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"The purpose of computing is insight, not numbers." 

R.W. Hamming, Numerical Methods for Scientists and Engineers, 1962
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Human in the Loop
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5 Human Senses



• human visual system is high-bandwidth channel to brain 
• overview possible, we see everything simultaneously 

• significant processing occurs in parallel and pre-attentively 

• very strong pattern recognition 

• audio: lower bandwidth and different semantics 
• no overview 

• sequential stream 

• touch/haptics: impoverished record/replay capacity 
• very low-bandwidth communication thus far  

• taste, smell: no viable record/replay devices
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What is Visualization?



Visualization is the process that transforms 
(abstract) data into graphical representations
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"The purpose of computing is insight, not numbers." 

R.W. Hamming, Numerical Methods for Scientists and Engineers, 1962
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"The purpose of computing is insight, not numbers." 

visualization pictures
▼ ▼

Card, Mackinlay, and Shneiderman, Morgan Kaufmann Series in Interactive Technologies, 1999 
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Visualization Is (Often) Interactive
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A lot of options – Design space is huge
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How?
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… or building a common vocabulary

What?

Why?

How?



Abstraction 
• translate from specifics of domain to vis vocabulary 
• what is shown? data abstraction 
•why is the user looking at it? task abstraction

22

Analysis framework

Munzner.  IEEE TVCG, 2009 / Brehmer and Munzner.  IEEE TVCG, 2013
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Abstraction 
• translate from specifics of domain to vis vocabulary 
• what is shown? data abstraction 
•why is the user looking at it? task abstraction

Idiom 
• how is it shown? 
• visual encoding idiom: how to draw 
• interaction idiom: how to manipulate

22

Analysis framework

Munzner.  IEEE TVCG, 2009 / Brehmer and Munzner.  IEEE TVCG, 2013

What?

Why?

How?
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What?

Why?

How?
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What Does Data Mean?What?

Why?

How?
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What Does Data Mean?What?

Why?

How?
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How?

• semantics: 
• real-world meaning
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Why?

How?

• item: 
• individual entity, discrete 

• “independent variable”
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Items & AttributesWhat?

Why?

How?

• item: 
• individual entity, discrete 

• “independent variable”

item: person



Olive 7 S Apple

Amy 8 M Pear

Frans 12 L Orange

Pavlov 5 M Banana

Jette 9 S Raspberry

Huang 10 M Orange

Abdul 8 L Lychee

Name Age
Shirt 
Size

Favorite 
Fruit

29

Items & AttributesWhat?

Why?

How?

• item: 
• individual entity, discrete 

• “independent variable”

• attribute: 
• property that is measured, observed, logged... 

• “dependent variable”

attributes: name, age, shirt size, fave fruit
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Dataset TypesWhat?

Why?

How?

Flat table
• one item per row

• each column is an attribute

• cell: value for item-attribute pair
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Dataset TypesWhat?

Why?

How?
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Multi-dimensional Table 
• indexing based on multiple keys 
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Dataset TypesWhat?

Why?

How?
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network/graph 
• nodes (vertices) connected by links (edges) 

• tree is special case: no cycles 

• often have roots and are directed

Data and Dataset Types

Tables Networks & 
Trees

Fields Geometry Clusters, 
Sets, Lists

Items

Attributes

Items (nodes)

Links

Attributes

Grids

Positions

Attributes

Items

Positions

Items

Tables

Attributes (columns)

Items 
(rows)

Cell containing value

Networks

Link

Node 
(item)

Trees

Fields (Continuous)

Attributes (columns)

Value in cell

Cell

Multidimensional Table

Value in cell

Grid of positions

Geometry (Spatial)

Position

Dataset Types

Networks

Tables

Attributes (columns)

Items 
(rows)

Cell containing value

Networks

Link

Node 
(item)

Trees

Fields (Continuous)

Attributes (columns)

Value in cell

Cell

Multidimensional Table

Value in cell

Grid of positions

Geometry (Spatial)

Position

Dataset Types

Tables

Attributes (columns)

Items 
(rows)

Cell containing value

Networks

Link

Node 
(item)

Trees

Fields (Continuous)

Attributes (columns)

Value in cell

Cell

Multidimensional Table

Value in cell

Grid of positions

Geometry (Spatial)

Position

Dataset Types



34

Dataset TypesWhat?
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•attribute values associated with cells 

•cell contains value from continuous domain 
•e.g., temperature, pressure, wind velocity 

•measured or simulated
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•explicit spatial positions / regions 
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Why?

How?
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Attributes

Items

Positions

Items

How we group items? 

•sets: unique items, unordered 

• lists: ordered, duplicates possible 

•clusters: groups of similar items
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Dataset and Data TypesWhat?

Why?

How?

Data and Dataset Types

Tables Networks & 
Trees

Fields Geometry Clusters, 
Sets, Lists

Items

Attributes

Items (nodes)

Links

Attributes

Grids

Positions

Attributes

Items

Positions

Items

Data Types

Items Attributes Links Positions Grids
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Dataset and Data TypesWhat?

Why?

How?

Data and Dataset Types

Tables Networks & 
Trees

Fields Geometry Clusters, 
Sets, Lists

Items

Attributes

Items (nodes)

Links

Attributes

Grids

Positions

Attributes

Items

Positions

Items

Data Types

Items Attributes Links Positions Grids



Which classes of values & measurements?

38

Attribute TypesWhat?

Why?

How?



Which classes of values & measurements?

• categorical (nominal) 
• compare equality 

• no implicit ordering

38

Attribute Types
Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

What?

Why?

How?



Which classes of values & measurements?

• categorical (nominal) 
• compare equality 

• no implicit ordering

• ordered 
• ordinal 

• less/greater than defined 

• quantitative 

• meaningful magnitude 

• arithmetic possible

38

Attribute Types
Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

What?

Why?

How?
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What?

Why?

How?

Olive 7 S Apple
Amy 8 M Pear

Frans 12 L Orange

Pavlov 5 M Banana

Jette 9 S Raspberry
Huang 10 M Orange
Abdul 8 L Lychee

Olive 7 S Apple
Amy 8 M Pear

Frans 12 L Orange

Pavlov 5 M Banana

Jette 9 S Raspberry
Huang 10 M Orange
Abdul 8 L Lychee

Name Age Shirt 
Size

Favorite 
Fruit

2
1

3

0

4
5
6

ID
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What?

Why?

How?

Olive 7 S Apple
Amy 8 M Pear

Frans 12 L Orange

Pavlov 5 M Banana

Jette 9 S Raspberry
Huang 10 M Orange
Abdul 8 L Lychee

Olive 7 S Apple
Amy 8 M Pear

Frans 12 L Orange

Pavlov 5 M Banana

Jette 9 S Raspberry
Huang 10 M Orange
Abdul 8 L Lychee

Name Age Shirt 
Size

Favorite 
Fruit

2
1

3

0

4
5
6

ID

categorical 
ordinal 
quantitative
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Other Data Concerns
Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

Dataset Availability

Static Dynamic

What?

Why?

How?



• translate domain-specific language to generic visualization language 

• identify dataset & attribute type(s) 

• identify cardinality 
• dataset: how many items 

• attribute: ﻿number of levels for categorical data / range for quantitative data 

• consider whether to transform data 
• guided by understanding of task / goal

42

Data AbstractionWhat?

Why?

How?



data model 

conceptual model

43

Data Vs Conceptual ModelWhat?

Why?

How?

• mathematical abstraction 

• sets with operations, e.g., floats with * / - + 

• variable data types in programming languages 

• mental construction (semantics) 

• supports reasoning 

• typically based on understanding of tasks and goals

data abstraction process relies on conceptual model!



data model: floats
32.52, 54.06, -14.35, ...

44

Data vs Conceptual Model, ExampleWhat?

Why?

How?

conceptual model
temperature 



data model: floats
32.52, 54.06, -14.35, ...

multiple possible data abstractions
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data model: floats
32.52, 54.06, -14.35, ...

multiple possible data abstractions
goal:  forecasting the weather 
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Data vs Conceptual Model, ExampleWhat?
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temperature 



data model: floats
32.52, 54.06, -14.35, ...

multiple possible data abstractions
goal:  forecasting the weather 
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Data vs Conceptual Model, ExampleWhat?

Why?

How?

conceptual model
temperature 

➤ continuous to 2 significant digits: quantitative



data model: floats
32.52, 54.06, -14.35, ...

multiple possible data abstractions
goal:  forecasting the weather 

goal:  decide if bath water is ready

44

Data vs Conceptual Model, ExampleWhat?

Why?

How?

conceptual model
temperature 

➤ continuous to 2 significant digits: quantitative



data model: floats
32.52, 54.06, -14.35, ...

multiple possible data abstractions
goal:  forecasting the weather 

goal:  decide if bath water is ready

44

Data vs Conceptual Model, ExampleWhat?

Why?

How?

conceptual model
temperature 

➤ continuous to 2 significant digits: quantitative

➤hot, warm, cold: ordinal



data model: floats
32.52, 54.06, -14.35, ...

multiple possible data abstractions
goal:  forecasting the weather 

goal:  decide if bath water is ready

goal:  decide what to wear today 

44

Data vs Conceptual Model, ExampleWhat?

Why?

How?

conceptual model
temperature 

➤ continuous to 2 significant digits: quantitative

➤hot, warm, cold: ordinal



data model: floats
32.52, 54.06, -14.35, ...

multiple possible data abstractions
goal:  forecasting the weather 

goal:  decide if bath water is ready

goal:  decide what to wear today 

44

Data vs Conceptual Model, ExampleWhat?

Why?

How?

conceptual model
temperature 

➤ continuous to 2 significant digits: quantitative

➤hot, warm, cold: ordinal

➤ sweater temp, shorts temp, …: categorical
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What?

Datasets

Why?

How?

What?

Datasets

What?
Attributes

Dataset Types

Data Types

Data and Dataset Types

Dataset Availability

Static Dynamic

Tables

Attributes (columns)

Items 
(rows)

Cell containing value

Networks

Link

Node 
(item)

Trees

Fields (Continuous)

Geometry (Spatial)

Attributes (columns)

Value in cell

Cell

Multidimensional Table

Value in cell

Items Attributes Links Positions Grids

Attribute Types

Ordering Direction

Categorical

Ordered
Ordinal

Quantitative

Sequential

Diverging

Cyclic

Tables Networks & 
Trees

Fields Geometry Clusters, 
Sets, Lists

Items

Attributes

Items (nodes)

Links

Attributes

Grids

Positions

Attributes

Items

Positions

Items

Grid of positions

Position

Why?

How?

What?

Datasets

What?
Attributes

Dataset Types

Data Types

Data and Dataset Types

Dataset Availability

Static Dynamic

Tables

Attributes (columns)

Items 
(rows)

Cell containing value

Networks

Link

Node 
(item)

Trees

Fields (Continuous)

Geometry (Spatial)

Attributes (columns)

Value in cell

Cell

Multidimensional Table

Value in cell

Items Attributes Links Positions Grids

Attribute Types

Ordering Direction

Categorical

Ordered
Ordinal

Quantitative

Sequential

Diverging

Cyclic

Tables Networks & 
Trees

Fields Geometry Clusters, 
Sets, Lists

Items

Attributes

Items (nodes)

Links

Attributes

Grids

Positions

Attributes

Items

Positions

Items

Grid of positions

Position

Why?

How?

What?

Datasets

What?
Attributes

Dataset Types

Data Types

Data and Dataset Types

Dataset Availability

Static Dynamic

Tables

Attributes (columns)

Items 
(rows)

Cell containing value

Networks

Link

Node 
(item)

Trees

Fields (Continuous)

Geometry (Spatial)

Attributes (columns)

Value in cell

Cell

Multidimensional Table

Value in cell

Items Attributes Links Positions Grids

Attribute Types

Ordering Direction

Categorical

Ordered
Ordinal

Quantitative

Sequential

Diverging

Cyclic

Tables Networks & 
Trees

Fields Geometry Clusters, 
Sets, Lists

Items

Attributes

Items (nodes)

Links

Attributes

Grids

Positions

Attributes

Items

Positions

Items

Grid of positions

Position

Why?

How?

What?

Datasets

What?
Attributes

Dataset Types

Data Types

Data and Dataset Types

Dataset Availability

Static Dynamic

Tables

Attributes (columns)

Items 
(rows)

Cell containing value

Networks

Link

Node 
(item)

Trees

Fields (Continuous)

Geometry (Spatial)

Attributes (columns)

Value in cell

Cell

Multidimensional Table

Value in cell

Items Attributes Links Positions Grids

Attribute Types

Ordering Direction

Categorical

Ordered
Ordinal

Quantitative

Sequential

Diverging

Cyclic

Tables Networks & 
Trees

Fields Geometry Clusters, 
Sets, Lists

Items

Attributes

Items (nodes)

Links

Attributes

Grids

Positions

Attributes

Items

Positions

Items

Grid of positions

Position

Attributes

What?

Why?

How?

Munzner - Visual Analysis and Design - Chapter 2



Questions!

?
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What?

Why?

How?



Translate domain questions and goals to abstract tasks

very high-level pattern: {action, target} pairs

• actions 
• analyze: high-level choices 

• search: find a known/unknown item 

• query: find out about characteristics of item

48

Task AbstractionWhat?

Why?

How?



Translate domain questions and goals to abstract tasks

very high-level pattern: {action, target} pairs

• actions 
• analyze: high-level choices 

• search: find a known/unknown item 

• query: find out about characteristics of item

• targets 
• what is being acted on

48
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Translate domain questions and goals to abstract tasks

very high-level pattern: {action, target} pairs

• actions 
• analyze: high-level choices 

• search: find a known/unknown item 

• query: find out about characteristics of item

• targets 
• what is being acted on

48

Task AbstractionWhat?

Why?

How?

example {action, target} pairs 

• discover distribution 

• compare trends 

• locate outliers 

• browse topology



consume 
• discover vs present 
• aka explore vs explain 

• enjoy 
• newcomer 
• aka casual, social 

49

Actions: Analyze

Analyze

Search

Query

Consume
Present EnjoyDiscover

Produce
Annotate Record Derive

Identify Compare Summarise

tag

Target known Target unknown

Location 
known

Location 
unknown

Lookup

Locate

Browse

Explore

Actions

What?

Why?

How?



consume 
• discover vs present 
• aka explore vs explain 

• enjoy 
• newcomer 
• aka casual, social 

produce 
• annotate, record, derive 
• crucial design choice

49

Actions: Analyze

Analyze

Search

Query

Consume
Present EnjoyDiscover

Produce
Annotate Record Derive

Identify Compare Summarise

tag

Target known Target unknown

Location 
known

Location 
unknown

Lookup

Locate

Browse

Explore

Actions

What?

Why?

How?



what does user know? 
• target, location

50

Actions: Search, Query

Analyze

Search

Query

Consume
Present EnjoyDiscover

Produce
Annotate Record Derive

Identify Compare Summarize

tag

Target known Target unknown

Location 
known

Location 
unknown

Lookup

Locate

Browse

Explore

Actions

What?

Why?

How?



what does user know? 
• target, location

how much of the data matters? 
• one, some, all

50

Actions: Search, Query

Analyze

Search

Query

Consume
Present EnjoyDiscover

Produce
Annotate Record Derive

Identify Compare Summarize

tag

Target known Target unknown

Location 
known

Location 
unknown

Lookup

Locate

Browse

Explore

Actions

What?

Why?

How?
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Targets 

Trends

Actions

Analyze

Search

Query

Why?

All Data

Outliers Features

Attributes

One Many
Distribution Dependency Correlation Similarity

Network Data

Spatial Data
Shape

Topology

Paths

Extremes

Consume
Present EnjoyDiscover

Produce
Annotate Record Derive

Identify Compare Summarize

tag

Target known Target unknown

Location 
known
Location 
unknown

Lookup

Locate

Browse

Explore

Targets

Why?

How?

What?

Trends

Actions

Analyze

Search

Query

Why?

All Data

Outliers Features

Attributes

One Many
Distribution Dependency Correlation Similarity

Network Data

Spatial Data
Shape

Topology

Paths

Extremes

Consume
Present EnjoyDiscover

Produce
Annotate Record Derive

Identify Compare Summarize

tag

Target known Target unknown

Location 
known
Location 
unknown

Lookup

Locate

Browse

Explore

Targets

Why?

How?

What?

What?

Why?

How?
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What?

Why?

How?

Trends

Actions

Analyze

Search

Query

Why?

All Data

Outliers Features

Attributes

One Many
Distribution Dependency Correlation Similarity

Network Data

Spatial Data
Shape

Topology

Paths

Extremes

Consume
Present EnjoyDiscover

Produce
Annotate Record Derive

Identify Compare Summarize

tag

Target known Target unknown

Location 
known
Location 
unknown

Lookup

Locate

Browse

Explore

Targets

Why?

How?

What?



Questions!

?
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What?

Why?

How?



• marks 
• geometric primitives

55

Definitions: Marks and channels
Points Lines Areas



• marks 
• geometric primitives

• channels 
• control appearance of marks 
• can redundantly code with 
multiple channels

55

Definitions: Marks and channels
Points Lines Areas

Horizontal

Position

Vertical Both

Color

Shape Tilt

Size

Length Area Volume



analyze idiom structure ⇢ as combination of marks and channels

56

Visual encoding



analyze idiom structure ⇢ as combination of marks and channels

56

Visual encoding

1:  
length or 
vertical position 

mark: line
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analyze idiom structure ⇢ as combination of marks and channels
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mark: line

2:  
vertical position 
horizontal position 

mark: point



analyze idiom structure ⇢ as combination of marks and channels
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analyze idiom structure ⇢ as combination of marks and channels

56

Visual encoding

1:  
length or 
vertical position 

mark: line

2:  
vertical position 
horizontal position 

mark: point

3:  
vertical position 
horizontal position 
color hue

mark: point



analyze idiom structure ⇢ as combination of marks and channels

56

Visual encoding

1:  
length or 
vertical position 

mark: line

2:  
vertical position 
horizontal position 

mark: point

3:  
vertical position 
horizontal position 
color hue

mark: point



analyze idiom structure ⇢ as combination of marks and channels

56

Visual encoding

1:  
length or 
vertical position 

mark: line

2:  
vertical position 
horizontal position 

mark: point

3:  
vertical position 
horizontal position 
color hue

mark: point

4:  
vertical position 
horizontal position 
color hue 
size (area)

mark: point
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Channels
Magnitude Channels: Ordered Attributes Identity Channels: Categorical Attributes

Spatial region

Color hue

Motion

Shape

Position on common scale

Position on unaligned scale

Length (1D size)

Tilt/angle

Area (2D size)

Depth (3D position)

Color luminance

Color saturation

Curvature

Volume (3D size)

Channels: Expressiveness Types And Effectiveness Ranks
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Channels: Matching Types
Magnitude Channels: Ordered Attributes Identity Channels: Categorical Attributes

Spatial region

Color hue

Motion

Shape

Position on common scale

Position on unaligned scale

Length (1D size)

Tilt/angle

Area (2D size)

Depth (3D position)

Color luminance

Color saturation

Curvature

Volume (3D size)

Channels: Expressiveness Types And Effectiveness Ranks

•expressiveness principle 
–match channel and data characteristics
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Channels: Rankings
Magnitude Channels: Ordered Attributes Identity Channels: Categorical Attributes

Spatial region

Color hue

Motion

Shape

Position on common scale

Position on unaligned scale

Length (1D size)

Tilt/angle

Area (2D size)

Depth (3D position)

Color luminance

Color saturation

Curvature

Volume (3D size)

Channels: Expressiveness Types And Effectiveness Ranks

•expressiveness principle
–match channel and data characteristics

•effectiveness principle
–encode most important attributes with highest 
ranked channels
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Channels: Rankings
Magnitude Channels: Ordered Attributes Identity Channels: Categorical Attributes

Spatial region

Color hue

Motion

Shape

Position on common scale

Position on unaligned scale

Length (1D size)

Tilt/angle

Area (2D size)

Depth (3D position)

Color luminance

Color saturation

Curvature

Volume (3D size)

Channels: Expressiveness Types And Effectiveness Ranks

•expressiveness principle
–match channel and data characteristics

•effectiveness principle
–encode most important attributes with highest 
ranked channels

✦ spatial position ranks high for both



60

Channels: Expressiveness types and effectiveness rankings
Magnitude Channels: Ordered Attributes Identity Channels: Categorical Attributes

Spatial region

Color hue

Motion

Shape

Position on common scale

Position on unaligned scale

Length (1D size)

Tilt/angle

Area (2D size)

Depth (3D position)

Color luminance

Color saturation

Curvature

Volume (3D size)

Channels: Expressiveness Types And Effectiveness Ranks

•expressiveness principle 
–match channel and data characteristics 

•effectiveness principle 
–encode most important attributes with highest 
ranked channels 

✦ spatial position ranks high for both

Where does this order come from?



61

Accuracy: Fundamental Theory

( S
 )

( I )
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Accuracy: Vis experiments

after Michael McGuffin course slides, http://profs.etsmtl.ca/mmcguffin/

Crowdsourcing Graphical Perception: 
Using Mechanical Turk to Assess 
Visualization Design. Heer and Bostock. 
Proc ACM Conf. Human Factors in 
Computing Systems (CHI) 2010

Positions

Rectangular 
areas 

(aligned or in a 
treemap)

Angles

Circular 
areas

Cleveland & McGill’s  Results

Crowdsourced Results

1.0 3.01.5 2.52.0
Log Error

1.0 3.01.5 2.52.0
Log Error

Graphical Perception: Theory, 
Experimentation, and Application to the 
Development of Graphical Methods. 
Cleveland and McGill, Journal of the 
American Statistical Association, 1984

http://profs.etsmtl.ca/mmcguffin/


63Munzner Book - Chapter 10

Color as a Channel
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first rule of color: do not talk about color!



Magnitude Channels: Ordered Attributes Identity Channels: Categorical Attributes

Spatial region

Color hue

Motion

Shape

Position on common scale

Position on unaligned scale

Length (1D size)

Tilt/angle

Area (2D size)

Depth (3D position)

Color luminance

Color saturation

Curvature

Volume (3D size)

Channels: Expressiveness Types And Effectiveness Ranks
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Channels: Rankings



• color is confusing if treated as monolithic

66

Decomposing color



• color is confusing if treated as monolithic

• ordered can show magnitude
• luminance: how bright
• saturation: how colorful 

• categorical can show identity
• hue: what color

66

Decomposing color

Saturation

Luminance values

Hue

Saturation

Luminance values

Hue
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Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic

Attributes

Attribute Types

Ordering Direction

Categorical Ordered

Ordinal Quantitative

Sequential Diverging Cyclic



• human perception built on relative 
comparisons 
• great if color contiguous 

• surprisingly bad for absolute 
comparisons

68

Categorical color: limited number of discriminable bins

Cinteny: flexible analysis and visualization of synteny and genome 
rearrangements in multiple organisms. Sinha and Meller. BMC Bioinformatics
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• human perception built on relative 
comparisons 
• great if color contiguous 

• surprisingly bad for absolute 
comparisons

• noncontiguous small regions of color 
• fewer bins than you want 

• rule of thumb: 6-12 bins, including 
background and highlights

68

Categorical color: limited number of discriminable bins

Cinteny: flexible analysis and visualization of synteny and genome 
rearrangements in multiple organisms. Sinha and Meller. BMC Bioinformatics



Questions!

?
Slides (partially) based on lectures by 
Anna Vilanova (TU Eindhoven) 
Tamara Munzner (University of British Columbia)


