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“Big Data”



1.2 ZB
4.4 ZB

44.0 ZB

Data Created & Consumed 
Source: IDC Digital Universe

~2x every 2 years2010: 1,200 exabytes
& exponential growth



The ability to take data—to be able to understand it, 
to process it, to extract value from it, to visualize it, 
to communicate it—that’s going to be a hugely 
important skill in the next decades,  … because now 
we really do have essentially free and ubiquitous data. 
So the complimentary scarce factor is the ability to 
understand that data and extract value from it. 

Hal Varian, Google’s Chief Economist 
The McKinsey Quarterly, Jan 2009



Four major influences act on data 
analysis today: 

1.  The formal theories of statistics. 
2.  Accelerating developments in 
     computers and display devices. 
3.  The challenge, in many fields, of  
     more and larger bodies of data. 
4. The emphasis on quantification  
     in a wider variety of disciplines.

1966 Tukey & Wilk, Data Analysis & Statistics



Accordingly, both approaches and 
techniques need to be structured so 
as to facilitate human involvement 
and intervention. 

Some implications for effective 
analysis are: (1) it is essential to have 
convenience of interaction of 
people and intermediate results 
and (2) at all stages of data analysis, 
the outputs need to be matched to 
the capabilities of the people who 
use it and want it.

1966 Tukey & Wilk, Data Analysis & Statistics
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How might we flexibly author 
interactive visualizations?



Vega

http://d3js.org
http://prefuse.org/
http://d3js.org
http://protovis.org


2002-09 Object-Oriented Libraries  (Prefuse, Flare) 
Requires software engineering to use and extend 

2009-12 JavaScript Embedded DSLs  (Protovis, D3) 
Rich composable primitives, but specific to JavaScript 
Interaction via standard event callbacks 

2012-?? Declarative DSLs  (Vega, Vega-Lite) 
Formal specification of visualization and interactions 
APIs in various programming languages

Visualization System Evolution

Columnar storage 
Query optimization 

Closed language 
Data join between 
marks and data 

Declarative language 
Query plan / runtime 
Stream management

DB Concepts



PERSONAL CONFESSION… 
I’ve never taken a databases course! 



Similar in spirit to how SQL provides a language for 
expressing database queries, Vega is a high-level 
language for describing visualizations. 

Vega is a Visualization Grammar



Vega is a Visualization Grammar

alt.Chart('stocks.csv') 
  .mark_line() 
  .encode( 
    x='date', 
    y='price', 
    color='symbol' 
  )

Vega Altair Python API



Vega is a Visualization Grammar

vl.data('stocks.csv') 
  .markLine() 
  .encode( 
    vl.x().fieldT('date'), 
    vl.y().fieldQ('price'), 
    vl.color().fieldN('symbol') 
  )

Vega-Lite JavaScript API



Vega is a Visualization Grammar

{ 
  data: {url: "stocks.csv"}, 
  mark: "line", 
  encoding: { 
    x: { 
      type: "temporal", 
      field: "date" 
    }, 
    y: { 
      type: "quantitative", 
      field: "price" 
    }, 
    color: { 
      type: "nominal", 
      field: "symbol" 
    } 
  } 
}

Vega-Lite JSON Specification



Similar in spirit to how SQL provides a language for 
expressing database queries, Vega is a high-level 
language for describing visualizations. 
Vega provides a formal model for enumerating and 
reasoning about visualization designs. 

Vega is a Visualization Grammar



Similar in spirit to how SQL provides a language for 
expressing database queries, Vega is a high-level 
language for describing visualizations. 
Vega provides a formal model for enumerating and 
reasoning about visualization designs. 
First comprehensive approach for declarative 
specification of interaction techniques. 

Vega is a Visualization Grammar

brush_start brush_end

mousedown mouseup, ... 

-x

inside_brush

rule

inside_brush

fill

fill

-x-y -y

grey

red
green
blue



Similar in spirit to how SQL provides a language for 
expressing database queries, Vega is a high-level 
language for describing visualizations. 
Vega provides a formal model for enumerating and 
reasoning about visualization designs. 
First comprehensive approach for declarative 
specification of interaction techniques. 
Compiles JSON description to a reactive dataflow 
graph with efficient, incremental processing. 

Vega is a Visualization Grammar



Similar in spirit to how SQL provides a language for 
expressing database queries, Vega is a high-level 
language for describing visualizations. 
Vega provides a formal model for enumerating and 
reasoning about visualization designs. 
First comprehensive approach for declarative 
specification of interaction techniques. 
Compiles JSON description to a reactive dataflow 
graph with efficient, incremental processing. 
Vega’s dataflow graph generates a scenegraph that 
is then rendered using Canvas or SVG.

Vega is a Visualization Grammar



A Grammar of

Histogram Line Chart Strip Plot

Slope Graph Binned Scatter Plot Area Chart

Graphics
[Satyanarayan et al. 2017]



A Grammar of Multi-View Graphics

Scatter Plot Matrix Concatenated & Layered View Faceted View

[Satyanarayan et al. 2017]



A Grammar of

3131

Multi-View GraphicsInteractive

Indexed Chart Focus + Context

Cross-Filtering



Cross-Filtering in Vega-Lite



Cross-Filtering in Vega-Lite



markBar().encode(
  x().fieldQ('delay').bin(true),
  y().count()
).data('data/flights.json')

Cross-Filtering in Vega-Lite



markBar().encode(
  x().fieldQ('delay').bin(true),
  y().count(),
  color().value('lightgrey')
).data('data/flights.json')

Cross-Filtering in Vega-Lite



markBar().encode(
  x().fieldQ(repeat('row').bin(true),
  y().count(),
  color().value('lightgrey')
)
.repeat({row: ['delay', 'distance', 'hour']})
.data('data/flights.json')

Cross-Filtering in Vega-Lite



layer(
  markBar().encode(
    x().fieldQ(repeat('row')).bin(true),
    y().count(),
    color().value('lightgrey')
  ),
  markBar().encode(
    x().fieldQ(repeat('row')).bin(true),
    y().count()
  )
)
.repeat({row: ['delay', 'distance', 'hour']})
.data('data/flights.json')

Cross-Filtering in Vega-Lite



brush = selectInterval().encodings('x')

layer(
  markBar().encode(
    x().fieldQ(repeat('row')).bin(true),
    y().count(),
    color().value('lightgrey')
  ).select(brush),
  markBar().encode(
    x().fieldQ(repeat('row')).bin(true),
    y().count()
  )
)
.repeat({row: ['delay', 'distance', 'hour']})
.data('data/flights.json')

Cross-Filtering in Vega-Lite



brush = selectInterval.encodings('x')

layer(
  markBar().encode(
    x().fieldQ(repeat('row')).bin(true),
    y().count(),
    color().value('lightgrey')
  ).select(brush),
  markBar().encode(
    x().fieldQ(repeat('row')).bin(true),
    y().count()
  ).transform(filter(brush))
)
.repeat({row: ['delay', 'distance', 'hour']})
.data('data/flights.json')

Cross-Filtering in Vega-Lite



brush = selectInterval.encodings('x')

layer(
  markBar().encode(
    x().fieldQ(repeat('row')).bin(true),
    y().count(),
    color().value('lightgrey')
  ).select(brush),
  markBar().encode(
    x().fieldQ(repeat('row')).bin(true),
    y().count()
  ).transform(filter(brush))
)
.repeat({row: ['delay', 'distance', 'hour']})
.data('data/flights.json')

Cross-Filtering in Vega-Lite

Multi-view interactive graphics in ~10 lines of code!



Interactive Selections 
Selections invert scales and parameterize graphics

Bind selection to scale domains: 
Synchronized Pan & Zoom!

Overview + Detail

Parameterized Transformations



How might we enable scalable, 
real-time visual queries? 



Vega
JavaScriptDatabase Latency?

Milliseconds matter for latency-sensitive interactions like brushing! 
[Liu & Heer 2014, Zgraggen et al. 2017]



Cross-Filtering Interaction Log

Brushing 
interactions

View switch 
delay → distance

👁 Brushing is more common and people are sensitive to latencies.
💡 Prioritize brushing latency over view switching latency.

5x speedup



Falcon
uwdata.github.io/falcon

[Moritz et al., CHI 2019]

http://uwdata.github.io/falcon


👩💻 brushes in the precomputed view

Data Cube. Gray et al. 1997.
serves requests from a data cube



👩💻 brushes in the precomputed view

Data Cube. Gray et al. 1997.
serves requests from a data cube

👩💻 interacts with a new view

query for new data cubes



👩💻 brushes in the precomputed view

Data Cube. Gray et al. 1997.
serves requests from a data cube

👩💻 interacts with a new view

query for new data cubes

{Constant data & time. 
Client only.

{Requires one pass 
over the data.

💡 Aggregation decouples interactions from queries over the raw data.

💡 View switches are rare and users are not as latency sensitive with them.



1.7 B stars. 
1.2 TB of data. 
Visualizations running in the browser. 
Data stored in Heavy.ai GPU database.



How might we support more 
effective data exploration? 



Common exploration pitfalls: 
Overlook data quality issues 
Fixate on specific relationships 
Plus many other biases… 
[Heuer 1999, Kahneman 2011, …]



Voyager: Combine Specification and Recommendation  [Wongsuphasawat 2017]
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Voyager: Combine Specification and Recommendation  [Wongsuphasawat 2017]

Key Idea: Augment manual exploration with visualization 
recommendations sensitive to the user’s current focus. 

The ultimate goal is to support systematic consideration of 
the data, without exacerbating false discovery. 

To model a user’s search frontier, we optimize for related 
chart specifications, seeded by the user’s current focus. 

Candidate charts are pruned and ranked using a formal 
model of design constraints and perceptual effectiveness, 
which can be trained from perception experiment results.
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A Formal Design Space of Visualizations

[Kim et al. 2017]

ADD_COLOR

Remove 
Color

Add Color

Enumerate Vega-Lite specifications and transformations among them. 
Search the space using logic programming methods.



Learn Design Trade-Offs from Experimental Data

👍  Positive example 
Feature Vector

👎  Negative example 
Feature Vector

[u1, u2, . . . , uk]

[v1, v2, . . . , vk]

arg maxw ∑
i ∈ 0...k

wi (ui − vi)

Learning Algorithm
Learning to Rank 
with Linear SVM

Features
Violations of 

Design Constraints

Training Data
Pairs of Ranked 
Visualizations

w is the weight vector 
of the soft constraints

  : the number of 
violations of constraint   .

vi
i
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[Moritz et al. 2019]

❌✅



Voyager: Combine Specification and Recommendation  [Wongsuphasawat 2017]

Compared to existing tools, leads to over 4x more variable 
sets seen, and over 2x more variable sets interacted with.  

“The related view suggestion accelerates exploration a lot.” 

“I like that it shows me what fields to include in order to see a 
specific graph. Otherwise, I have to do a lot of trial and error 
and can't express what I wanted to see.” 

“These related views are so good but it’s also spoiling that I 
start thinking less. I’m not sure if that’s really a good thing.”
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I spend more than half of my time 
integrating, cleansing and transforming 
data without doing any actual analysis. 
Most of the time I’m lucky if I get to do 
any “analysis” at all. 

Anonymous Data Scientist 
from our 2012 interview study







How might we assist the process 
of data transformation? 





DataWrangler

Wrangler: Interactive Visual Specification of Data Transformation Scripts 
Sean Kandel, Joseph Hellerstein et al. CHI’11

http://homes.cs.washington.edu/~jheer/talks/sxsw2017/#4


DataWrangler

Wrangler: Interactive Visual Specification of Data Transformation Scripts 
Kandel et al.  [CHI 2011]

Reduces specification time, promotes the use of reusable, 
scalable transformations rather than idiosyncratic edits.  

Complementarity: Suggestions good for tasks people found 
hard (extraction patterns, table reshaping). People good  in 
cases where inference is less tractable (arbitrary formulas). 

Agency: Users appreciated suggestions in response to an 
initiating interaction, but did not always act on proactive 
assistance, often preferring to maintain the initiative.

http://homes.cs.washington.edu/~jheer/talks/pydata2017/#4








Visualization and Interaction 

Data Transformation Code

User authors a draft 
transformation script

User tests the script on a small 
amount of data

User inspects output data to 
assess effects

1. 2.

3.

Traditional Specification



Visualization and Interaction 

Data Transformation Code

User highlights 
features of a data 
visualization

Data previews 
allow user to 
choose, adjust 
and confirm

Algorithms 
predict intended 
transformations.

1. 3.

2.

Predictive Interaction



Domain Specific Language (DSL)

Visualization and Interaction

Predictive Interaction  [Heer, Hellerstein, Kandel CIDR’15]

Data Outputwrite code, compile, run

View Result

visualize compile

Response Preview
pickinteract predict

G U I D E D E C I D E

generate presentLift Ground
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The unreasonable effectiveness of DSLs 
Provide users with high-level specification 
Decouple frontend and backend concerns 
Model tasks, enable formal reasoning for 
computational search & recommendation 

Successes
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The unreasonable effectiveness of DSLs 
Provide users with high-level specification 
Decouple frontend and backend concerns 
Model tasks, enable formal reasoning for 
computational search & recommendation 

AI assistance to bridge user intent 
Recommend possible next steps 
Aid discovery and learning 
How to balance agency and automation? 
Augment, not replace! [Heer, PNAS 2019]

Successes



Declarativity, Scalability, Query Optimization

New Requirements, Interaction Models, Prefetching Approaches

    Databases  HCI 

A Virtuous Cycle
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New Requirements, Interaction Models, Prefetching Approaches
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A Virtuous Cycle
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The ability to take data—to be able to understand it, 
to process it, to extract value from it, to visualize it, 
to communicate it—that’s going to be a hugely 
important skill in the next decades,  … because now 
we really do have essentially free and ubiquitous data. 
So the complimentary scarce factor is the ability to 
understand that data and extract value from it. 

Hal Varian, Google’s Chief Economist 
The McKinsey Quarterly, Jan 2009



The ability to take data—to be able to understand it, 
to process it, to extract value from it, to visualize it, 
to communicate it—that’s going to be a hugely 
important skill in the next decades,  … because now 
we really do have essentially free and ubiquitous data. 
So the complimentary scarce factor is the ability to 
understand that data and extract value from it. 

Hal Varian, Google’s Chief Economist 
The McKinsey Quarterly, Jan 2009

“free” to whom?

…to whose benefit?

“ubiquitous” about whom?



https://www.theatlantic.com/technology/archive/2018/04/facebook-cambridge-analytica-victims/557648/
https://www.theatlantic.com/science/archive/2016/03/psychologys-replication-crisis-cant-be-wished-away/472272/


https://www.theguardian.com/inequality/2017/aug/08/rise-of-the-racist-robots-how-ai-is-learning-all-our-worst-impulses
https://www.theverge.com/2016/3/24/11297050/tay-microsoft-chatbot-racist
https://www.theguardian.com/inequality/2017/aug/08/rise-of-the-racist-robots-how-ai-is-learning-all-our-worst-impulses


“The nature, scale, depth and consequences of the 
data, technical and ethical breaches understood to 

have occurred thus far … are unlikely to be confined to 
a single company, technology or industry.” 

US ACM Letter to Senate Commerce & Judiciary Committee 



People’s interaction with data is 
subject to misuse and abuse.



Poor decisions or operations due to faulty inference. 

Inaccurate models due to biased or inaccurate data. 

Insufficient accountability and review of analysis procedures. 

Lack of monitoring and enforcement of data usage patterns.

Examples of Data Analysis Gone Awry



Poor decisions or operations due to faulty inference. 

Inaccurate models due to biased or inaccurate data. 

Insufficient accountability and review of analysis procedures. 

Lack of monitoring and enforcement of data usage patterns. 

Problems arise throughout end-to-end analysis workflows!

Examples of Data Analysis Gone Awry
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Eunice Jun, A. Seo, J. Heer, R. Just. CHI 2022

Tisane: From Conceptual Models to Statistical Models

PERSON

GROUP

Regimen

Pounds Lost

Motivation

causes

associates with

lmer(
 pounds_lost ~ regimen
             + motivation 
             + (1|group),
 data=df
)

?



“Many Analyst” studies

Silberzahn et al. (2018) “Many analysts, one data set: Making transparent how variations in analytic choices affect results." AMPPS 1.3: 337-356. 
Schweinsberg et al. (2021) “Same data, different conclusions: Radical dispersion in empirical results when independent analysts operationalize and 

test the same hypothesis” Organizational Behavior and Human Decision Processes, 165: 228-249. 
Huntington-Klein et al. (2021) "The Influence of Hidden Researcher Decisions in Applied Microeconomics" Economic Inquiry. 59 (3): 944-960.

✅ Same dataset, 
✅ Same hypothesis 

❓ Same results



“Many Analyst” studies

Same dataset, 
Same hypothesis

Very different results

Silberzahn et al. "Many analysts, one data set: Making transparent how variations in analytic choices affect results." AMPPS 1.3 (2018): 337-356.



“Many Analyst” studies

Same dataset, 
Same hypothesis

Very different results

Variations not explained by
Expertise

Prior belief

Peer-rated quality of the analysis

…

Silberzahn et al. "Many analysts, one data set: Making transparent how variations in analytic choices affect results." AMPPS 1.3 (2018): 337-356.



Yang Liu, A. Kale, T. Althoff, J. Heer. IEEE TVCG 2021

Boba: Authoring & Visualizing Multiverse Analyses

# --- (Shared) 
df = read_csv("data.csv") %>% 
     filter(accuracy > {{cutoff=0, 0.6}}) 

# --- (Model) lm  
model = lm(speed ~ accuracy, data = df) 

# --- (Model) lmer 
model = lmer(speed ~ accuracy +  
       {{random=“(1|uid)”, “(1|page_id”}})



Yang Liu, A. Kale, T. Althoff, J. Heer. IEEE TVCG 2021

Boba: Authoring & Visualizing Multiverse Analyses



Tongshuang (Sherry) Wu, M. Ribeiro, J. Heer, D. Weld. ACL 2019

Errudite: Reproducible & Testable Error Analysis

(a)

(b)

A

How many brownish peaks are there?

(a)

(b)

A
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Monitoring?

Metadata?

Model 
Management?

Annotation?Datasheets?

Inferential 
Safeguards?

Governance?
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Data to the People? 
Reflections on Trying to Help People Struggle Less with Data


