denormalized matrix C' = X x Y, with X denoting rows
and Y denoting columns, we want to select ¢ z X y where,
x C X,y C Y that maximizes the probability of a null cell be-
ing updated and its impact. Impact, in this case, refers to number of
values in the entire dataset that will be updated if the user accepts a
rule generated by updating that cell. Formally, let M C C' denote
the set of null cells and N C C, denote cells that are filled in
the matrix, sim[y;][yx] be the similarity between column j and k,
impact[y;]yx] be the number of rows where column  is filled but
j is missing. We want to maximize:

> X

mi;€{cNM} np€{z;NN}

siml[y;][yx] - impact[y;][yx] (1)



Subject to the following constraints:
l.eNM#QAcNN #(
2. |z| = p A |y| = ¢, where p, q are screen constraints

Equation 1 is maximizing the probability of a null cell being
filled, which is proportional to the similarity between the columns
of the filled cells and the null cell in that particular row. This is
weighted by the number of cells that will be impacted if a rule based
on these two columns is formulated. Thus, if there are many rows
where j is filled and k is empty and the columns are correlated,
then having the user specify a rule between the two will fill in a
large number of cells. Column similarity can be user-defined with
help of experts, using number of common parents through foreign-
key relations, or for a single relation, CORDS [30] can be used.

3.1.2 Increasing Entropy for Subset Diversification

Similarity alone is not enough for completing the entire dataset.
The independent rules described in Section 2, are based on char-
acteristics of two relations that are not necessarily related. These
rules could be generated by looking at row and column headers in
the denormalized view, i.e., the user needs to see null cells in
different row-column positions. To ensure that the null cells are
distributed across rows and columns, we maximize the information
entropy [35] for each row and column. Entropy of an item denotes
the amount of uncertainty contained in it and is calculated as:

H(X)=-> P(z)logP(z)
zeX

where X is the set of values in the row/column and P(zx) is the
probability with which each value occurs. A row/column with high
entropy has a diverse set of values and hence provides more in-
formation. Initially, however, we want to show the user subsets
with higher impact. The diversity of subsets has more importance
towards the end of the session when there are fewer null cells
which need to be filled in with specific rules and the user requires
more information to make a decision. Keeping this in mind, we bor-
row ideas from simulated annealing techniques [3] and increase the
weight of entropy as the temperature, i.e., iterations increase. Thus,
our final optimization function is a modified version of Equation 1:
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sim[y;][yx]-impact[y;][yx] + H (c)-temp

3
3.1.3 Two-stage Subset Sampling

Picking a subset with the above conditions is challenging, since
we are optimizing for two different conditions along each dimen-
sion, i.e., similar columns but diverse row. Co-clustering tech-
niques do not work since they cluster based on data, without ac-
counting for external column similarity such as semantic similarity
or foreign-key relationships. In fact, co-clustering does the oppo-
site by selecting subsets that have the exact same values of rows
and columns, instead of diversifying. Hence, we follow a two-
stage sampling approach where we first sample rows with proba-
bility proportional to the row’s entropy and number of null cells
and inversely proportional to number of prior iterations that the row
has been selected. In the second stage, we choose a column to opti-
mize for and select the remaining columns by maximizing Equation
3 with respect to the chosen column and rows sampled in the first
stage. Subset selection pseudocode is presented in Algorithm 2.

3.2 Rule Generation

As explained in Section 2, the suggested rules are generalized
based on many-to-one joins referenced by attributes of the de-
normalized table. Given C' = A x B, suppose the user fills in
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a value which corresponds to t;[c] = v for ¢ € attr(C) in the
denormalized version. Suggested independent rules then include
setting ¢ = v when the foreign-keys a_id and b_id share parents
with ¢;[a_id] and ¢;[b_id], i.e., values of the updated tuple. Two
items share a parent if they have the same foreign-key to a parent
relation directly or transitively as defined in Section 2.2. Also, in
the denormalized matrix, for every column y that shares a parent
with column c and has a filled in value ¢;[y] in the row being up-
dated, the suggested rules include setting ¢ = v when y = ¢;[y].
The pseudocode for this is presented in Algorithm 3.

Algorithm 2 Entropy based Subset Selection

visz[i] : no. of iterations row i was selected
iterations: no. of iterations user has gone through
impactli][j]: no. of times col; is filled but col; is missing
entropyg[i]: entropy of row i
entropy,”*[i]: entropy of column i for {rows}
I[x][é]: Indicator function = 1 if value is present in row = and col-
umn y, 0 otherwise {rows}
1: procedure GENERATE_SUBSET(C))
X =C.rows, Y = C.columns
temperature = %
for i =1 — X.length do
scoresgli] +— %
end for
rows < select p rows with probability=scores,
y < select column to optimize for, with probability pro-
portional to missing values

+entropyz[i] + missings|i]

9: fori =1 — Y.length do

10: scores[i] < sim[y][i].impact[y][i]. 3, c.ows L] [+
entropy,®*[i] x temperature

11: end for

12: columns = Top q indices from scores,

13: return ¢ = rows N columns

14: end procedure

3.3 User Interactions

The interactions available to the user on ICARUS interface include:
Update NULL Value: The user can update a null value, repre-
sented as R/S buttons in the interface by clicking on the correspond-
ing button. On an update, rules are generated on the top left pane.
Navigate Rules: The rule pane is scrollable, with suggested rules
ranked from broadest to narrowest impact. Rules can be filtered to
display only independent or dependent ones.

Rule Application: Once the user sees a correct rule, they can ac-
cept it by clicking on "Yes" or "Maybe" next to the rules. Both
these buttons have the same effect - they apply the rule to the entire
dataset, however the "Maybe" rules are noted as "low confidence"
rules when stored. While this feedback is not used in ICARUS, it is
useful for uphill analysis when results of experts are compared. If
the user selects "No" for a rule it is never generated again.
Refresh Sample: The user can see a different subset by clicking
the "refresh sample" button on top of the subset.

3.4 Optimizations

Even though we present a denormalized form of the database to
the user, the complete database is never denormalized during im-
plementation. We provide further details of this with respect to
different components of our system below.



Algorithm 3 Rule Generation
¢ : updated column; v : updated value; ¢ : tuple index
C - Amany-to-many join B
ti[a_id] = value of attribute a_id in 5** tuple
t;[a_id].S.id: S.id value associated with ¢;[a_id]
1: procedure GENERATE_INDEPENDENT_RULES(c,v,i)
2: S+ A
3 while S # () do
4: T+ B
5
6

while 7' # () do
: rules.append (UPDATE SET ¢ = v WHERE a_id
in (SELECT id from A WHERE S.id = ¢;[a_id].S.id) AND
b_id in (SELECT id from B WHERE T.id = ¢;[b_id].T.id))

7 T <+ T.parent
8: B+ BxT
9: end while

10: S < S.parent
11: A+ AxS

12: end while

13: return rules

14: end procedure

15: procedure GENERATE_DEPENDENT_RULES(c,v,i)

16: S+ A

17: X < {b € Bif b.parents N t;[b_id].parents # O A
Cltila_id]][b.id] # null}

18: for b € X do

19: while S # () do

20: rules.append (UPDATE SET ¢ = v WHERE a_id
in (SELECT id from A JOIN C WHERE S.id = ¢;[a_id].S.id
AND C.b_id = b.id AND ¢ = Ct;[a_id]][b.id].c) AND b_id

=t;[b_id])
21: S « S.parent
22: A+ AxS
23: end while
24 end for
25: return rules

26: end procedure

Subset Selection: Each of the components used during subset se-
lection such as missing cells per row and column, row entropy, col-
umn entropy, column similarity, and impact of an edit is calculated
and stored as a separate table prior to initialization of the system.
In fact column entropy is only calculated over the rows that will
be shown to the user, and hence can be calculated on the fly since
p < 10. As rows and columns are updated by rules, these numbers
can be updated quickly for the affected rows and columns.

Rule generation and application: Rule generation follows a depth-
first search on parents (defined in Section 2.2) of the shown rela-
tions. In case a relation has a deep ancestry, the depth can be capped
at a user defined k, or the Falcon dive algorithm [26] can be used
for restricting rule suggestion. In each iteration this only needs to
be done for the subset shown to the user, i.e., for p+q values. Thus,
the rules are generated and cached, along with the tuple IDs of their
result sets, for each missing cell in the subset (number of missing
cells < p x g = 100), at the beginning of each iteration. As rules
are applied, the result sets of the cached rules are updated as well,
removing IDs that are no longer missing.

Number of suggested rules: We show the user all the rules in a
scrollable pane on the left of the interface Figure 3. The dependent
rules suggested are limited to pairwise clauses. Let k;, k, be the
depth of parents for rows and columns, respectively. So in the rare

case that all ¢ — 1 columns in a row are filled and have the same
foreign-key value to the parent relation as the updated column, the
number of rules suggested is (¢ — 1 + ky) X kz (ie., (g —1) X ks
dependent and k.. x k, independent). The user is able to filter rows
by type (dependent vs. independent), to narrow this set. This can
further be reduced by sorting by impact (our default) or rarity and
showing top n, or again by using techniques in [26].

3.5 Complexity Analysis

Consider the denormalized m X n table. At each iteration, if
components of the optimization function are precomputed, then
subset sampling is constant time, otherwise, sampling rows is O(m)
and columns is O(n). Let z be the percentage of cells that are miss-
ing. Then rule application will require x - m - n to fill in all values.
The entire session has complexity O(m+n+z-m-n) = O(m-n).

4. EXPERIMENTAL EVALUATION

In this section, we report results of experiments to (a) compare
the effectiveness of subset selection algorithms in reducing user
effort; (b) compare latency of these algorithms; (c) show contri-
butions of components of our optimization function; (d) compare
ICARUS to Falcon [26] and Holoclean [44]; and (e) report findings
from an in-person user study with domain experts [31]. ICARUS is
implemented using Python Django framework with MySQL database
backend and Javascript frontend. We use the following datasets:
Microbiology: This is the dataset from our motivating example,
whose schema along with a few tuples is shown in Figure 2, and the
interface for the user study is shown in Figure 3. It consists of cul-
ture results of patients admitted to the Ohio State Wexner Medical
Center with urinary tract infection (UTI) between 2009 and 2014.
The dataset contains around 10, 797 cultures (rows) and about 50
antibiotics (columns). Out of these we are only interested in fill-
ing in missing information for the 14 antibiotics which are used for
empiric treatment. The UMLS Metathesaurus [8] was used to cre-
ate the classification tables [42]. Around 55% of the data we are
interested in is unreported, which is equivalent to around 83, 000
null cells. Before creating ICARUS, this dataset was filled in with
rules created manually with consensus from four domain experts,
which took around a month. It was a cumbersome process that
involved looking at columns pairwise, trying to find dependencies
that covered the maximum null cells, formulating rules, and then
generating the pairwise frequencies again. These rules are used as
"gold" standard. 89 of the rules are dependent and 80 are indepen-
dent. Domain of null cells is binary: 1: sensitive, —1: resistant.
This dataset has up to three levels of hierarchy, i.e., the base re-
lation has a parent, grandparent and great grandparent along both
dimensions (refer to Section 2 and schema in Figure 2).

IMDB: The IMDB data [1] was collected using IMDbPy [2] to cre-
ate a database. We selected the top 500 voted TV shows from the
database. For each show, we found all actresses that appeared in
them and then collected up to 10 episodes where the actress ap-
peared. This was done to create rules of the form (actress, title
= role). We generated rules by comparing episodes that ap-
peared in the same show pairwise, as well as seeing if an actress
had the same values for all episodes of a show. 7, 496 of these rules
were dependent while 23, 051 were independent. We removed any
show that did not have any actresses that appeared in more than
one episode. This left us with 73 shows, 504 episodes and 317 ac-
tresses, giving us 317 x 504 matrix with about 160, 000 cells. From
this we removed 50% of the data based on the generated rules, giv-
ing us around 80, 000 missing cells. Missing values are binary: 1 :
actress appeared in series, —1 : actress did not appear. This dataset
has one level of hierarchy, where every episode has a parent series.
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Figure 4: Iterations vs. Cumulative Percentage Filled over Entire Dataset: ICARUS consistently performs well across all three datasets.
Dotted lines are used to represent baselines which violate latency requirements.

Hospital: This dataset, adopted from US Department of Health and
Human Services !, contains 100, 000 rows and 17 columns. Out of
these we non-randomly removed data from 7 attributes based on 45
manually created dependent rules, giving 517, 134 missing cells,
all text. To transform these for regression and clustering, word fea-
tures were created for 10 out of the 17 columns. "State" was used as
a proxy for geographic attributes like "address", to limit feature size
(139 features). Unlike the other two datasets, this does not have a
many-to-many relation, with a hierarchy. Instead, it contains three
relations and the attribute’s parent is the relation it belongs to, again
giving a one level hierarchy.

4.1 Comparison of Subset Selection Algorithms

We compare our subset selection algorithms, in terms of how
much information they allow the user to fill in incrementally over
iterations, against the following algorithms:

Random: At each iteration, this chooses a random subset.
Random_history: Similar to random, except it inversely weights
the probability of selection of rows and columns to the number of
prior iterations in which it was selected.

Clustering: At each iteration, this algorithm clusters rows based on
their similarity, picks rows from the cluster proportional to missing
values then selects columns using our optimization function.
Regression: At each iteration, this algorithm selects the column
with the most missing values to optimize for. It then trains a linear
support vector machine (SVM) [48] on a maximum of 10, 000 rows
(to limit compute time) that have results for the missing column and
uses the weights of the model to choose the top ¢ — 1 columns. In
cases where no training information is available, it simulates ran-
dom. Rows were then chosen based on those which had the most
filled in values for the selected columns.

In order to simulate sessions, our algorithm generates a subset
and if editing one of the cells generates a rule that is in the gold
standard, that rule is applied. This is done for all applicable cells.
Once no more edits can be made, a new subset is generated and the
process continues for the given number of iterations. The number
of iterations shown is based on the point after which most algo-
rithms are stable. For each algorithm, we ran the simulation 50
times and picked the average to get the datapoint at each iteration.
Since rules applied in the simulation are from a gold standard, there
is no concept of accuracy since all applied rules are correct.

"http://www.medicare.gov/hospitalcompare/

Figure 4 shows the results for the three datasets - regression and
clustering are shown with dotted lines since they do not meet la-
tency requirements (Section 4.2). ICARUS consistently performs
well for all three datasets, achieving almost 80% in just 5 itera-
tions for the microbiology dataset (Fig 4a), while maintaining low
latency. The IMDB dataset requires a higher number of iterations
due to its shallow one level hierarchy, which limits the amount that
edits can be generalized. This is also reflected in the number of
rules (approx. 30,000 rules to fill in 80, 000 cells for IMDB as
opposed to 169 rules to fill in 83,000 cells for the microbiology
dataset). The hospital dataset stabilizes in 20 iterations in spite of
having a shallow hierarchy because it has a smaller number of at-
tributes. ICARUS can thus work on datasets with different levels of
hierarchies and number of attributes, however the savings in human
effort vary accordingly.

4.2 Latency

Table 1: Subset Generation Latency: Shaded cells violate latency
constraints of 300ms, which ICARUS meets in all datasets

icarus_opt (s) | cluster (s) regression (s)
Microbiology | 0.15 0.99 (6x) 0.94 (6x)
IMDB 0.05 1.4 (40x) 0.09
Hospital 0.18 12.72 (70x) | 148.77 (800x)

Table 1 shows the average latency over 50 simulations for each
dataset for the subset selection algorithm. ICARUS maintains a la-
tency of under 200ms across all three datasets; interaction latency
is negligible (less than 100ms which is below the threshold of hu-
man perception [5]). It is 6x faster than the other methods for
the microbiology dataset and 800x faster for the hospital dataset.
On the other hand, clustering latency increases as number of at-
tributes (IMDB) and samples (hospital) grow, while regression is
highly sensitive to number of samples and datatype. It performs
fastest for IMDB which has 317 rows, so on average the training
size is around a 100 for each attribute, compared to about 8, 000
for microbiology and 10, 000 for hospital. The large sample size
along with the multi-class prediction makes regression especially
slow for the hospital dataset.

Subset generation has strict latency requirements. Since the user
explicitly requests a new subset once they are done editing the cur-
rent one, they are idle during the time that a subset is generated.
Further, since the generated subset depends on the user’s edits in
the current iteration, it cannot be precomputed. Hence, regression
and clustering are unsuitable for use in its current form.
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4.3 Components of the Optimization Function

In this section, we study the effect of each component of our
weighted sum, namely, column similarity, entropy and impact. For
this experiment, we modified our optimization function to only use
one of the components for a set number of iterations and took the
percentage filled at the end as its result. We then normalized this
by the total percentage filled by all three. Further, we also stud-
ied each component’s effect when using only one type of rule (i.e.
dependent vs. independent), except for the hospital dataset which
only has dependent rules.

We can see in Figure 5, that all three components are equally im-
portant in most cases. Entropy does slightly better for independent
rules while similarity does better for dependent rules, as expected
(Section 3.1). The difference is noticeable in IMDB since the dis-
tribution of rules between dependent and independent is skewed,
while for microbiology they are almost evenly split. Thus, based on
the distribution of the rules, each component needs to be weighted
accordingly. By increasing the weight of entropy with iterations we
cover this entire spectrum, as demonstrated by results in Figure 4.

40

M entropy # impact = similarity

%Contribution

IMDB IMDB Hospital
Independent Dependent

IMDB

Microbiology Microbiology Microbiology
Independent Dependent

Figure 5: Percent contributed by each component of weighted sum
for 50 simulations, grouped by rule type (hospital data only has
dependent rules).

4.4 Comparison to Other Systems

Falcon: The Falcon system [26] is the state-of-the-art system
in reducing user effort in rule based updates. They perform better
than systems such as guided data repair [55] and active learning
approaches. While their contributions can be considered orthogo-
nal to ours (since they use rules for error detection and correction),
they are the closest work to our system.

Falcon algorithm: Given a table and a user edit, Falcon’s goal is
to find the most general update statement in terms of the number of
attributes involved. The most specific update would contain all at-
tributes in the WHERE clause, while the most general update would
have an empty WHERE clause. It creates a lattice out of all pos-
sible subsets of attributes and iteratively asks the user to validate
rules until it finds the most general one. Falcon chooses rules for
validation are based on the user’s input (accept or reject) and then
performs a binary search on the set of rules ordered by impact. We
compare number of edits for ICARUS and Falcon.

Figure 6 shows the percentage filled against number of edits for
300 edits for the microbiology dataset. Note that Falcon operates
on a single table and hence would not suggest broader rules based
on relations. However, we compared a denormalized version that
has the many-to—-one join attributes on the table, encoding the
hierarchy. This version performs better but still does not catch up
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Figure 6: Iterations vs. Cumulative Percentage Filled for Microbi-
ology dataset for ICARUS and Falcon, with different optimizations.
ICARUS does significantly better.

to ICARUS. We also compared using semantic schema-based sim-
ilarity as used by ICARUS against Falcon’s similarity metric which
uses modified CORDS [30] for attribute sets.
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Figure 7: Percentage of Edits Saved when using ICARUS instead
of Falcon for each dataset (out of 300 edits for microbiology and
hospital, and 1000 for IMDB). The impact of ignoring rejects is
significant for IMDB, since it has 500 attributes leading to a large
Falcon lattice (i.e., more questions for the user to answer).

The main benefits in using ICARUS over Falcon arise from the
fact that ICARUS guides the user on which edits will be the most
impactful. Further, ICARUS allows rule updates that affect multiple
columns in the denormalized matrix, while Falcon only updates one
column. The improvements for the other two datasets are compara-
ble to the microbiology dataset and summarized in Figure 7, which
shows the average number of edits saved over maximum number of
edits. Even if we ignore the edits the user makes in rejecting rules,
ICARUS provides significant improvement.

Holoclean: Holoclean [44] is a system that allows users to spec-
ify "rules" in the form of denial constraints, which can be used to
express integrity constraints and functional dependencies, and then
combines signals from these with external vocabularies and quan-
titative statistics to perform error detection and repairs. As sum-
marized in Table 4, Holoclean is not the most appropriate system
for our use case, but can serve as a orthogonal and complemen-
tary component of ICARUS’S data preparation pipeline. In order
to ascertain Holoclean’s capabilities on our datasets, we started by
manually expressing our rules as denial constraints (a task that we
do not expect our users to perform). We observed that Holoclean



yielded the following precision, recall scores respectively for the
microbiology data set: (.72, .24), IMDB (.99, .54), hospital (.21,
.99) — which are high recall or high precision, but not both (a con-
trast ICARUS ’s high recall / high precision performance shown in
Figure 9). The results for microbiology are interesting — the highest
results, which are reported here, were achieved when we manually
defined constraints for the rules which could be expressed as func-
tional dependencies. We consider this to be additional manual in-
tervention. On adding conditional functional dependency rules, the
precision went down to .5 with recall remaining the same. This is
possibly due to there being circular dependence between rules, or
because the rules sometimes contradicted the data, leading the sys-
tem to incorrectly mark the original data as erroneous. From these
observations, we can infer that Holoclean is not an ideal standalone
tool in cases when rules are not true constraints. Moreover, the de-
fault denial constraint error detector has very low precision (.22)
and a custom null detector had to be constructed by us, entailing
data scientist intervention before end-users perform cleaning.

It should be noted that Holoclean takes as input denial constraints
or the rules which ICARUS helps formulate. Holoclean thus solves
an orthogonal and complementary problem of combining multiple
signal types for error detection and repair; we report its results here
to demonstrate that automatic repair systems by themselves are in-
sufficient, and reducing human effort remains desirable when us-
ing them. Such systems are also hard to interpret, especially when
it is unclear how different combinations of constraints conflict and
what each fills in. For these reasons, a combination of Holoclean
and ICARUS seems to be a promising area of future work.

4.5 User Study

We recruited 6 domain experts consisting of infectious disease
physicians and pharmacists, separate from the ones who created
the manual "gold" standard, to do a preliminary usability study on
the microbiology dataset. All users were naive users of the system,
but experts in their fields. The first user was used as a pilot and is
not included in analysis. We met with each user individually for a
60 minute study session which consisted of the following:

1. Users are trained for 15 minutes during which they are shown

how the system works and allowed to interact with it while we

walk them through updating a cell and applying a rule.

. They are then told to fill in as many of the missing cells correctly
as possible in the next 45 minutes.

. At the end of the hour, they stopped and were asked to fill out
the System Usability Survey [9] anonymously.

We evaluate our system over the user effort required, the SUS score
and agreement of the filled in dataset with the "gold". Table 2 sum-
marizes the results of the user study for the five domain experts.

Table 2: User Study Results: On average, users were able to fill
56,000 cells in just 148 edits.

User | %Null Cells Filled | #Cells Filled | Iterations | Edits
1 70.6 58,672 19 246
2 353 29,299 3 46
3 68.8 57,104 4 155
4 95.76 79,480 13 126
5 68.8 57,104 35 147

4.5.1 Human Effort

Figure 8 shows the amount of information filled over iterations
by each user. The performance of the user depends on their ap-
proach. Some worked more slowly, looking up antibiotic-organism
coverage from literature. A user of this type would have low re-
call over the short time period but high precision. A user that was
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focused on task completion in the hour would have high recall but
potentially low precision. Users went through different number of
iterations in 45 minutes, hence the percentage filled flatlines over
iterations. This plot lines up with our simulations in that users are
able to see and make rules on high impact cells at the beginning.
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% Filled

User 1
User 4
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User 3
#-Average
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Iteration
Figure 8: Percentage filled by each user over iteration. The results
match our simulations.

Table 3: Paraphrased questions from SUS and the Likert score for
5 users: 1- Srongly Disagree, 5 - Strongly Agree. Last column
shows the average per question and its interpretation. The last row
shows overall SUS scores per user (SUS scoring details in [9]):
ICARUS scored an average of 75 (above 68 is considered good [6]).

Question A B C D E Average

I. Twould Tike to use this 4 3 5 5 5 44- Agree
frequently.

2. The system was easy B 4 5 4 5 4- Agree

10 yse.

3. The various functions

in this system were well | 4 4 5 4 5 4.4 - Agree
integrated.

4. Most people would

learn to use this system | 3 3 4 4 5 3.8 - Agree
very quickly.

5.' T felt very confident N 3 3 4 5 3.4 - Neutral
using the system.

6. TTound the systemun-—-, 15Ty [ 5 24 Disagree
necessarily complex.

7. T would need the sup-

port of a technical person | 3 3 1 2 3 2.4 - Disagree
to use this

8. There was too much

inconsistency in this sys- | 2 2 2 1 1 1.5 - Disagree
tem "

9. The system is very | 3 15 |1 |1 [ 1 [ 175-Disagree
cumbersome to use

10. I'needed to Iearn a Tot

of things before [ could | 5= 5| 4| || | 175 Disagree
get going with this sys-

tem,

Score 50 | 62.5| 825] 87.5] 925] 75

4.5.2  System Usability Scale

At the end of the study, users were asked to fill the system us-
ability scale (SUS) [9], an industry standard, robust and versatile
scale [6] for measuring system usability. It consists of 10 Lik-
ert scale questions, paraphrased in Table 3, with each users Likert
score. We can see that users found the system and its function use-
ful (questions 1,3), albeit slightly complex (questions 6,7). Overall,
ICARUS scored an average of 75 across the five users on the SUS
scale (scoring details for SUS in [9]). Studies show that a score of
68 and above is considered good [6,9].

4.5.3 Agreement with Gold

Inferring antibiotic susceptibility is not a simple or traditional
task for a domain expert and is somewhat subjective. Since the
recruited users are new users of the system with limited time and
training, the variability in their usage patterns is expected. Hence,
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Figure 9: Agreement with Gold: Humans using ICARUS do better
than automated imputation methods.

we do not expect the user’s dataset to line up exactly with the "gold"
which was formulated by a different set of experts who did not in-
teract with the data using ICARUS. This does not imply that ei-
ther set of experts are wrong but reflects the subjectivity of the
task and motivates the need for human involvement. We compare
the precision (number of correct cells out of those filled in) and
recall (number of cells filled in out of total missing) of the five
users against automatic imputation methods. The following meth-
ods are compared; all of which, except the first, are computed us-
ing Python’s fancyimpute package [45]: Single Imputation [18],
Matrix Factorization [33], Multiple Imputations via Chained Im-
putation (MICE) [53], K-Nearest Neighbors (KNN) [20], and Soft
Imputation [37]. We also augmented each of the methods with hier-
archical information used by ICARUS. This was done by transform-
ing each value in a parent attribute into a binary feature. We see in
Figure 9 that the automated methods perform poorly, with most of
them having low precision, and the only one with high precision
has very low recall of 16%. The augmented methods do better but
do not catch up to experts using ICARUS. The low recall here is
not a true metric, since they were given forty-five minutes for the
usability test. In real usage scenarios, users would have more time.

Imputation on partially filled dataset: One can argue that auto-
mated methods could be used in conjunction with ICARUS, i.e., ma-
chine learned model could be trained after partially filling in data
with ICARUS. This is true, if data is filled in randomly. However,
with ICARUS, after the user makes an edit, they explicitly choose
a rule that covers most cases where that edit applies. Hence, the
machine learned areas for that edit are already filled in by the user.
The alternative would be to have the user only make direct edits and
automatically learn rules from those edits. This would take more
user effort, since they would have to make more direct edits for the
machine to learn one rule, while with ICARUS their ratio of edit to
rule is almost 1:1. We demonstrate this in Figure 10, where we can
see that random 17571 edits are required to achieve 90% precision
from single imputation, which corresponds to 17571 edits. Con-
versely, while ICARUS allows the user to fill in 17571 cells in 23
edits, imputation has a precision of only 48% for cells filled in this
manner.

5. RELATED WORK

ICARUS addresses reducing human effort when input is required
in filling in unreported data. While no prior work deals with this,
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Figure 10: Ineffectiveness of imputation in conjunction with

IcARUS: Random edits lead to improvement in imputation, but
ICARUS edits don’t because the user explicitly chooses rules to fill
in data where the edit applies.

there are many that appear to be similar. Table 4 summarizes how
seemingly similar systems fail in user guided data completion.

Interactive Data Cleaning: As mentioned earlier, the Falcon
system [26] is similar to ours in that it aims to reduce user effort
by generalizing updates through relaxation of the where clause.
However, since its rules are used for error detections as well as
updates, the system cannot guide users on impactful updates. This
is especially a problem in long and wide tables, where navigating
the dataset is painful. In fact, the maximum number of attributes
considered in Falcon’s test datasets was 15 attributes. Further, its
rules do not generalize based on foreign-key relations. Due to these
reasons, Falcon is not able to match the performance of ICARUS,
as shown in Section 4.4.

Uguide [49] is a similar system that asks the user cell based ed-
its. However, it uses experts for identifying functional dependen-
cies (FDs) by choosing between asking the user cell-based ques-
tion, tuple based question and FD rules. This is orthogonal to our
work, since we need user feedback for correcting while they are
trying to identify errors. In our case, we already know which val-
ues are missing. The Rudolf system [39] employs interactive rule
refinement for fraud detection by clustering misclassified tuples
while Yakout et al’s Guided Data Repair [55] work shows users
subsets of data to clean. Similarly, DataProf [52] generates Arm-
strong samples based on violations to business rules, and shows the
users samples of these violations. However, both theses systems
have a base set of rules that they know to be true, which they use
to find dirty tuples that will have the most impact on cleaning the
dataset. This is not applicable in our case since our system gener-
ates the rules based on the user’s edit.

On the other hand, DDLite [19], a framework for labeling data
sets for machine learning algorithms, addresses a similar problem
of finding large coverage rules for labeling data. However, data ex-
ploration is a manual process. The authors mention that users have
difficulty finding high impact items to label. ICARUS addresses
these problems to an extent.

Rule-Based Systems: Rule-based systems for data cleaning,
such as NADEEF [15], cleanse data by finding data violations to
pre-specified rules, using a MAX-SAT algorithm. Other rule-based
systems [11, 14, 21,22, 24] are focused on discovering and using
CFDs for finding data discrepancies. CFD based techniques as-
sume a static database, hence techniques used there, such as as-



Table 4: Summary of limitations of prior work when applied towards the completion problem. ICARUS addresses all 3 features.

Direct | Guides | Generalizes s . .
System Edits Edits Edits Limitations with respect to Data Completion
Falcon v X v Does not guide the user on edits.
Addresses duplication and value errors for aggregate
SampleClean x * v queries only. Does not fill in incomplete datasets.
Low precision or recall, as shown in Section 4.4 and
Data Imputation & Holoclean X X X 4.6.3, since limited evidence in the data for missing val-
ues
Transformational Edits -Trifacta, Pot- While these systems generalize edits based on trans-
, . v X . .
ter’s Wheel, Polaris forms, they do not guide users on effective transforms.
Interactive Learning - ActiveClean, Suggests rules based on underlying models, which is
. . X v . . . ..
Guided Data Repair not applicable when specific data instances are missing.

sociation rule mining, are inefficient to run in our case where the
database is constantly being updated. Finally, ERACER [36] uses
statistical techniques to find dependencies, but the problem of show-
ing impactful subsets to the user remains.

In fact, the need for ICARUS is motivated by Meduri et al. [38],
where the authors make a case for users being involved in the rule
discovery process as opposed to validating at the endpoints. Wang
and Tang use fixing rules, as described in [51], which contain an
evidence pattern used to match tuples, negative patterns that iden-
tify errors and a fact value that is used to correct a tuple. Their
rule generation starts with known FDs and then employs user input
to expand negative patterns. HoloClean and Holistic Data Repair-
ing [12,44] aim to combine different modes of error detection such
as integrity constraints, FDs, knowledge bases, and statistics, which
is a very different goal from ours. Holoclean by itself is not effec-
tive in solving the data completion problem, as shown in Section
4.4. On a different note, DeepDive [16] uses user defined rules for
knowledge base construction from literature. The main difference
between the rule-based systems and ICARUS is that most of them
do not rely on iterative human input and use data and knowledge
bases to generate their rules. And for those that do rely on human
input, they do not address guiding and optimizing the user’s input.

Data Imputation: Missing data imputation [56] involves pre-
dicting trends based on given data, however is not applicable when
domain expertise is needed to fill in the information, since the data
is not missing at random. This is corroborated in Section 4.5.3,
which shows imputation either has low recall or low precision.

Crowdsourced and Knowledge-Based Cleaning: Systems such
as Crowdfill [41] and Deco [40] use the crowd to fill in missing
data, while AutoDetect [29] and Katara [13] employ knowledge
bases. QOCO [7] and DANCE [4] addresses a similar problem of
asking a minimum number of questions to the crowd to cleanse the
database, but they do not allow direct edits or constraint creation.
Hao et al. [25] match positive and negative signals of a dataset to a
knowledge base for cleaning. Most of these systems lack an inter-
active, iterative component.

Transformational Edits and Spreadsheet Interfaces: Systems
such as Potter’s Wheel [43] use constraint violations transforms,
while Polaris [47] infers rules from user edits. However, neither of
these deal with showing a sample of the database to the user, and
they assume rules are definite and can be inferred from columns.
Specifically, they do not consider the benefit of looking at a vari-
ety of tuples to infer rules. Direct manipulation interfaces such as
Wrangler, commercialized as Trifacta [32], suggest general trans-
formational rules based on user edits, but they focus on attribute
extraction as opposed to filling in missing data. Singh and Gul-
wani [46] deal in semantic transformations by learning and synthe-
sizing all possible set of transformations from a set of input-output
examples. All of these show the user the entire dataset and does not
solve picking informative subsets.

Query-Based Cleaning: Other approaches in data cleaning ac-
count for dirty data based on semantics of the query [50,54]. Sam-
pleClean [50], for example, uses a sample of the database to an-
swer aggregate queries, and accounts for errors by generalizing the
sample errors to the whole database. However, it deals with dupli-
cation error and value errors as opposed to missing data. Further, it
addresses aggregate queries such as sum, average, etc. for numeric
data while we deal with categorical. ICARUS is not comparable
to SampleClean since we deal with different errors and datatypes.
Similarly, ActiveClean [34] cleans subsets of the dataset that have
the most impact in terms of improving accuracy of machine learn-
ing models that are being trained to clean the data. These systems
deal with query-based data cleaning, which is very different from
the problem we aim to solve, i.e., minimizing user effort in rule-
based updates of null values.

6. CONCLUSION AND FUTURE WORK

In this paper we present ICARUS, an interactive system that iter-
atively allows the user to fill in missing data by making direct up-
dates to a p X ¢ matrix. Based on the update, ICARUS suggests gen-
eral dependency rules using the database schema, which the user
can immediately apply. They can keep making edits and applying
rules iteratively until the desired number of cells are filled. The
subset selection algorithm used by ICARUS maximizes the proba-
bility of the user making an update. Further, the subsets shown also
maximize the probability of formulating high impact rules. This
reduces the burden of finding related candidates that will fill in the
most number of cells. Our experimental evaluations show that a
user is, on average, able to fill in 68% of missing cells in an hour
with each update filling in around 380 cells.

In terms of future work, we would like to draw the user’s atten-
tion to cases when they contradict themselves during rule formula-
tion. In other words, we want to highlight when a new rule violates
one of the prior rules or contradicts observed values. Presenting
this information to the user concisely and quickly is an interest-
ing problem. We are also working on visualizing disagreements
in rules between experts and techniques for suggesting resolutions.
Further, we could expand ICARUS to correct errors along with data
completion. Using techniques mentioned [39, 49, 55], we can find
suspected errors, after which ICARUS would need to select a subset
of attributes to show the user that provide evidence for the tuple
being incorrect. Finally, another direction we would like to explore
is finding the minimum set of rules required to fill in a dataset. This
can be done by comparing result sets as the user is specifying new
rules, synthesizing them with previously accepted ones when re-
sults overlap.
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