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An Interactive Framework for Data Transformation and Cleaning

Abstract

Cleaning organizational data of discrepancies in structure and content is important for data warehousing and En-
terprise Data Integration. Current commercial solutions for data cleaning involve many iterations of time-consuming
“auditing” to find errors, and long-running transformations to fix them. Users need to endure long waits and often
write complex transformation programs. We present an interactive framework for data cleaning that tightly integrates
transformation and discrepancy detection. Users gradually build transformations by adding or undoing transforms, in
a intuitive, graphical manner through a spreadsheet-like interface; the effect of a transform is shown at once on records
visible on screen. In the background, the system automatically infers the structure of the data in terms of user-defined
domains and applies suitable algorithms to check it for discrepancies, flagging them as they are found. This allows
users to gradually construct a transformation as discrepancies are found, and clean the data without writing complex
programs or enduring long delays.

We choose and adapt a small set of transforms from existing literature and describe methods for their graphical
specification and interactive application. We apply the Minimum Description Length principle to automatically ex-
tract the structure of data values in terms of user-defined domains. Such structure extraction is also applied in the
graphical specification of transforms, to infer transforms from examples. We also describe methods for optimizing
the final sequence of transforms for memory allocations and copies. This transformation facility is integrated into a
spreadsheet-based data analysis package, allowing flexible analysis of arbitrarily transformed versions of the data.

1 Introduction

Organizations accumulate much data from their businesses that they want to access and analyze a consolidated whole.
However the data often has inconsistencies in schema, formats, and adherence to constraints, due to many factors
like merging from multiple sources and entry errors [7, 28, 19]. The data must be purged of such discrepancies
and transformed into a uniform format before it can be used. Sath cleaningis one of the key challenges in

data warehousing [7, 19]. Data transformation is also needed for extracting data from legacy data formats, and for
Business-to-Business Enterprise Data Integration where two different organizations want to access each other’s data
and need it to be in a common format [16]. In this paper, we present Potter’s Yhaehteractive framework for

data cleaning and transformation. Before that we briefly discuss current data cleaning technology to provide context.

1.1 Current Approaches to Data Cleaning

Data cleaning has 3 components: auditing data to find discrepancies, choosing transformations to fix these, and
applying them on the data set. There are currently many commercial solutions for data cleamisee([17]). They
come in two forms: auditing tools and transformation tools. The user first audits the data to detect discrepancies in
it using an auditing tool likeACR/Data or Migration Architect [2, 18]. Then she either writes a custom script or uses
an “ETL” (Extraction/Transformation/Loading) tool likeata Stage or CoSort [15, 11] to transform the data, fixing
errors and converting it to the format needed for analysis.

The data often has many hard-to-find special cases, so this process must be repeated until the “data quality”
is good enough. As we see later, the data oftenrtesded discrepancidhat can be found only after others have
been resolved — again necessitating more iterations. The individual iterations of this process involve running outlier
detection algorithms or transformation algorithms that are typically linear or even super-linear in the data.gizes (
[33, 28, 5, 35]), and so are frustratingly slow on large datasets.

1our technique for cleaning data resembles that of a potter molding clay on a wheel. The potter incrementally shapes clay by applying pressure
at a point, just as the user incrementally constructs transformations by applying transforms on example rows.



1.2 Potter's Wheel Approach

There is no single magic program to automate data cleaning. A variety of techniques for transformation or discrepancy
detection may be applicable in different circumstances, and the system should support them flexibly. The system
architecture must also be carefully designed with the human-computer interaction in mind; human input is essential in
the audit/transform loop, to act on discrepancies and select transformations.

In this paper, we preseRobtter's Wheelan interactive framework for data cleaning that integrates transformation
and discrepancy detection in a tight, closed loop. Users gradually build transformations by composing and debugging
transforms, one step at a time, on a spreadsheet-like interface (see Figure 1; the details will be explained in later
sections). Transforms are specified graphically, their effect is shown immediately on records visible on screen, and they
can be undone easily if their effects are undesirable. Discrepancy detection is done automatically in the background,
on the latest transformed view of the datséd anomalies are flagged as they are found.

The pipelining of transformation and discrepancy detection makes data cleaning a tight, closed loop where users
can gradually develop and refine transformations as discrepancies aré.fdiniglis in contrast to the current com-
mercial data cleaning model where transformation and discrepancy detection are done as separate steps, often using
separate softwafe Hence users have to wait for a transformation to finish before they can check if it has fixed all
anomalies. More importantly, sonmested discrepancigsan be resolved only after others have been resolved. For
example, a typo in year such as “19997” can be found only after all dates have been converted to a uniform format
of month, date, and year. Thus decoupling transformation and discrepancy detection makes it hard to find multiple
discrepancies in one pass, leading to many unnecessary iterations.

Data transformation and analysis typically go hand-in-hand. First, the data needs to be transformed before analysis
to clean it of errors. Moreover many analysis algorithms operate on certain portions of the data, or require it to
be in particular formats. For example, an analyst may want to compute correlations against the year field of the
date attribute, or a particular charting utility may want the input values to be in a particular form. The traditional
decoupling of transformation and analysis tools hinders their pipelining and creates unnecessary delays, even if the
operations are independently interactive. Hence Potter’s Wheel integrates seamlessly into a spreadsheet-based data
analysis framework as we describe in Section 2.5.

1.3 Transforms: Graphical Specification, Interactive Application, and Optimization

Interactive transformation has two aspects — the transforms must be easy to specify graphically, and they must be
applied interactively, with immediate feedback to the user so that they can correct any errors.

Commercial ETL tools typically support only some restricted conversions between a small set of formats via
a GUI, and provide ad hoc programming interfaces for general transformations (these are essentially libraries of
conversions between standard forma&tg. Data Builder, Data Junction’s CDI SDK andDJXL [13, 14]). This hinders
interactive transformation because errors in a program are not caught until the entire dataset has been transformed and
rechecked for discrepancies. Moreover, it is often difficult or even impossible to write “compensatory scripts” to undo
an erroneous transformation, forcing users to maintain and track multiple versions of potentially large datasets.

We have adapted from the research literature on transformation langeage$36, 8, 33]) a small set of trans-
forms that support many common transformations without explicit programming. Most of these are natural to specify

2We use transform as a noun to denote a single operation, and transformation as a noun to denote a sequence of operations.

SIncremental detection and transformation may lead to cascading changes and obscure the data lineage [52], if one transform causes an error
elsewhere. Note however that it is precisely in such situations that an interactive, undoable way of transformation is needed. With Potter's Wheel
the user can quickly find out that a transform was inappropriate and make amends, as we describe in Section 4.4. Whereas with a traditional tool
she will not find out the problem with a transformation until the very end.

4Even vendors like Ardent that provide both ETL and “quality analysis” software provide them as two pieces of a suite; the user is expected to
do discrepancy detection and transformation in separate stages [15].



graphically. However some transforms used to split values into atomic components are quite complex to specify. These
transforms are often needed for parsing structures of values in “wrapper-generation” or “screen-scraping” tools (like
Araneus [22] or Cohera Net Query [10]). Such tools typically require users to specify regular expressions or grammars

to parse values. As we see in Section 4.3, even these are often inadequate and users have to write custom scripts. Such
complex specification interfaces hinder interactive transformation; they are time-consuming and error-prone, and im-
pose delays that distract the user from the task of cleaning. In contrast Potter's Wheel allows users to enter the desired
results on example data, and automatically infers a suitable transform. This is performed using the structure extraction
techniques described below under discrepancy detection. We describe such graphical specification, and the interactive
application of these transforms, in Section 4.

This interactive approach also improves accuracy of transformations because users can easily experiment with
different transforms. They can graphically specify or undo transforms, and need not wait for the entire dataset to be
transformed to learn what effect a transform has had.

Potter's Wheel compiles the entire sequence of transforms into a program after the user is satisfied, instead of
applying them piecemeal over many iterations. Users often specify/undo transforms in an order intuitive to them,
resulting in unnecessary or sub-optimal transformations. The main cost in executing these transforms in a program
is the CPU time needed for memory allocation and memory copies. Hence the final sequence of transforms can
be optimized, collapsing redundant transforms and optimally pipelining them to minimize memory allocations and
copies. We present such optimizations and preliminary performance results in Section 5.

1.4 Automatic Discrepancy Detection

There are many techniques for detecting whether a value violates the constraints of its domain. Generic values with
no specific domain can be checked using outlier detection algorithms like [43, 5]. However many values belong to
specific domains and require to be checked using custom techniques. These could be standard ones like spell-checking,
address/zip code verification, or specialized one like finding errors in chemical formulae. Certain domains may impose
other constraints likes uniqueness or functional dependencies that need special algergtias; 30]).

We want to handle all such domains in an extensible fashion in Potter's Wheel. It is simple to allow users to
define custom domains, along with verfication algorithms for these domains. However the data is often a composite
structure containing parts from different domains, lfkebecca by Daphne du Maurier, et. al. Hardcover (April 8,
1948)$22.00" or “Wal-Mart, 7401 Samuell Blvd, Dallas, TX 75228-6166 Phone: (214)319-2618herefore the
system must automatically parse a value into a structure composed of user-defined domains, and then apply suitable
discrepancy detection algorithms. This is similar to the XML DTD inference problem addressed in [21]. However,
unlike in XML DTDs, the domains are not just regular expressions but could be arbitrary inclusion functions. Moreover
the data will have errors, both in structure and in adherence to the domain constraints. In Section 3.2 we describe how
Potter's Wheel applies the Minimum Description Length principle to parse values in terms of user-defined domains.

1.5 Outline

We describe the architecture of Potter's Wheel in Section 2. We discuss how discrepancies are detected using user-
defined domains in Section 3. In Section 4, we describe how Potter’s Wheel supports interactive transformation. In
Section 5 we present initial work on optimizing sequences of transforms for memory accesses. We look at related
work in Section 6 and conclude with directions for future work in Section 7.

5From the web page of Amazon.com search results for Daphne Du Maurier
8From the web page of SwitchBoard.com search results for Walmart in Dallas
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Figure 1: A snapshot of the Potter's Wheel User Interface on flight delay data from FEDSTATS [20]. More detailed
screenshots are available at the software web page [41].

2 Potter's Wheel Architecture

The main components of Potter's Wheel architecture (Figure 2) &ata Source a Transformation Engin¢hat
applies transforms along 2 paths, @nline Reordereto support interactive scrolling and sorting at the user inter-
face [42, 40], and aAutomatic Discrepancy Detectowe proceed to discuss these in turn.

2.1 Data Source

Potter's Wheel accepts input data as a single, merged input stream. This input can come from an ODBC source or an
ASCII file source. The ODBC source can be used to access data from relational databases via SQL queries, or even
from more complex sources via middlewaeed.[50, 27, 6]). Clearly, schematic differences between sources will
restrict the tightness of the integration via a query, as we will see in Section 4. Even Figure 1 shows poor mapping in
the SourceandDestinationcolumns. Potter's Wheel will find areas of poor integration as discrepancies, and the user
can transform the data, moving data values across columns to unify the data format.

When accessing records from ASCII files, each record is viewed as a single large column. The user can identify
column delimiters graphically and split the record into constituent columns. Such parsing is especially necessary for
unstructured data (such as from web pages). In this context parsing is traditionally a time-consuming and laborious
process, also called “wrapping” or “screen-scraping”. Potter's Wheel tackles this problem thisphith atransform
that can be specified by example (described in Section 4). Alternately, column types and delimiters can also be
specified in a metadata file. If the user has parsed and converted a dataset once, they can store it as a macro for easy
application on other similar datasets (Section 5).

2.2 Interface used for Displaying Data

Data that is read in from the input stream is displayed using a Scalable Spreadsheet [40] interface that allows users to
interactively re-sort on any column, and scroll in a representative sample of the data, even over large datasets. This
interface appears immediately, and the user does not have to wait until the data has been completely fetched from
the source. This is an important requirement for interactive behavior over large datasets or never-ending data streams
(such as sensor feeds).
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Figure 2: Potter’s Wheel Framework

The interface supports this behavior using an Online Reorderer [42] that continually fetches tuples from the source
and divides them into buckets based on a (dynamically computed) histogram on the sort column, spooling them to
a side-disk if needed. When the user scrolls to a new region, the reorderer picks a sample of tuples from the bucket
corresponding to the scrollbar position and displays them on the screen. Thus users can explore large amounts of
data along any dimension. Such exploration is an important component of the analysis package that Potter's Wheel is
integrated with (Section 2.5). We also believe that exploration helps users spot simple discrepancies by observing the
structure of data values as a dimension changes.

2.3 Transformation Engine

Users specify transforms in a direct-manipulation fashion on this spreadsheet interface, by choosing appropriate
columns or rows and selecting transforms, or by showing the desired effect on example values. We describe this
further in Section 4.3. These transforms need to be applied in two places. First, they need to be applied to records
visible on screen. With the spreadsheet user interface this is done when the user scrolls or jumps to a new scrollbar
position. Since the number of rows that can be displayed on screen at a time is small, users perceive transformations
as being instantaneous (this clearly depends on the nature of the transforms; we return to this issue in Section 4.2).
Second, transforms need to be applied to records used for discrepancy detection because, as argued earlier, we want
to check for discrepancies on transformed versions of data. Collections of transforms can also be compiled into an
optimized program, as we describe in Section 5.

2.4 Automatic Discrepancy Detector

While the user is specifying transforms and exploring the data, the discrepancy detector applies appropriate algorithms
to find errors in the data. Hence tuples fetched from the source are transformed and sent to the discrepancy detector, in
addition to being sent to the Online Reorderer. The discrepancy detector decides on suitable algorithms for each field
of the tuple based on its inferred structure. The strucutre of a field is inferred as soon as it is fioemeither when

the input stream is started or when a new column is formed by a transform), as we describe in Section 3.2.

2.5 Integration into analysis framework

The spreadsheet interface used for transformation serves to show examples of the latest transformed data values;
the users can explore these examples by sorting and scrolling along arbitrary dimensions. Users can also compute
aggregates and plot histograms on this transformed data in an online, continually refining fashion, and can recursively
partition it using any clustering algorithm, as described in [40].



public abstract class Domain {
[** Required Inclusion Function — Checks if value satisfies domain constraints. */
public abstract boolean match(char *value);

[** Optional function — finds the number of values in this domain with given length. This could vary
based on parameterization — see Section 3.3.*/
public int cardinality(int length);

[** Optional function — updates any state for this domain using the given value */
public void updateStats(char* value);

[** Optional function — gets the probability that all discrepancies have been found. Typically needs to know
the total number of tuples in the data sey see [30]). */
public float confidence(int dataSize);

[** Optional function — checks if one pattern is redundant after another */
public boolean isRedundantAfter(Domain d);

Figure 3: API for user-defined domains

3 Framework for Discrepancy Detection

As outlined in the introduction, we would like to handle in an extensible fashion any discrepancy detection algorithm,
whether generic or domain specific. We want users to be able to define arlitarginsalong with discrepancy
detection algorithms for those domains.

We describe the API for domains and discrepancy detection algorithms in Section 3.1. As argued before, column
values are typically composite structures, and the system needs to infer the appropriate structure for its values in terms
of these domains. We explain how this is done in Section 3.2. Some of the domains in this structure may need to
be parameterizedor the speific valuesd.g. an integer domain can be parameterized with the mean and standard
deviation so that it can track anomalous values). This is discussed further in Section 3.3. Once this detailed structure
is inferred, the system parses values and sends individual components to suitable discrepancy detection algorithms, as
described in Section 2.4.

3.1 Domains in Potter’'s Wheel

Domains in Potter’s Wheel are defined through the interface shown in Figure 3. The only required function to im-
plement is an inclusion functiomatch to identify values in the domain. The optiorerdinality function is
helpful in structure extractiorupdateStats  is mainly used to parameterize the domains (Section 3.3). It can also
be used by a discrepancy detection algorithm to accumulate state about the data. This accumulated state can be used
to catchmulti-row anomalies where a set of values are individually correct, but together violate some constraint. For
example, a duplicate elimination algorithm could wgelateStats  to build an approximate hash table or Bloom
filter of the values seen so far. Tlwenfidence method is helpful for probabilistic and incremental discrepancy
detection algorithms, such as sampling based algorithms (e.g. [30])isRedundantAfter method is used in
enumerating structures, as described in Section 3.2.

Potter's Wheel provides the following default domains: arbitrary ASCII strings (henceforth ¢liéd char-

7In the rest of this paper we ugeto refer to the alphabet of all printable ASCII characters.



acter strings\(Vords likewise AllCapsWordsand CapWordsrefer to words with all capitals and capitalized words),
Integers sequences dPunctuation C-styleldentifiers IEEE floating points (henceforth callddecimalg, English
words checked according ispell (IspellWord3, commonNames(checked by referring to the online 1990 census
results [48]) moneyand a generic regular-expression domain that checks values using the PCRE library [26].

3.2 Structure Extraction

A given value will typically be parseable in terms of the default and user-defined domains in multiple ways. For
example,"March 17, 2000” can be parsed &', as[A-Za-Z* [0-9*, [0-9*, or as[Ma-h* [17]*, [20*, to hame a

few. Structure extraction involves choosing the best structure for values in a column. Formally, given a set of column
valuesvy, v, . .., v, and a set of domaing, do, . . ., d,,, we want to extract a structute = d,, d, . ..ds,, where
1<s1...5p<m.

Recently Garofalakist. al.[21] addressed a variant of this problem for XML DTD inference using the using the
minimum description length (MDL) principle. They choose the best regular expression that matches a set of values.
Whereas we need to infer structures involving arbitrary domains that are specified only as abstract inclusion functions.
Moreover in our case the data will have errors, not only in adherence to the domain constraints, but also in the very
structure. Hence we can only try to get an approximate structure. We first describe how to evaluate the appropriateness
of a structure for a set of values and then describe ways of enumerating all structures so as to choose the best one.

Evaluating the Suitability of a Structure

There are three characteristics that we want in a structure for the column values.
Recall: The structure must match as many of the values as possible.

Precision: The structure must match as few other random values as possible.
ConcisenessThe structure must have minimum length.

The first two criteria are standard IR metrics for evaluating the effectiveness of a pattern [49]. We need to consider
recall because the values might be erroneous even in structure; all unmatched values are considered as discrepancies.
Considering precision helps us avoid overly broad structuregtikbeat do not uniquely match this column.

The last criterion of conciseness is used to avoid over-fitting the structure to the example values. For instance,
we want to parsdlarch 17, 2000as [A-Za-z] [0-9]*, [0-9]" rather thanas March 17,20 0 0. Note that for
conciseness to be helpful the alphabet from which we create the structure must contain the user-defined domains. For
instance if we did not have words and integers as domains in the alphabet, March 17,2 0 0 0 would be the better
structure since it has the same recall (100%), better precision (since it avoids matching any other date), and smaller
pattern length than [A-Za-2][0-9]*, [0-9]*. Intuitively, the latter is a more concise pattern, but this is only because
we think of the word domain [A-Za-Z]as a single elemefitVord” in the alphabet.

These three criteria are typically conflicting, with broad patternsgikeaving high recall and conciseness but low
precision, and specific patterns having high precision but low conciseness. An effective way to balance the tradeoff
between over-fitting and under-fitting is through the MDL principle [44, 12]. MDL tries to minimize the total length
required to encode the data using the structure. It has been used effectively in many applications like learning decision
trees [39].

The description length of a structure for a set of patterns is defined as the length of theory for the structure plus
the length required to encode the values given the structure. We need this to encapsulate Recall, Precision, and
Conciseness. Conciseness is directly captured by the length of theory for the structure. For values that match the
structure, the length required for encoding the data values captures the Precision. We tackle erroneous data values by
positing that values not matching the structure are encoded explicitly by writing them out, i.e. using the sffucture
The latter encoding is typically more space-intensive since it assumes no structure. Thereby we capture Recall.



/** Enumerate all structures of the domaids . . . ds, that can be used to match a valye*/

void enumerate( v, , di,...dp) {
Letv; be a string of characteis; . .. wy,
for all domains d that match a prefix wy ... w, of wv; do
do enumerate( wpy1...wn , ds,...ds,), avoiding all structures that begin with

a domaind’ that satisfieg’.isRedundantAfter  (d)
prepend! to all structures enumerated in the previous step

Figure 4. Enumerating different structures for a set of values

For example, consider a structure ofMord> <Integer> <Integer- and a value oMay 17 2025 The length
needed for encoding the structure3di®g (number of domains Then we encode the value by first specifying the
length of each sub-components and then, for each component, specifying the actual value from all values of the same
length. Thus the description lengtt8itog(number of domainst-3 log (maximum length of values in each sub-component
3log 52 + 21log 10 + 4 log 10.

In the above example, we are able to calculate the lengths of the value encodings for integers and words because
we know that the domains are strings over an alphabet of 10 numerals and 52 letters, respectively. However computing
the lengths of the encodings for arbitrary domains is harder.

Consider a structur = d, d,, ...ds,. Let|T'| denote the cardinality of any sét The description length of a
stringwv; of lengthlen(v;) using itis:

MDL(v;, S) = length of theory forS + length to encodey; givenS

Since the number of domainssis, we can represent each domain wiitly m bits. Let f be the probability that;
matches the structure. We have,

MDL(v;,S) = plogm + f(space to express usingS) + (1 — f)(space to express from scratch

)

Let AvgValLen = Zlgign len(v;) be the average length of the values in the column. The average space needed
to encode the values in the columniis,

= plogm + f(space to express usings) + (1 — f)(log|&e ()

= plogm + f(average space to express values. . v, usingS) + (1 — f)(log |¢Av9ValLen))

Just as in the example, we calculate the space required to express thewalsesy S by first encoding the
lengths of its components in each domain and then encoding the actual values of the components. For any string
that falls in a domaiw,,, letlen(w) be its length, and letp(w|d,,) be the space required to uniquely encademong
all thelen(w)-length strings ind,,. Suppose that valug matchesS = d, ds, . .. d,, through the concatenation of
sub-components; = w; 1w; 2 ... w;p, With w; ; € ds, V1 < j < p. Let MaxLen be the maximum length of the
values in the column. Then the average space required to encode the values in the column is,

plogm + (f/n) x >0, (p log MaxLen + E§:1 sp(w7;7j|ds])) + (1 — f)(log |¢AvgValLen|) —

|values of lengthien(w,,;) that satisfyd, ; |
[values of Tengthen (w; ;)|

plogm + AvgValLenlog|¢| + fplog MaxLen + (%) Dy 5-7:1 log

The best way to compute the cardinality in the above expression is usimg tbhardinality(int length)
function for the domainl;, , if it has been defined. For other domains we compute the fraction directly by repeatedly
choosing random strings of appropriate length and checking if they satisfjNote that these fractions are indepen-
dent of the actual data values, and so can be pre-computed and cached for typical lengths. If the length is too high we



Example Column Value

Num. Structures

Final Structure Chose

h

(Erroneous values in parentheses) Enumerated (Num = Number, Punc = Punctuatio
-60 5 Integer
UNITED, DELTA, AMERICAN etc. 5 Ispellword
SFO, LAX etc. 12 AllCapsWord
(some values like JFK to OAK)

1998/01/12 9 Num(len 4) Punc(/) Num(len 2) Punc(/) Num(len
M, Tu, Thu etc. 5 Capitalized Word
06:22 5 Num(len 2) Punc(:) Num(len 2
12.8.15.147 9 Double Punc(’)) Double
(some values like ferret03.webtop.com)

"GET\b 5 Punc(”) IspellWord Pung()
(some values likgb)

/postmodern/lecs/xia/sld013.htm or /telegraph¥ &
HTTP 3 AllCapsWord(HTTP)
/1.0 6 Punc (/) Double (1.0

Table 1: Structures extracted for different kinds of columns. We only show sample values from each column. The
domains we used are the default domains listed in Section 3.1. Structure parameterizations are given in parenthesis.

may need to check many values before we can estimate this fraction. Hence we compute the fraction of matches for
a few small lengths, and extrapolate it assuming that the number of matches is a simple exponential function of the
length. This works well for “regular” domains like identifiers or integers where the number of values of a given length

is exponential in the length, but does not work well for domains like English words.

Choosing the best structure

We have seen how to evaluate the suitability of a structure for a given set of values. We want enumerate all
structures that can match the values in a column and choose the most suitable one. This enumeration needs to be done
carefully since since the structures are arbitrary strings from the alphabet of domains.

We apply the algorithm given in Figure 4 on a set of sample values from the column, and take the union of all the
structures enumerated thus. We use 100 values as a default; this is adequate in all the cases that we have seen. During
this enumeration, we prune the extent of recursion by not handling structures with certain meaningless combinations
of domains such asword> <word> or <integer- <decimat-. These are unnecessarily complicated versions of
simpler structures likecword> and <decimal>, and will result in structures with identical precision and recall but
lesser conciseness. We identify such unnecessary sequences udinglda isRedundantAfter(Domain
d) method ofDomain that determines whether this domain is redundant immediately after the given domain.

After such pruning the number of structures we enumerate for a column reduces considerably, and is typically less
than 10. Table 1 shows the number of structures enumerated for some example columns.

3.3 Structures with Parameterized Domains

So far the structures that we have extracted are simply strings of domains. But the column values are often much more
restricted, consisting only of certain parameterizations of the domains. For example, all the sub-components from a
domain might have a constant value, or might be of constant length, as shown in the structures of Figure 1.

Potter's Wheel currently detects two parameterizations automatically: domains with constant values and domains



with values of constant length. Such parameterized structures are especially useful for automatically parsing the values
in a column, which is used to infer splits by example in Section 4.3.

In addition, users can define domains that infer custom parameterizations, usimgdéteStats  method.

These apply custom algorithms to further refine the structure of the sub-components that fall within their domain.
For example, a domain can accept all strings by default, but parameterize itself by inferring a regular expression that
matches the sub-component values. An algorithm for this is given in [21].

The description length for values using a structure changes when the structure is parameterized. For the default
parameterizations of constant values and constant lengths it is easy to adjust the formulas from the previous section.
For custom parameterizations like the regular expression inference discussed above, the user must appropriately adjust
the cardinality usingipdateStats

3.4 Example Structures Extracted and Discrepancies Found

Consider the table shown in Figure 1 containing flight delay statistics. Table 1 shows the structures extracted for some
of its column values, and also for some columns from a web access log. More example structures are given in Figure 9.
In many cases we see that the dominant structure is chosen even in the face of inconsistencies; thereby the system can
flag these structural inconsistencies as such and apply suitable algorithms for the others.

Using these the system flags several discrepancies that we had earlier added to the data. For example, the system
flags dates such @9©998/05/31 in the date column as anomalies because the Integer domain for the year column
parameterizes with a mean of 2043.5 and a standard deviation of 909.2. It finds the poor mapping in the Source and
Destination columns as structural anomalies.

We also see that system occasionally chooses inappropiate structures. For example, val@ed 1ikel 47 are
chosen a®ecimal.Decimal This arises becaug@ecimalis a more concise structure tHateger.Integer This could
be avoided either by defining@hortdomain for values less than 255, or even by allowing a parameterization of the
form Integer(len< 3). An interesting example of over-fitting is the choicelgipellWordfor flight carriers. Although
most flight carrier names occur in tligpell dictionary, some like TWA do not. StillspellWordis chosen because
it is cheaper to encode TWA explicitly with& structure than to encode all carriers witlh\BCapsWordstructure.

As a result the system flags TWA as an anomaly. The user could either choose to ignore this anomaly, or specify a
minimum Recall threshold to avoid over-fitting. In any case, this example highlights the importance of involving the
user in the data cleaning process.

4 Interactive Transformation

We have adapted from existing literature on transformation languagg$33, 8]) a small set of transforms. Our
focus is on the important goal of interactive transformation — we want users to construct transformations gradually,
adjusting them based on continual feedback. This goal breaks up into the following requirements.

Ease of specification:We want users to specify transforms through graphical operations; writing code for the trans-
formation is time-consuming and error-prone, and distracts users from the main job of identifying discrepancies and
choosing transforms to fix them. The traditional literature on transformation has relied on declarative specification
languages that are powerful but rather hard to specify (Section 4.3. Often users need to supply regular expressions
or even grammars for performing transforms. Instead transforms should be specifiable through intuitive GUI based
operations, or at worst by outlining the desired effect on example values.

Ease of interactive application: Once the user has specified a transform, they must be given immediate feedback
on the results of its application so that they can correct or augment it. We describe how transforms are applied
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Transform Definition

Format o(R, 1, f) = {(ai,...,6i—1,0Gi41,...,0n, f(a:)) | (a1,...,an) € R}

Add a(R, x) = {(a1,...,an,2) | (a1,...,an) € R}

Drop w(R,1) = {(a1,...,ai-1,8i41,--.,an) | (a1,...,an) € R}

Copy k((a,...,an),1) = {(a1,...,an,a) | (a1,...,an) € R}

Merge u((aty ... an),4,7,09lue) =  {(a1,...,0i—1,Qit1,--,0j—1,Qj+41,.-.,0n,a; D Qglued a;) | (a1,...,a,) € R}

Split w((ai,...,an),i,splitten = {(a1,...,ai-1,ait1, ..., an, left(a;, splitten, right(a;, splitten)) | (a1, ..., an) € R}

Divide 5((aty...,an),i,pred = {(a1,...,4i-1,Gi41,---,an,a;,nUll )| (a1,...,an) € RApreda;)} U
{(a1,...,ai—1,8i41,...,an,null,a;) | (a1,...,an) € RA—-preda;)}

Fold AR, i1,12, .. .1) = {(@1y Qi —1, Qi g1y ey Qig—1y Qg 1y ey Qigg—1y Qig 41y - -5 Any Qi) |

(a1,...,an) E RAN1 <1<k}
Select o(R, pred = {(a1,...,an) | (a1,...,an) € RApred(as,...,an))}

Notation: R is a relation withn columns. i, j are column indices and; represents the value of a column in a rawand glue are
values. f is a function mapping values to values® y concatenates andy. splitter is a position in a string or a regular expression,
left (z, splitter) is the left part ofr after splitting by splitter. pred is a function returning a boolean.

Table 2: Definitions of the various transformdnfold is defined in Appendix A.

incrementally in Section 4.2.

Undos and Data Lineage:After the user sees feedback on a transform they may want to replace it with a better one.
Hence the system must support undos of transforms. Moreover, incremental transformation creates a data lineage
problem [52] where one transform creates other cascading discrepancies. The user must be able to identify discrepan-
cies that were originally present in the data from ones resulting from other transformations. We describe how Potter’s
Wheel supports undos and data lineage in Section 4.4.

4.1 Transforms supported in Potters Wheel

The transforms used in Potter’s Wheel are adapted from existing literature on transformation langug@ss 8]).

We describe them briefly here before proceeding to discuss their interactive application and graphical specification.
Readers interested in more illustrative examples can refer to [41]. Formal definitions and proofs of expressive power
are given in Table 2 and Appendix B respectively.

One-to-one Mappings of Rows

The most basic transforms operate on individual rows. The simpl€stimat that applies a function to the value of

a column in every row. We provide default functions for common operations like regular-expression based substitu-
tions and arithmetic operations, but also allow user defined functions. Column and table namesiearotszinto

column values using special characters in regular expressions; these are useful in conjunctiorfwith thhansform
described below.

The remaining one-to-one transforms perform column operations that can be used to unify data collected from
different sources into a common format, as illustrated in Figures 5 and 6.

Drop, Copy, andAdd transforms allow users to drop or copy a column, or add a new column. Wtdeg a
new column, its value can be set to a constant, a random number, or a serial that provides unique values.

The Merge transform concatenates values in two columns, optionally interposing a constant (the delimiter) in
the middle, to form a single new columisplit  splits a column into two or more parts, and is used typically to
parse a value into its constituent components. The splitting positions are often difficult to specify if the data is not
well structured or has errors. We allow splitting by specifying character positions, regular expressions, and even by
performing splits on example values. We elaborate on this in Section 4.3.
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b Format Bob Stewart Stewart,Bob

Stewart,Bob =~ < i
/AnnaDavis (), ()" to \2\1[ Anna|Davis Anna | Davis
DoleJJerry[ Jerry Dole Dole,Jerry
JoarnMarsh Joan|Marsh Joan Marsh
Splitat " Divide (like ){}
Bob | Stewart 2 Merges Bob | Stewart
Anna| Davis |- 2> Anna| Davis Stewart,Bob :
Jerry | Dole Jerry| Dole Anna| Davis
Joan | Marsh Joan| Marsh Dole,Jerry
Joan| Marsh

Figure 5: Using-ormat , Merge andSplit to clean name format Figure 6: UsingDivide to separate dif-

differences ferent name formats
Name|Math|Frenc Name
George 65 | 42 |2 FormatgeorgeMath:65 French:42 Name
Anna| 43 | 78 |(demotes)Anna [Math:43French:78 George Math | 65
Bob 96 54 |—— Bob |Math:96 French:54 GeOng French 42 Name| Math| Frenc Enghs
J Fold Anna | Math | 43 |unfold(2,3)George 65 | 42
Name Name A 43 | 78
George | Math 65 George Math:65 Anna | French 78 [———— ~ Anna
George French | 42 | George French:42 Bob |English 96 Bob 54 96
Anna Math 43 |, Split | Anna | Math:43 -9
Anna | French | 78 —— Anna | French:78 Bob | French 54 Joan
Bob Math 96 Bob Math:96 Joan Eng“sh 79
Bob French | 54 Bob | French:54

Figure 7:Fold to fix higher-order differences Figure 8:Unfold  -ing into three columns

Occasionally, logically different values (maybe from multiple sources) are bunched into the same column. The
Divide transform performs a conditional division of a column sending values into one of two new columns based on
a predicate, as shown in Figure 6. This is useful if we want a certain transform to applied only on particular values.

Many-to-Many Mappings of Rows
Many-to-Many transforms help to tackle higher-ordehematic heterogeneiti¢’7] where information is stored
partly in data values, and partly in the schema, as shown in Figure 7.

TheFold transform converts one row into multiple rows, folding a set of columns together into one column and
replicating the rest, as defined in Table 2. Conver&iifold takestwo columns, collects rows that have the same
values for all the other columns, and unfolds the two chosen columns. Figure 7 shows an example with student grades
where the subject names are demoted into the rowrgianat , grades ard-old ed together, and theBplit to
separate the subject from the gratmfold is used to “unflatten” tables and move information from data values to
column names, as shown in Figure 8. Values in one column are used as column names to align the values in the other
column.

These two transforms are adapted from the Fold and UnFold restructuring operators of SchemaSQL [32]. However,
unlike in SchemaSQL, we do not automatically demote column nanfeslih because often there is no meaningful
column name. More detailed discussion of the differences with SchemaSQL, along with formal definitiatd of
andUnFold , are given in Appendix A.

Power of Transforms

As we prove in Appendix B, these transforms can be used to perform all one-to-many mapping of rows. Some trans-
forms like Divide , Add andDrop are in theory obviated bMerge, Split and UDF-base#ormat s. However

they help to specify many operations more naturally, as we will see in Section 4.3. Moreover specifying transforms
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directly via these operations permits many performance optimizations in their application that would be impossible if
they were done opaquely as a UDF-baBedmat (Section 5).

Fold andUnfold are essentially the same as the restructuring operators of SchemaSQL, and can also be used to
flattentables, converting it to a form where the column and table names are all literals and do not contain data values.
For a formal definition of (un)flattening and an analysis of the powdtalfl andUnfold , see [32, 23].

As future work we plan to study the power of these transforms for for converting data between self-describing
and flat formats. For example, a row with multiple columns can be converted into a nested structure by demoting
the column names as tags (as in Figure 7), unfolding set-valued attributes distributed in multiple rows, and merging
attributes that are in separate columns.

4.2 Interactive Application of Transforms

A simple way of giving immediate feedback on the transformations is to apply the transforms incrementally as tuples
stream in. This allows us to immediately show the results of the transforms on tuples visible on the screen of the
spreadsheet interface. Also this lets the system pipeline discrepancy detection on the results of the transforms, thereby
checking if additional transforms need to be applied to fix any uncaught discrepancies.

Among the transforms discussed above, all the one-to-one transforms as welFakitheansform are functions
on a single row. Hence they are easy to apply interactively. As discussed in Section 2, these transforms can be applied
in a pipelined fashion on the input stream before sending it for discrepancy detection, and also on the records currently
shown on the screen.

However theUnfold transform operates on a set of rows with matching values, which could potentially involve
scanning the entire data. Hence in our current implementation we do notlaitsdd to be specified graphically at
the user interface. For displaying records on the screen of the spreadsheet we can avoid this problem by not displaying
a complete row but instead displaying more and more columns as distinct values are found, and filling data values
in these columns as the corresponding input rows are read. However, progressively adding more and more columns
in the spreadsheet interface could confuse the user. This problem of asynchronous column addition can be avoided
by implementing an abstraction interface (column roll up) where, upddrdold , all the newly created columns
are shown as one rolled up column. When the user clicks to unroll the column it expands into a set of columns
corresponding to the distinct values found so far.

However, pipelining discrepancy detection on the unfolded results is much harder. We don’t even know what
or how many columns are going to be there in the output — this depends on the number of distinct values there are
in the Unfolding column. As described in Section 3, the system analyzes the structure of each column and chooses
appropriate discrepancy detection algorithms for it. Hence discrepancy detection on the unfolded results will have
to wait until a sizable number of values have been formed in each result column. We plan to address interactive
discrepancy detection over unfolded results in future work.

4.3 Graphical Specification of Transforms

As mentioned beforeDivide , Add, andDrop are in theory redundant, but they help to specify transforms more
naturally. For instanceBrop-ing a column is much simpler thaverge-ing it with another column and theformat-
ing it to remove the unnecessary part (Appendix B expands on this idea).

Many of the transforms described earlier, suchAdsd, Drop , Copy, Fold , andMerge are simple to specify
graphically. Users can highlight the desired columns and choose the appropriate transform. Some transforms like
Format andDivide need textual inputin the form of arithmetic expressions or predicates, but this input is natural
and unavoidable.
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Example Values Split By User Inferred Structure Comments
(| is user specified split position)
Parsing is possible despite no
Thatcher, Margaret £52,072 good delimiter. Aregular ex-
Major, John|, £73,238 (< & > <" money >) pression domain can infer 3
Tony Blair |, £1,00,533 structure of [0-9,]* for the last
component.
MAA |[to| SIN
JFK |to] SFO (<len 3 identifier> < £* > Parsing is possible despite multi-
LAX |-| ORD < len 3 identifiet> ) ple delimiters.
SEA|/| OAK
321 Blake #7], Berkeley|, CA 94720 (<number £* > <’ word> Parsing is easy because of cgn-
719 MLK Road|, Fremont, CA 95743 <, (2 letter word) (5 letter integet)) sistent delimiter.

Figure 9: Parse structures inferred from various split-by-examples

However theSplit  transform is often hard to specify precisely. Splits are often needed to parse values in a col-
umn into consituent parts, as illustrated in Figure 9. This is an important problem for commercial integration products.
Tools like Microsoft Excel automatically parse standard structures like comma-separated values. There are many re-
search and commercial “wrapper-generation”tools (e.g. Araneus [22], Cohera Net Query(CNQ) [10], and Nodose [4])
that try to tackle the general problem for “screen-scraping” unstructured data found on web pages. However these tools
often require sophisticated specification of the split, ranging from regular expression split delimiters to context free
grammars. But even these cannot always be used to split unambiguously. For instance in the first entry of Figure 9,
commas occur both in delimiters and in the data values. As as result, users often have to write custom scripts to parse
the data.

4.3.1 Split by Example

In Potter's Wheel we aim that users should not have to worry about specification of complex regular expressions or
programs to parse values. We want to allow users to specify most splits by performing them on example values.

The user selects a few example valuesvs, . . ., v, and in a graphical, direct-manipulation [46] way shows how
these are to be split, into componefis ;w1 2. .. wW1m), (W21 .. -Wam)s--., (Wn1...Wnm). AS done during dis-
crepancy detection, the system infers a structure for each ofi thew columns using MDL, and uses these structures
to split the rest of the values. These structures are general, ranging from simple ones like constant delimiters or con-
stant length delimiters, to structures involving parameterized user-defined domainsitigelfVord >—++<x[ab]*>—
<Word(len 3)>". Therefore they are better than simple regular expressions at identifying split positions. Figure 9
contains some sample structures that Potter's Wheel extracts from example splits on different datasets. We see that
even for the ambiguous-delimiter case described earlier, Potter's Wheel extracts good structures that can be used to
split unambiguosly.

Some values may still not be unambiguously parseable using the inferred structures. Other values may be anoma-
lous and not match the inferred structure at all. We flag all such values as discrepancies to the user.

Splitting based on inferred structures
Since the structures inferred are more general than just regular expressions, splitting a value based on these is not easy.
Figure 10 shows a naive algorithm for parsing a value that considers the inferred structures from left to right, and tries
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/** Split a valuew; using the structureS;, S, ... Sy */
void split( Vi, S1,...5k) {
Letwv; be a string of charactets; . .. w,,
for all prefixes wy ... w; of w; that satisfy S, do
Sp|lt( Wi41 -+ W, S953. .. Sk)
If the previous step did not return exactly one way of splitting, reppats a possible discrepancy

Figure 10: Naive method of splitting a value using the inferred structures.

[** Split a valuew; using the structureS;, S, ... Sy */
void split( Vi, S1,...5k) {
Letwv; be a string of charactets; . .. w,,
Letvy,vs,...v, be the example values used to infer the structures for the split
Let the user-specified split for each valyebex; 1z;2 ... z;
As in Section 3.2, compute for all structurEsthe space required to express the values
Z14,T2,j,. .. Ty, UsingS;. Call thissp;.
Choose the structutg; with the least value ok ;.
for all substrings we ... wp Of wv; that satisfy S; do
split(  wi ... we—1, SildotsSj_1)
split(  wpti1 ... wm, SjyildotsSy)
If the previous step did not return exactly one way of splitting, reppats a possible discrepancy

}

Figure 11: Efficient method of splitting a value using the inferred structures. Considers the structures in decreasing
order of specificity.

to match them against all prefixes of unparsed value. This exhaustive algorithm is very expensive for “imprecise”
structures that match many prefixes. Quick parsing is particularly needed when the split is to be applied on a large
dataset after the user has chosen the needed sequence of transforms.

Therefore we use an alternative algorithm (Figure 11) that matches the inferred structures in decreasing order of
specificity. It first tries to find a match for the most specific structure, and then recursively tries to match the remaining
part of the data value against the other structures. The idea is that in the initial stages there will be few alternative
prefixes for matching the structures, and so the value will be quickly broken down into smaller pieces that can be
parsed later. The specificity of a structure is computed as the description lengths of the (appropriate substrings) of the
example values using the structure. The value is quickly divided into many smaller substrings because the specific
structures such as delimiters are caught quickly. Hence this algorithm is more efficient.

4.4 Undoing Transforms and Tracking Data Lineage

One way of supporting undos of transfoms would be to perform “compensating transforms”. However this would
result in unnecessary transformation and then untransformation of every record. Moreover many transforms (such as
regular-expression-based substitutions and some arithmetic expressions) cannot be undone unambiguously. Undoing
these requires the system to maintain multiple versions of potentially large datasets.

Therefore Potter's Wheel adopts a strategy of never changing the actual data records during the transformation.
It merely collects transforms as the user adds them, and applies them only on the records displayed on the screen, in
essence showing a view using the transforms specified so far. Undos are performed by simply removing the concerned
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OutputField 2
OutputField 2

@i’ﬁ: ‘abc’ to 'xyzs
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— OutputField3
OutputField
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[ materializé [ materialize

spm by '++'
Figure 12: An example of a transformation that can be Figure 13: Optimized execution of the transformation
optimized

InputField2

InputFieldl with split

InputField 2 positions calculated

transform from the sequence. Collecting transforms and applying them on the dataset at the end also allows the system
to optimize their application as described in Section 5.

Although we may have to transform the same tuple multiple times if the user scrolls back and forth to the same
point, we only need to transform a screen-full of tuples at the scrolling and thinking speed of the user. The program
generated at the end for the whole transformation will typically be long running, since it needs to manipulate the entire
dataset. Our goal is to make interactive only the process of developing the right transformation for cleaning; the final
program can be run unsupervised as a batch process. It could also be used as a wrapper [6] on the data source for
subsequent accesses.

A problem with transforming data on the fly is ambiguity in data and anomaly lineage [52]; the user does not know
whether a discrepancy was caused because of an error in the data or because of a transform. Not changing the actual
data records also allows easy tracing of data lineage. As mentioned before discrepancy detection is always performed
on the latest transformed version of the data. If the user wishes to know the lineage of a particular discrepancy, the
system only needs to apply the transforms one after another, checking for discrepancies after each transform, to see
whether the value was originally a discrepancy or whether the discrepancy was introduced by a transform.

5 Compiling a Sequence of Transforms into a Program

After the user is satisfied with the constructed sequence of transforms they can compile it into a transformation. This
transformation can either be a C or Perl program, or macro. A macro is useful for applications that need a long and
laborious sequence of the basic transforms. This sequence is saved as a macro that can subsequently be applied directly
on any input.

The goal of Potter's Wheel is to let users specify transforms as they are needed — often only when discrepancies
are found — in an order that is natural to the user. Hence the resultant transformation often has redundant or sub-
optimal transforms. As we will discuss below, executing such a sequence of transforms exactly in the order specified
by the user can be quite inefficient. Hence we want to convert the sequence of transforms specified by the user into
one that is more efficient for execution, and compile them into an optimized program to perform the transformation
on the database. We describe work on optimizing the final sequence of transform for memory accesses.

We consider only optimizations of transformations having one-to-one transforms only. Since such a transformation
needs to be applied once for each row in the dataset we want to execute it efficiently. Thus, our granularity of
optimization is a row-to-row mapping.
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Transform

Input

Output

Format (to expr.,from expr.)
Merge

Split (position 1, position 2, ...)

Split (regular expr. 1, regular expr. 2 ...)
k-way Copy

Output (output buffer)

Input

Add (constant/serial/random)

Divide (predicate)

Materialize

singleton LLBSA1

LLBSsAL1..An, one
from each input

LLBSA1l
singleton LLBSA1
LLBSA1

LLBSA1

input bufferAl
string A1
singleton LLBSA1
LLBSA1l

singleton LLBShaving format(Al)
LLBSflatten(A1,A2,..An)

LLBSoutputl,LLBSoutput?, ...
singleton LLBS®utputl, output? ...
LLBSAL, LLBSAL, ... ktimes
concatenate Al in output buffer
Al as singleton LLBS

Al as asingleton LLBS

Al if predicate satisfied, else null
concatenate Al in new o/p buffer

and return this assingleton LLBS

Figure 14: Operations performed by transforms. A singleton LLBS contains exactly one LBS.

Our main concern in this optimization is CPU cost. Since I/O and tuple transformation are pipelined, and we do
only large sequential I/Os, the 1/0O cost is masked by the CPU cost. CPU cost is composed mainly of memory copies,
buffer (de)allocations, and regular expression matchesnat andSplit may involve regular expression matches.
However almost any transform, if implemented naively without looking at the transforms that come before and after
it, will have to (a) allocate a suitable sized buffer for the output, (b) transform the data from an input buffer to the
output buffer, and (c) deallocate the output buffer after it has been used. This buffer is often of variable size ( because
transforms such dderge, Split , andFormat change data sizes and the data itself could be of variable size) and so
must be allocated dynamically. With this approach, transformsaMikege andSplit  involve memory-to-memory
copies as well. We use the temmaterializationto refer to the strategy of creating a buffer for the output of a transform.

Consider the example transformation shown in Figure 12 with materialization done between all successive trans-
forms. The ovals represent transform operators and the rectangles represent materialization. The graph is executed
bottom up, each operator executing when all of its inputs are ready. Three materializations are needed if the graph is
executed naively, but these can be completely avoided as shown in Figure 13. T®glitwa's can be done with one
pass over the buffdnputField1 to find out the split positions, and pointers to these substrings can been given as
input to Format and copied tdutputFieldl . Similarly the third substring after the split can directly placed at
the beginning ofOutputField3

The above optimization can be viewed as simply a programming “hack”, but it is not clear how to compile an
arbitrary transformation into an optimized program. In the rest of this section we generalize this idea. We show how
to minimize materializations based on the constraints of various transforms. We then study how we can compile an
optimized graph into a program that does no unnecessary materializations.

5.1 Determining a Minimal Set of Materialization Points

Some transforms impose constraints on the materialization of their inputs and/or outputs. AtbdFfargndFor-
mat need their inputs to be materialiZeand produce outputs that are materialized (because of the requirements of
our regular-expression library and our arithmetic expression parSeiit by regular expression needs to have a

8We say that a value is materialized if it is present in a single contiguous memory buffer.
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materialized input but need not materialize its output; it can stop at determining the split positions and directly pass on
the buffer to its outputs.

Materialization can also be done for performance. Materializing bef@epy can be used to avoid reapplying
the transforms below the copy to generate each of its outputs. This problem is akin to that of deciding whether to
cache the results of part of a query in multi-query optimization [45, 38]. Ideally we want to materialize only if the
cost of materialization is less than the (optimal) cost of performing the transforms before the copy to produce all the
outputs. However determining the optimal cost of performing these transforms is very difficult since it depends on
the (optimal) location of other materialization points both before and after the copy [45, 38]. Currently we adopt a
heuristic of always inserting a materialization point befof@ogy, except when there are no transforms before it.

We add to the transformation graph only those materializations that are needed to meet these constraints.

5.2 Restructuring the Transformation Graph

After inserting the minimum materializations needed, we simplify the transformation graph using some simple restruc-
turing operations. We coalesce succesbtegge s into a singleMerge and coalesce success®plit s into a single
multi-outputSplit . The resultanBplit is parameterized by the ordered combination of the splitting conditions of
the constituen8plit  s.

However, if a regular-expression-bassdlit comes immediately after a position-basgglit , we do not
coalesce them together. Doing so would force the materialization of a bigger string before the cdajdiscecs
compared to not coalescing them and materializing after the position-Batied only.

We also remove from the transformation graph all nodes whose only eventual ancesBnsese

5.3 Generating Optimized Code for Transforms

We aim to generate code for a transformation graph that never allocates or copies a buffer except at materialization
points. We perform a bottom up traversal of the transformation graph. Each node is a task that needs to be performed,;
performing the task corresponds to looking at its input, applying the transform (or materializing if it is a materialize
node) and then “passing on” results to the nodes above it. A nodiireamly when all its inputs are available, so we
maintain a queue of nodes that are ready to fire and repeatedly pick a node from it to fire. A node enters the queue
when all its inputs are available.

We need a way for nodes to “pass on” their transformed results to the nodes above them without copies. Passing
a pointer to a single buffer fails because operationsNlezge combine multiple buffers. Hence the mechanism we
use for “passing data” is an orderkst of length based stringé.LBS). Eachlength based stringLBS) consists of a
pointer to a buffer along with the length of the buffer, and is typically a window in a larger null-terminated string.

Figure 14 gives the operations performed by (the code generated for) each transform along with its input and
output. By operating only on LLBSs, our transforms never have to materialize except at the points described in
Section 5.1. Due to lack of space we explain only the interesting dhegie accepts an LLBS from each input and
outputs a “flattened” LLBS e.qg.if the inputs arglbs1, Ibs2, 1bs3) and(lbs4, lbsb) , Merge outputs
(Ibsl, Ibs2, Ibs3, lbs4, Ibs5) . A Split based on position takes in a LLBS and further refines it based
on the new split positions.g. Split by position 5 of the LLBY" abcdef”, “ghijkimn”) produces
two output LLBSs(*“abcde”) and(“”, “ghijkimn”). Add statically creates a buffer with a suitable constant once
(not once per record) and outputs this as an LBS, changing the buffer value each time if it is supposed to generate
random numbers or serial numbers.
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Transformation | Constituent Sequence of Transforms
T1 Split  Date at position 5
T2 Split  Source by 'to’, Merge the right part with Destination
T3 Merge Source, Destinatiorgplit  result at position 4
T4 Split  Source by 'to’ Merge right part with DestinationSplit  Date by /',
Format resulting years with '19998’ to '1998’
T5 Split  Source by 'to’ Merge right part with Destinationi-ormat result with 'to " to ”
Split  Date at position 5Copy Delay
T6 Split  Source by 'to’, Merge right part with DestinationDrop DeptSch and Dep#ct
Split Date at position 5Copy Delay, Add constant 'Foo Bar’

Figure 15: Time taken for different transformations. The gain due to optimization increases with the number of
transforms

5.4 Advantage of Compilation into Programs with Minimum Materialization

Figure 15 compares the average time taken for transforming a row using programs generated by Potter's Wheel for 8
transformations. We study the times taken for C programs generated with and without the optimizations of this section.
These programs correspond to different transformations of a flight statistics dat#\Behe generated C programs

were compiled with the highest optimization settings in the Visual C++ 6.0 compiler.

We run 6 different transformations, ranging from single transforms to long sequences. We see that the optimiza-
tions described above give a speedup that varies from about 45% for simple transforms like T2 and T3, to about 110%
for sequences of many transforms like T6. Note that both the optimized and non-optimized versions need to parse
the input and copy the fields not involved in the transformation from the input to the output. Hence more elaborate
transformations will get greater speedups.

We have also modified Potter's Wheel to generate Perl programs for the above transformations. However we found
that the C programs are more than an order of magnitude faster than the Perl programs (we do not show them on the
graph to avoid skewing the scale). This is a key advantage of automatically generating a program from a graphically
specified transformation; if the user manually programs a transformation she is likely to choose a scripting language

9We used data downloaded from FEDSTATS [20] for all flights originating from Chicago O’Hare, San Fransisco, and New York JFK airports
in 1997 and 1998. The columns in this dataset are shown in Figure 1, andis®zsl records, with a total size af3.186 MB. The schema for
this dataset (shown in the user interface of Figure 1) is Delay:Integer, Carrier:Varchar(30), Number:Char(5), Source:Varchar(10), D¥atination:
char(5), Data: Char(13), Day:Char(3), Depth:Char(5), DepAct:Char(5), ArcSch:Char(5), ArtAct:Char(5), Status:Char(10), Random:Integer.
We ran experiments on a 400 MHz Intel Pentium 2 processor with 128 MB memory running Windows NT 4.0. We accessed this data from an
ASCI! file data source.
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like Perl due to its ease of rapid programming.

6 Related Work

A nice description of the commercial data cleaning process is given in [7]. There are many commercial ETL (Extrac-
tion/Transformation/Loading) tools (also known as “migration” or “mapping” tools) that support transformations of
different degrees, ranging from tools that do default conversions between a small set of common &gnvststé-

Crane, Cognos [51, 9]) to fairly general tools that support a wide variety of transformations (sublatasiunction,

Data Builder [14, 13]). Many of these tools provide a visual interface for specifying some common transformations,
but typically require users to program other transformations using conversion libegeBdta Junction’s CDI SDK
andDJXL [14]). Moreover, these tools typically perform transformations as long running batch processes, so users do
not early feedback on the effectiveness of a transformation.

Complementing the ETL tools are data quality analysis tools (a.k.a. “auditing” tools) that find discrepancies in
data. This operation is again long-running and causes many delays in the data cleaning process. Typically these
tools are provided by different vendors (from those who provide ETL to®ig) Migration Architect, Data Stage,

ACR/Data [18, 15, 2]. Some vendors like Ardent and Evoke provide both ETL and analysis tools, but as different
components of a software suite, leading to the problems described in Section 1.

Many scripting languages such as Perl and Python allow Turing complete transformations. However, writing
scripts is difficult and error-prone due to a poor integration with exploration or discrepancy detection mechanisms.
Often the data has many special cases and only after executing the script does one find that it does not handle all the
cases.

There has been much work on languages and implementation techniques for performing higher-order opera-
tions on relational data [8, 33, 32, 37]. Our horizontal transforms are very similar to the restructuring operators of
SchemaSQL [32]. Likewise much work on declarative transformation languages [1, 8]. Focus on linguistic power
rather than ease of specification or interactive application.

In recent years there has been much effort on integration of data from heterogeneous data sources via middleware
(e.g. Garlic, TSimmis, Hermes, Disco, Webmethods [6, 25, 3, 47, 50]). These efforts do not typically address the
issue of errors or inconsistencies in data, or of data transformations. RecentlyetHaahave developed a tool to
help users match the schema in these heterogeneous databases and construct a unified view [24]. We intend to extend
Potter's Wheel in a similar manner with an interactive way of specifying rules for mapping schemas from multiple
sources.

There has been some algorithmic work on detecting deviations in data [5], on finding approximate duplicates in
data merged from multiple sources [28], and on finding hidden dependencies and their violations [29, 35]. Many
of these algorithms are inherently “batch” algorithms, optimized to complete as early as possible and not giving any
intermediate results. There are a few sampling based approaches that are incremental [30]. However these are not
integrated with any mechanism to fix the discrepancies.

Extracting structure from semi-structured data is becoming increasingly important for “wrapping” or “screen-
scraping” useful data from web pages. Many tools exist in both the research and commercial world. Examples are
Nodose [4] and Araneus [22] among research projects, and Cohera Net Query [10] among commercial products. As
discussed in Section 4.3, these tools typically require users to specify regular expressions or grammars; however these
are often not sufficient to unaambiguously parse the data, so users have to write custom scripts. [21] addresses the
problem of inferring regular expressions from a set of values, and use it to infer DTDs for XML documents. We tackle
the case of general user-defined domains, and structural errors in data.
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7 Conclusions and Future Work

Data cleaning and transformation are important tasks in many contexts such as data warehousing and data integration.
The current approaches to data cleaning are time-consuming and frustrating due to long-running noninteractive oper-
ations, poor coupling between analysis and transformation, and complex transformation interfaces that often require
user programming.

We have described Potter's Wheel, a simple yet powerful framework for data transformation and cleaning. Com-
bining discrepancy detection and transformation in an interactive fashion, we allow users to gradually build a trans-
formation to clean the data by adding transforms as discrepancies are detected. We allow users to specify transforms
graphically, and show the effects of adding or undoing transforms instantaneously, thereby allowing easy experimen-
tation with different transforms.

Potter's Wheel implements a set of transforms that are easy to specify graphically, can be implemented interac-
tively, and are still quite powerful, handling all one-one and one-to-many mappings of rows as well as some higher-
order transformations. Since the transformation is broken down into a sequence of simple transforms it can perform
detailed optimizations when compiling them into a program. It provides a general and extensible mechanism for dis-
crepancy detection in terms of user-defined domains. It uses the MDL principle to automatically infer the structure of
column values in terms of these domains, so as to apply suitable detection algorithms. Structure extraction is also used
to specify transforms by example.

An important direction for future work is integration with a system that handles interactive specification of the
schema mapping between different sources, along the lines of Clio [24]. This will enable Potter's Wheel to automati-
cally merge inputs from multiple sources before unifying theie formats.

Currently we assume that each attribute of a tuple is an atomic type. A interesting extension is to handle nested
and semi-structured data formats that are now likely with XML becoming popular. We have seen that the transforms
we provide can handle some transformations involving nested data, but the exact power of the transforms in this regard
needs to be studied further. We also want to explore ways of detecting structural and semantic discrepancies in semi-
structured data. An additional avenue for future work is more detailed optimizations of transforms, such as coalescing
successive regular expressieormat s together.
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A More details on Fold and Unfold Transforms

Many-to-Many transforms help to tackle higher-ordehematic heterogeneiti¢’87] where information is stored
partly in data values, and partly in the schema. Figure 19 shows a case where a student’s grades are listed as one row
per course in one schema, and as multiple columns of the same row in another.
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Family Members -

Latimer | George, Anng Family Faml Yy members

Smith Joan - Latimer| George
Latimer | George - -

Bush John, Bob - Latimer Anna Famlly

Split Latimer Anna Smith Joan .mﬁ Latimer|Annal Bob |George
Smith Joan - :
- Smith Mary Smith | Joan|Mary

Family Smith o o

Latimer | George | Anna atimer 0

Smith Joan j_Fold D Bush John

Bush John | Bob Bush Bob

Figure 17: Unfolding a set of values, without an explicit

Figure 16: Folding a set of values into a single column C0lumn name to align

Name | Math| French
George | 65 42
Anna 43 78
Bob 96 54

Name|Math|Frenc Name
George 65 | 42 |2 Format§SeorgeMath:65 French:42
Anna | 43 | 78 |(demotes)Anna [Math:43French:78

Bob | 96 | 54 ———> Bob |Math:96 French:54

Name Name Name
George Math 65 George Math:65 George| Math | 65
George French | 42 | George French:42 George| French| 42
Anna Math 43 |, Split | Anna | Math:43 Anna | Math | 43
Anna French | 78 |\ Annba Frenﬁh:78 Anna | Erench| 78
Bob Math 96 Bo Math:96 Bob Math 96
Bob French | 54 Bob | French:54 Bob | Erench| 54
Figure 18:Fold to fix higher-order differences Figure 19: Higher order differences in data

Fold Columns

Fold converts one row into multiple rows, folding a set of columns together and replicating the rest, as defined in
Table 2. Formally, arow: a|az| - - - |ailai+1|ait2| - - - |aiyr—1| - - - lan| >, ON ak way fold of columns throughi+ & —1

will form & rows< ailaz| - - - |ai—1|ailai+1|aitk|@ivet1| - lan] >, < ailaz| - - |ai-1]ai|ait2|aitr|@iskt1] - - lan] >, @and

so on. Figure 18 shows an example with student grades where the subject names are demoted into tRerrost,via
grades ar€&olded together, and thesplit to separate the subject from the grade.

Fold is adapted from the Fold restructuring operator of SchemaSQL [32], except thdm wet automatically
demote column namés Fold. Although demote an#old are often done in succession to resolve schematic hetero-
geneities, we do not bundle these because there are many situations where there may not be a meaningful column
name. E.g. columns formed by transformations, and columns containing expanded representation of sets, have no
column name. Figure 16 shows an example wifefe without demote is needed. If the user wamdd and demote
can be made into a macro as we describe in Section 5.

Note that the ability to fold arbitrarily many columns in one operation is crucial cangotbe performed using a
series of two-column folds because it leads to incorrect duplicate semantics (Figure 20).

Unfold Columns
Unfold is used to “unflatten” tables and move information from data values to column names, as shown in Figure 21.
This is exactly the same as the Unfold restructuring operation of SchemaSQL [32]. HoweveFdihisadifferent,
Unfold is notthe exact inverse dfold. Fold takes in a set of columns and folds them iotzecolumn, replicating the
others.Unfold takestwo columns, collects rows that have the same values for all the other columns, and unfolds the
two chosen columns. This asymmetry is unavoidablepld needs two columns because values in one column are
used as column names to align the values in the other column.
Formally,Unfold(T', ¢, j) on thei'th and j'th columns of a table T witlh columns named; . . . ¢,, (a column with
no name is assumed to have a NULL name) produces a new table-with-2 columns named, ... c;—1,¢Ci41 ... Cj—1,Cjg1 - . . Cn, U1
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GeorgeMath:65French:4{History:98 | George| Math:65 NE
fold| Anna [Math:43French:7¢History:32 | George|History:98
: George Math | 65
- George|French:42 -
\George Math:65 [History:98 ‘ Georoe Historv-98 George French 42 Name|Math|FrenchEnglis
George| French:42History:98 fold Anng Histor§:32 Anna | Math | 43 |unfold(2,3)George 65 | 42
Anna | Math:43 History:32 Anna | Math:a3 Anna |French 78 ———— > Anna| 43 | 78
Anna | French:78History:32 Anna_[History:32 Bob |English 96 Bob 54 926
Anna |French:78 Bob |French 54 Joan 79
Joan |English 79

Figure 20: A series of 2-column folds will not fold 3
columns together; note the duplicatistory records Figure 21:Unfold-ing into three columns

whereu; ... u,, are the distinct values of thi&h column in T. Every maximal set of rows in T that have identical

values in all columns except thigh andj’th, and distinct values in the i'th column, produces exactly one row. Specif-

ically, a maximal se8 of k rows (a1, ...,ai—1,us, @Git1,...,a;—1,v1,aj+1, 0542, - -, an) Wherel takesk distinct values

in [1..m], produces arowas, - - -, ai—1, @it1, - - -, Qj—1, Gj41, Qj42, -, an, V1,02, -+, Um). I @ PArticulars, in vy ... vy,

does not appear in columyof the setS, it is set to NULL. Values of columm, the Unfoldingcolumn, are used to

create columns in the unfolded table, and values of colgntime Unfoldedcolumn, fill in the new columns.
Implementingunfold in a generated program is simple; it is much like the group-by functionality of SQL. We sort

by the columns other than thénfoldingand Unfoldedcolumns and scan through this sorted set, collapsing sets of

rows into one row.

Fold allows us to flatten our tables into a common schema where all the information is in the columns, thereby
resolving schematic heterogeneitiémfold allows us to reconvert the unified schema into a form where some infor-
mation is in column nameg&old andUnfold are essentially the same as the restructuring operators of SchemaSQL, and
the only restructuring operators of SchemaSQL we miss are Unite and Split that are used for manipulating multiple
tables. For a more detailed analysis of the powetaid andSplit for (un)flattening tables, and also for application to
OLAP, see [32, 23].

A.1 Unfolding Sets of Values

SinceUnfold automatically promotes column names we cannot use it to restructure set valued attributes since there is
no explicit column name. Figure 17 gives an example of the desired restructuring. In this case any alignment suffices.
Our mainUnfold operator needs a column from which it can promote column names for the unfolded values and use
these names for alignment. Hence we use the following variddhéfld for sets.

UnfoldSet (T7',4) on thed'th column of a table T withn columns named; . .. ¢, (a column with no name is
assumed to have a NULL name) produces a new tablemithn — 1 columns named
€1...Ci—1,Ci+1.--Cn, NULL,NULLS,...(m NULLS), wherem is the size of the largest set of rows in T with iden-
tical values in all columns except thi¢h column.

For any maximal set of tuplesS = {(a1,az,...,a;—1,v;,ait1,...,ay,) | L = 1,2,.. .k}, with identical values
in all columns except théth, UnfoldSet generates one tuple
(A1, 3 @i1, it 1y oy Ay V1,02, ... 0, NULL, NULL, ...(m — k) NULLs). Note that the ordering afy, . . . v
is not specified by the definition, because UnfoldSet does not enforce an alignment. In Figure 17, the family mem-
bers’ names could be permuted in any way in the resulting table. In an implementation a default ordering, such as
lexicographic, must be used.
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B Power of Transforms

In this section we analyses the power of vertical transforms and horizontal transforms. /evagse versions of the
Split andMerge transforms for simplicity — these can be implemented:by 1 applications of regulagplit s
andMerge s respectively.

B.1 Power of One-to-One Transforms

Theorem 1: One-to-One Transforms can be used to perform all one-to-one mappings of tuples in a table.
Proof: Suppose that we wantto map ar@w, as, ..., a,)t0 (b1, be, ..., by,). Letb; be defined a8, = g;(ai,, aiy,s - - -, a;,).
Assume that is a character not present in the alphabet from which the values are chosen. An obvious way of perform-
ing this transformation is as follows:
split(format (merge(as, as, ..., an,|),udf ),|)
wheresplit andmerge are m-ary and n-ary versions of t&plit andMerge transforms defined in Section 4 re-
spectively, andidf is a UDF that converts; |as| - - - |a,, iInt0 by |b2]| - - - |b,,. While this approach allows us to use only
a few transforms, it forces us to write unnecessary UDFs.

However, the use ddrop andCopy transforms allows one to do the transformation using only URFs. ., g,
— these UDFs are essential because they are explicitly used in the definition afb,,,. This is important because
in many cases it will be possible to express these functigns . g,,, in terms of regular-expression and arithmetic-
expression basdebrmat s, thus avoiding any user programming. Since a givemay be used in multiple conversion
functionsg; and aFormat automatically drops the old value (Table 2), we need to make an explicit copy of it. Hence,
to form b;, we first make &Copy of a;,,...a;,, Merge these to formu,, |a;,| - - - |a;,, and applyg; on this merged
value to formb;. After applying this processto form, ..., b,,, we mustDrop a,...,a,.

B.2 Power of Many-to-Many Transforms

We prove that by combining Many-to-Many and One-to-One Transforms, we can perform one-to-many transforma-
tions of rows in a table. In addition, by usirgprmat for demoting, and-old andUnfold , we can move in-
formation between schema and data and thereby flatten and unflatten tablél@handUnfold transforms are
essentially the same as the restructuring operators of SchemaSQL, and the only restructuring operators of SchemaSQL
that we miss are Unite and Split that are used for manipulating multiple tables. For a more detailed analysis of the
power of these restructuring operators for flattening tables, see [32, 23].

Theorem 2: Many-to-Many Transforms when combined with One-to-One transforms can perform all one-to-many
mappings of tuples in a table.

Proof:
Suppose that we want to map a réw , as, . . ., a,,) to a set of rows
{11,y b1,m)s (b2,15-- -, 02,m), -+, (Dk1s-- -, bk.m)}. Note that the number of output rovksitself can varyas
a function of(a4,...,a,). Let K be the maximum value of for all rows in the domain of the desired mapping.
Assume that is a character not present in the alphabet from which the values are chosen.
We first perform a one-to-one mapping ém, . . . , a,,) to form
(D1,1]b12] - - 1b1,ms  D2alb2al - lb2ms oy Dralbra|---lbkm, NULL, NULL, ... ),withK —k

NULLs at the end. We then perform/é way Fold , and aSelect to remove all the resulting NULLs. Finally, we
perform am-way Split by | to get the desired mapping.

Note: The above proof assumes thdt the upper bound on the number of rows a single row can map into, can be
bounded. For example, if an individual field of a row were to be a document, such a row cannot be mapped into a form
where there is one word per row, since the number of words per document is unlikely to &poier to the user.
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