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1. Empirical and experimental
2. Theoretical
3. Computational
4. Data-intensive
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The Fourth Paradigm of Science

We have to do better producing tools to support the 
whole research cycle - from data capture and data 

curation to data analysis and data visualization. Jim Gray

Enabling machine
learning and AI



Data Science Pipeline
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Data preparation and cleaning in reality

“Cleaning Data: Most Time-Consuming, Least Enjoyable Data Science Task”, Gil Press, Forbes, March 23rd, 2016
http://www.forbes.com/sites/gilpress/2016/03/23/data-preparation-most-time-consuming-least-enjoyable-data-science-task-survey-says/
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What data scientists spend 
the most time doing?

Building training sets:
3%

Cleaning and
organizing data: 60%

Collecting data sets:
19%

Mining data for
patterns: 9%

Refining algorithms:
4%

Others: 5%
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What is the least enjoyable part 
of data science?

Building training sets:
10%

Cleaning and
organizing data: 57%

Collecting data sets:
21%

Mining data for
patterns: 3%

Refining algorithms:
4%

Others: 5%
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http://www.forbes.com/sites/gilpress/2016/03/23/data-preparation-most-time-consuming-least-enjoyable-data-science-task-survey-says/


■Data discovery
■Data validation
■Data structuring
■Data enrichment
■Data filtering
■Data cleaning

■And for data scientists
□ Feature selection
□ Feature extraction

Data Preparation and Cleaning: Tasks and Tools
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Mazhar Hameed, Felix Naumann: Data Preparation: A Survey of Commercial Tools. SIGMOD Record 49:(3) 2020 (link)

https://hpi.de/fileadmin/user_upload/fachgebiete/naumann/publications/PDFs/2020_hameed_data.pdf


Felix Naumann                         
Data Quality 2021

7



1. Bad Files
2. Bad Data
3. Bad Results

Overview
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■Data lakes

■Open (government) data

■ Instrumented processes

■Sensor data

■Experimental output

■Database exports

■Excel

Data Sources – Data Formats
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Multitable Spreadsheets
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Structure Diversity in Verbose CSV Files

Metadata

Header

Group header

Data

Aggregation

Notes
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ExtracTable: Bad Files – Worse Files
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Automatic Table Recognition 

1. Render spreadsheet as image
2. Recognize elements
3. Cluster elements into tables
4. Cluster files into templates

Gerardo Vitagliano, Lan Jiang, Felix Naumann: Detecting Layout Templates in 
Complex Multiregion Files. PVLDB vol 15 (accepted)



Pollock: Benchmarking Ingestion Ability

Systems under test: 
• Programming framework (Pandas)
• Spreadsheet software (Libreoffice) 
• Database tool (MySQL)
• Data Visualization (Tableau)
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Pollock: Benchmark Dimensions

CSV File 
Structure

File Level

File Name

File Extension

File Dimension

File Encoding
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Row Number

Metadata Rows
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Formatting
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Data Aggregation Errors in CSV Files
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MICROS Systems, Inc.
Financial Summary

% Change

Income Statement Data 2003 vs. 2002 FY2003 FY2002 FY2001 FY2000 FY1999 FY1998 FY1997
Hardware Revenue 2.2% $137,013 $134,121 $116,058 $152,186 $155,237 $126,974 $102,816
Software Revenue 17.8% $71,251 $60,484 $55,873 $66,290 $63,317 $57,744 $45,985
Service Revenue 11.2% $191,927 $172,558 $154,845 $143,378 $118,525 $97,200 $79,368
Total Revenue 9.0% $400,191 $367,163 $326,776 $361,854 $337,079 $281,918 $228,169

Memo Item:

Maintenance Revenue 
(included in Service Revenue) 13.9% $113,274 $99,467 $87,007 $65,628 $54,953 $45,908 $37,382

Hardware Gross Profit 2.3% $38,977 $38,116 $40,683 $51,462 $50,670 $43,947 $39,267
Hardware Gross Profit % - 28.4% 28.4% 35.1% 33.8% 32.6% 34.6% 38.2%
Software Gross Profit 11.5% $54,045 $48,457 $46,875 $51,349 $52,138 $47,235 $37,464
Software Gross Profit % -4.2 Points 75.9% 80.1% 83.9% 77.5% 82.3% 81.8% 81.5%
Service Gross Profit 16.5% $105,538 $90,564 $76,472 $71,741 $61,367 $46,455 $39,447
Service Gross Profit % +2.5 Points 55.0% 52.5% 49.4% 50.0% 51.8% 47.8% 49.7%
Total Gross Profit 12.1% $198,560 $177,137 $164,028 $174,552 $164,175 $137,637 $116,178

Gross Profit % +1.4 Points 49.6% 48.2% 50.2% 48.2% 48.7% 48.8% 50.9%

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆 𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏 = 𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇 𝐆𝐆𝐆𝐆 + 𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 𝐆𝐆𝐆𝐆 + 𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 𝐆𝐆𝐆𝐆

% 𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝐯𝐯𝐯𝐯.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 =
𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅 − 𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅

𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅

𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇 𝐆𝐆𝐆𝐆 % =
𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇 𝐆𝐆𝐆𝐆

𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑

𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 𝐆𝐆𝐆𝐆 % = 𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅 − 𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅
18

29% of all aggregations have some error.
The highest observed error level is 37.5%.



■Data preparation adds syntactic and structural value
■Data cleaning adds semantic value
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Data Preparation vs. Data Cleaning



1. Bad Files
2. Bad Data
3. Bad Results

Overview
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Real-world data is raw and dirty
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FIFA registration form (2010)
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Hidden Values / Hidden Value
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Source: Joachim Schmid, FUZZY! Informatik AG

District Street Sum      City           

Department
Embargo flag
Deletion flag

Legal form

Mobile phone
Phone

Cost center

Loading point
Construction site

Administration

Credit info
Commission

Delivery ID
Registration ID



■ Incorrect data: Accuracy
■Missing data: Completeness
■ Poor formatting: Representational consistency

■Old data: Timeliness
■Unknown data source: Trustworthiness

■Hard to reach data: Accessibility
■Slow connection: Latency

■And many more information quality dimensions

From Data Errors (aka. Data Quality) 
to Data Problems (aka. Information Quality)
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■ Intrinsic IQ
□Believability, Accuracy, Objectivity, Reputation

■Contextual IQ
□Value-added, Relevancy, Timeliness, Completeness, Amount

■Representational IQ
□ Interpretability, Understandability, Repr. Consistency, Repr. conciseness

■Accessibility IQ
□Accessibility, Security

■And more
□Customer support, documentation, reliability, latency, price, response time, 

verifiability
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IQ Classification of Wang and Strong

Wang & Strong
Beyond Accuracy: What 
data quality means to 
data consumers
Management of 
Information Systems, 
1996, 12(4), 5-34 

Data scientists (might) choose the path of least resistance.
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2. Bad Data
3. Bad Results
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New AI-specific Data Quality Dimensions and Where to Find Them
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DeploymentModelingAcquisition

Training 
data

ApplicationApplication 
data

Preparation 
and cleaning Training AI model

Validation 
data

Annotated 
data for 
training

Annotated data 
for parameter 

tuning

Fresh data 
for use 
case

Annotated test 
data for 

evaluation

Diversity BiasOwnership LiabilityProtectionPrivacy Explainability



■Data quality dimensions
□Which established dimensions are relevant? 

– Learning task, pipeline stage, domain
□Which new dimensions are needed? 

– Which are cross-dataset dimensions?
■Assessment and explanation of data quality
□Which dimensions are (automatically) 

assessable/testable?
□Can we efficiently measure data quality? 

– Automatically, manually, domain knowledge
□Can we correlate model errors with data 

quality problems
■What are the legal and ethical aspects of data 

quality?
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Open Research Questions

Task

•Classification
•Clustering
•Prediction
•…

Method

•Pattern mining
•Decision trees
•DNN
•…

Quality

•Accuracy
•Reputation
•Diversity
•…
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