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Low-level cognitive models create computational proxies of

human mental behavior, to hel

D US characterize and understana

how we will engage with a piece of technology
Model human processor, GOMS, KLM

T hinking In -
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embodied cognition emphasizes how we think with our bodies,
whereas distributed cognition empnasizes how we think with the
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Choosing the right representation
Data, marks, visual attributes and encodings
Graphical perception

Frontiers of visualization research



Choosing the right
representation




Cognitive amplification

Visualization can help, but ultimately this

ower comes from better

representation. By better understanding human cognition, we can
design technology that makes us smarter

"The powers of cognr

the abillity

O represen

lon come from abstraction and re

. percep

loNs, experiences, and -

resentation:

S 1N

hough

some medium other than that in which they have occurred,
abstracted away from irrelevant detalls.” [Norman 94, Simon '8 1|



Example: Number scrabblé

[Simon |988]

Jake turns picking numbers in 1,2,3,4,5,6,7,8,9 without replacement

Win it any three of your numbers add up to 15.

t's OK If you have extra numbers in your hand, as long as three of
them add up to exactly 5.



Ready, set, go!

| will show the series of moves from players A and B so far. Raise
your hand when you know what B's best next move should be.

A takes 4
B takes 9
A takes 2
B takes 8
A takes 5
What should B do?




)—O(/
Re-encoding number scrabbl

A4 B9 A2
35 AS /
B3 | 6

Representation: Changing representation to spatial tic-tac-toe board facilitates choice




Plate 5
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Exports and Imports to and from all North America [Playfair 1786-1801]

User’s task: Understand balance of trade between England and North America over time




Plate 5
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P
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N

1800

Yeele se.Strand .

Exports and Imports to and from all North America [Playfair 1786-1801]
Important Information: Historical differences between exports and imports

Representation: Superimpose line charts of exports and imports to show historical pattern
Shade differences between lines to highlight balance against/in favor




2005 NIH Research Budget per Death

Cardiovascular (CVD = Heart & Stroke)

Hepatitis C

Hepatitis B

Prostate

© Copynight FAIR Foundation 2004

Estimated 2005 NIH Research Budget per Death [FAIR Foundation 04]

User’s task: Understand overall proportion of budget allocated to each disease
Compare proportion of budget allocated to each disease




2005 NIH Research Budget per Death

Cardiovascular (CVD = Heart & Stroke)

Hepatitis C

Hepatitis B

Prostate

© Copynight FAIR Foundation 2004

Estimated 2005 NIH Research Budget per Death [FAIR Foundation 04]

Important Information: Percentage of budget allocated to each disease
Representation: Encode budget using pie chart to emphasize part-to-whole relationship
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THE SHRINKING FAMILY DOCTOR

In California

Percentage of Doctors Davoted Solely to Family Practice

Las Angeles Times, August 5, 1979, p. 3

1: 2,247 Ao 10 POPLLATION
B.023 Doctors

BACK HUCKABEE

BACK ROMNEY

SOURCE:OPINIONS

05:50  Timm to travel 350 mites at 60 mph

Average Sedan

4 Capacity

27 Miesper galion

037  Gallons per mile

05:50 Time to travel 350 mikes at 60 mph

Average Hybrid

4 Capacity

46 Miesper gallon

022 Galons per mile

05:50 Time totravel 350 miles at 60 mph

Motorcycle

1 Capacity

56 Miesper galion

017 Galons per mile

05:50 Time to travel 350 miles at 60 mph

Bicycle
1 Capacity
912 Miesper galon (caoric comveesion)

{001  Gallons per mile{calorsc conversion) €

23:20 Tima totravel 350 miks at 1Smph

Walking

1 Capacity

211 Miesper galon (calonic comversion)
005  Gallons per mile(caloric conversion)
100 Time totravel 350 miles at 35mph

©UUL FUELUSASE for o ver slome
Y FUEL USASE for driver plus one passenger
TN FUEL USAGE Sor deiver plus theee passangers

(or-gx 48)

& WHIPPER with cheese is 770 calories.
G0O8 neither endorses o denounces the
consumptionol Whoppers

WERE EFFICIENT One galon of gas equals
appraximately 31,000 calories. We only need
about 2 000 calories a day

CYCLIST A175-pound rider, biking 15miles
per hour and burning 049 calories per
pound perminute.

WALKER A175-pound padestrian, walking st
3. 5miles per howr, and burming 035 calories
perpound per misute

NOTE Capacity, fuel economy. sad speed
numbers are, in some cases, weragesor
estimates

Yrm nucﬁﬂ}ﬂﬂ
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Widcwators davelopn ¢
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What are your three most favorite types of pie?
Peach 16%
Key lime 18%

Blueberry

Chocolate
creme

A BY :"r“
*; s T 32%

Apple crumb 25% Cherry 27%

*Total adds up to more than 100 percent because people were asked to rank their three favorite types of pie.

SOURCES: SCHWAN'S CONSUMER BRANDS N.A. PIE PREFERENCE SURVEY, 2008; DREAMSTIME
KARL TATE, lifeslittlemysteries.com



Data, marks, visual
attributes and encodings




On the theory of
scales of measurements

S. S. Stevens, 1946

Data lypes

N - Nominal (labels)

Frurts: Apples, oranges, ...
Operations:

O - Ordered
Quality of eggs: Grade AA, A, B
Operations: =, #,

Q - Interval (location of zero arbitrary)

Dates: Jan, 19, 2016; Loc.: (LAT 33.98, LON -1 18.45)
Like a geometric point. Cannot compare directly

Only differences (l.e. intervals) may be compared
Operations: =, #, <, >,

Q - Ratio (location of zero fixed)
Physical measurement: Length, Mass, ...
Counts and amounts

Like a geometric vector; origin Is meaningful

Operations; =, #, <y >, =,
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people
148357885

U.S. Census Data

1

2
3 145035786
4 1411067
People Count:  # of people in group 5 1359668
b 1260088
Year: 850 — 2000 (every decade) K 1216114
3 1077133
Age: 0 =90+ : 1110619
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(W=
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people
148357885
1450376
1411067
13558668
12600885
121ellsd
1077133
1110619
1017281
1003841
862547
788482
730638
8638636
588487
505012
475811
428185
384211
341254
321343
286580
18408C
187208

Census N,

People Count:
Year: (maybe ©O)

W o ~J o B w N -

Age: (maybe O)
Sex: N
Marital Status: N
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Marks & Visual Attributes

Marks: geometric primitives

poINts ines areas

POINTS LIGNES

Position (ZX) guolpalqmsmNs Bj Zz

- 7
Size TAILLE

\/al ue VALEUR

LES VARIABLES DE SEPARATION DES IMAGES

N A

Color

Orientation

Shape

‘Semiology of Graphics
J. Bertin, 1967



Encodings

A map from data to visual attributes of marks

Mark: lines Mark: point Mark: point Mark: point

county(N) = x acreage(Q) — x acreage(Q) — x acreage(Q) — x

population(Q) — size or length  population(Q) — vy population(Q) — vy population(Q) — vy
county(N) — color county(N) — color

avg_income(Q) — size

"Best” encoding based on perceptual effectiveness of visual attribute for data type






Position

B

We immediately notice that:

A, B, C are distinguishable
Points are collinear, B 1s between A and C

BC Is twice as long as AB

Position encodes quantitative data well

2



Color

Value or gray level is perceived as ordered

So, It encodes ordinal data well

[F F ) BEEBE

But, fine differences hard to perceived, so encodes quantitative data less well

L.

Hue is typically perceived as unordered

So, hue encodes nominal data well

EEEEERE

22



Bertin’s ““Levels of Organization™

Position N ‘ O ‘ Q N Nomindl
O Ordered
Size N Ol Q Q Quantitative
Value N| O] c
Texture N O
Color N
Orientation | N
Shape N







Which is brighter?






(128, 128, 128) (130,130, 130)

Which is brighter?



Just Noticeable Differences

JND (Weber’s Law)
Al

AS = k=
S = k—

* Ratios more important than magnitude

* Most continuous variations in stimuli are perceived In discrete steps

.
LL L L







Compare areas of circles






Compare lengths of bars






Steven’s Power Law

Shock Heaviness Taste

Areqa

Volume
p < 1:underestimate Brightness
p > 1:overestimate ' Loudness

Smeil

[graph from Wilkinson 99, based on Stevens 61 ]



TYPE 1 TYPE 2 TYPE 4

T 185 L 1P

TYPE 1 (POSITION)

TYPE 2 (POSITION)D

TYPE 3 (POSITION)

TYPE 4 (LENGTH)

TYPE S (LENGTH) I &
LOG BASE 2 (ABSOLUTE ERROR + . 123

[Cleveland and McGill 84]




o

4

TYPE 1 (POSITION)

TYPE 2 C(ANGLE)D

LOG BASE 2 (ABSOLUTE ERROR + . 123

ol AL 11 A1
A B C D E

[Cleveland and McGill 84]




Relative Magnitude Estimation

Position (common) scale
Position (hon-aligned) scale

Most accurate ®

—  Size

/_~ Slope

@ Angle

o® Area

i/ B Volume

Least accurate 5 Color hue-saturation-densit




Mackinlay’s ranking [1986]

Quantitative Ordinal Nominal
2osItion 2osItion 2osItion
_ength Density Color hue
Angle Color saturation Texture
Slope Color hue Connection
Area ‘ Jexture Containment
Volume ““‘ Connection Density
Density “0“‘ Containment Color saturation
Color saturation 0“ Length Shape
Color hue Angle L ength
lexture Slope Angle
Connection Area Slope
Volume Area

Shape Volume 38



Algorithm for Chart
Construction

cncode most important data using highest
ranking visual variable for the data type

Year  Exports  Imports 1. Year (Q)
1700 170,000 300,000

: / 2. Exports (Q
1701 171,000 302,000 — P Q)

3. Imports (Q)

AN

702 176,000 303,000

Most accurate ° Position (common) scale
Position (non-aligned) scale

Size

mark: lines

Year (Q) > x-pos
——»> Exports (Q) > y-pos

Imports (Q) > y-pos

Slope

Angle

Area

Volume

Automating the design of graphical
presentation of relational information

J. Mackinlay, 1986

Least accurate Color hue-saturation-densit




Plate 5
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mark: lines

Year > x-pos (Q)

xports > y-pos (Q)
mporits > y-pos (Q)
Exports > color (N)
Imports > color (N)

Year Exports Imports
o 1700 170,000 300,000
= 1/01 171,000 302,000
O - 702 176,000 303,000
Q. 703 180,000 312,000
1704 187,000 319,000

Marks
Mappings




Impact

Mackinlay's approach gets extended by Chris Stolte and Pat
Hanrahan into VizOL, which then becomes...




Frontiers of Visualization
Research



Conveying uncertainty

Kay et al. 201 6]

/

Queen Vict. ‘ 1 0
Eastminster

0 10 20 30
We over-rely on point

estimates. People simplify )3 5
distributions and attend to Whitefiel

point estimates on the right 0 10 20 30
(10min until the bus comes)

23

| . 13
Whitefield
ITPL

0 10 20 30 40




Conveying uncertainty

Kay et al. 201 6]

Suggestion: quantile dot plots

Probability density of Normal distribution

To generate a discrete plot of this distribution,
we could try taking random draws from it.
However, this approach is noisy: it may be
very different from one instance to the next.

A

3 %sik i1 &.

. ..i%giiséz .
o

Instead, we use the quantile function (inverse CDF)
of the distribution to generate “draws" from
evenly-spaced quantiles.

Wilkinsonian dotplot, yielding what we call a
quantile dotplot: a consistent discrete

We plot the quantile “draws" using a
representation of a probability distribution. oS iigiggi:. o

By using quantiles we facilitate interval

estimation from frequencies: e.g., knowing there

are 50 dots here, if we are willing to miss our gg

bus 3/50 times, we can count 3 dots from the o3 §§§ §§3- s

left to get a one-sided 94% (1 - 3/50) prediction 44
interval corresponding to that risk tolerance.




Interpretation errors

Iwo common visualizations of uncertainty:
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Sliding distanc
3

(0]
o

I

Standard Special
boulder boulder

~
o

Std. Error:
uncertainty in the

DO

ulation mean

Experiment: people
overestimate
treatment effects

when shown standarc
errors Instead of
Standard _ Special standard deviation

boulder boulder

Std. Deviation:
uncertainty in a
single sample

45



Exploratory analysis

'VWongsuphasawat et al. 201 5]

Data voyager M Bookmarks (2) 'O Undo

|
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Gniterntiona

*//
4 /

S Hallimar and Adar 2077/
Generally, visualization (and HC| more

broadly) arsue optimizing for clear and
correct interpretation

CASH CRUNCH
farmincome in

Net Cash crunch: net farm income in billions of

Yet difficult visualizations may support
better comprehension and recall

Why! [t Induces active processing:

Forcing active construction of meaning

Distluent learning experiences avold
neuristics and superficial reasoning 7
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Towards Understanding How Readers Integrate Charts and Captions: A Case Study with Line Charts [Kim et al. 202 1]
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Towards Understanding How Readers Integrate Charts and Captions: A Case Study with Line Charts [Kim et al. 202 1]
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16.00%
14.00%
12.00%
10.00%

2.00%

30 Year Fixed Mortgage Rate

6.00%

4.00%

1975 1980 1985 1990 1995 2000 2005 2010 2015

The 30-year fixed mortgage rate increased slightly from 1997 to 1999.

Towards Understanding How Readers Integrate Charts and Captions: A Case Study with Line Charts [Kim et al. 202 1]
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30 Year Fixed Mortgage Rate

6.00%

4.00%

1975 1980 1985 1990 1995 2000 2005 2010 2015

The 30-year fixed mortgage rate increased slightly from 1997 to 1999.

Towards Understanding How Readers Integrate Charts and Captions: A Case Study with Line Charts [Kim et al. 202 1]



37% reported as

a main takeaway Chart Emphasis
18.00% ¢
16.00% Caption Emphasis
S
© 14.00% l
o
D 12.00%
0
> 10.00% Takeaway:
2 .
L 800% Chart Emphasis
0
o 6.00%
4.00%

1975 1980 1985 1990 1995 2000 2005 2010 2015

The 30-year fixed mortgage rate increased slightly from 1997 to 1999.

Towards Understanding How Readers Integrate Charts and Captions: A Case Study with Line Charts [Kim et al. 202 1]



I 37% reported as

¥ a main takeaway Chart Emphasis
12.00% ¢
IO Caption Emphasis

14.00% l

12.00%
119% reported as

10.00% a main takeaway lakeaway:
Chart Emphasis

2.00%

30 Year Fixed Mortgage Rate

6.00%

4.00%

1975 1980 1985 1990 1995 2000 2005 2010 2015

The 30-year fixed mortgage rate increased slightly from 1997 to 1999,

Towards Understanding How Readers Integrate Charts and Captions: A Case Study with Line Charts [Kim et al. 202 1]



I 57% reported as

¥V a main takeaway Chart Emphasis
18.00% —
16.00% Caption Emphasis
o
© 14.00% l
o
D 12.00%
=
5 10.00% Takeaway:
Ra .
T 200% Chart Emphasis
X
o 6.00%
4.00%

1975 1980 1985 1990 1995 2000 2005 2010 2015

The 30-year fixed mortgage rate reached 1its peak of 18.5% 1n 1981.

Towards Understanding How Readers Integrate Charts and Captions: A Case Study with Line Charts [Kim et al. 202 1]



Reading Charts and Captions

Kim et al. 2021 ]

When text and visualization emphasis mismatch, readers rely
more on the chart and can miss Information In the caption.

59



Text
References
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Date

This chart shows the real home price index between 1890
and 2006.

(a) Prominent features & Basic caption

:

4
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Real Home Price Index

T T T T T T T T T T T
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Date

This chart shows the real home price index between 1890

and 2006. The housing prices have skyrocketed starting
around 1997 and we need to act.

(b) Caption text about prominent feature

Text
References
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4
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Date

This chart shows the real home price index between 1890

and 2006. The housing prices have skyrocketed starting
around 1997 and we need to act. Looking back, they

declined since 1984 with an increased housing supply as

manufactured homes became available to the public.

(c) Caption including false information
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1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Date

This chart shows the real home price index between 1890

and 2006. The housing prices have skyrocketed starting
around 1997 and we need to act. Looking back, they

declined since 1894 with an increased housing supply as

manufactured homes became available to the public. A
similar supply-side solution is what we need.

(d) Caption about less prominent feature

EmphasisChecker: A Tool for Guiding Chart and Caption Emphasis [Kim et al. 2023]



Summary

Visualizations can be represented as encodings that map from
data to marks & visual attributes based on data types

Our cognitive and perceptual systems determine which
encodings are effective: we (mis)read data It encoded poorly

Active research at frontiers investigating how users can create
effective visualizations and how readers take information
away from them

>/



CS 448B Visualization

Stanford CS course on data visualization
techniques (Fall 2021)

Location: Huang Eng. 18
Time: MW 11:30am-1pm

ABOUT
LEARNING GOALS
TEXTBOOKS/RESOURCES

SCHEDULE

Week 1
Week 2
Week 3
Week 4
Week 5
Week 6
Week 7
Week 8
Week 9
Week 10

TEACHING STAFF

ASSIGNMENTS

Class Participation
Assignment 1
Assignment 2
Assignment 3
Final Project

:
:

How Common Is Religious Extremism? 1. whot is the percentage of response
L B Not Cor ‘Common’ for Catholics?

Il =l .
Muss wors | INEEEE B Own
_ A(Sempre): 92 TR o O | e
Pagan/earth-based _ A(Ours): 8. I looked up the length of the ~w | EERE B oouyfem
— orange bor for ‘Catholics’. -~ } H &Il Moo
H B m
3 Jows Q2: Which religion has the longest orange BN B o |
Unaffiiated - component? ~ | I
. = =
A(Ours): Muslims. | looked up ‘Religion" of > 0 B8 B & e
wormons - the longest orange bar. ot
SO Chison Q3: What does the blue field represent? Q7: What s the value of yellow on Velvet? Q15: Which country has the highest GOP per copita in year 20057
Buddhists A(Sempre): 6 A (Sempre): Russia
:((Sem;;re): 24 A (Ours): 87.633. Ilooked up the length of the yellow bar for Velvet'. A (Ours): Russia. | looked up ‘country’ of the highest line for 2005"
Qurs): Not Common. | looked up what blue X . e .
‘ g : : g \ - Q8: Which variety of barley has the highest production in Grookston?  Q16: How many times do Brazil and Russia fiip in terms of GOP ranking?
0 20 4 6 80 100 represents by looking atthelegend. A (cempre): No. 475 A (Sempre): 18

Percentage A (Ours): Trebl. | looked up “veriety’ of the longest blue bar. A (Ours): 2. I counted the number of the blue line or the cyon line.

Well designed visualizations capitalize on human facilities for processing visual information and thereby
improve comprehension, memory, inference, and decision making. In this course we will study
techniques and algorithms for creating effective visualizations based on principles from graphic design,
visual art, perceptual psychology and cognitive science. The course is targeted both towards students
interested in using visualization in their own work, as well as students interested in building better
visualization tools and systems.

There are no official prerequisites for the class, but familiarity with the material in CS147, CS148 and
CS142 is especially useful. Most important is a basic working knowledge of, or willingness to learn,
web-programming, especially JavaScript, Vega-Lite and D3.js. While we will cover a little bit of Vega-Lite
and D3.js in class, we will also expect students learn some introductory material, especially about
Javscript on their own, as necessary. Tutorials on Javascript are available on the web and we will help
you find the relevant information as you need it.

*Contact us via Slack if you are worried about whether you have the background for the course.

Learning Goals

The goals of this course are to provide students with the foundations necessary for understanding and
extending the current state of the art in visualization. By the end of the course, students will have:

An understanding of key visualization techniques and theory, including data models, graphical
perception and methods for visual encoding and interaction.

Exposure to a number of common data domains and corresponding analysis tasks, including
exploratory data analysis and network analysis.

Practical experience building and evaluating visualization systems using Vega-Lite and D3.js.

The ability to read and discuss research papers from the visualization literature.

Textbooks/Resources

1. The Visual Display of Quantitative Information (2nd Edition). E. Tufte. Graphics Press.
2. Envisioning Information. E. Tufte. Graphics Press.

3. Optional Textbook. Visualization Analysis and Design. Tamara Munzner. A K Peters Visualization
Series. CRC Press.

4. Optional Reference. Interactive Data Visualization for the Web (2nd Edition). Scott Murray.
O’Reilly Press. [Read Online] [Code Examples on Github]

Your best bet is to order them online. Please order soon. Readings will be assigned in the first week
of class.

To learn more about visualization

consider taking CS 448B: Fall 2025

« An understanding of key visualization
techniques and theory, including data models,
graphical perception and methods for visual
encoding and interaction.

« Exposure to a number of common data
domains and corresponding analysis tasks,
including exploratory data analysis and
network analysis.

« Practical experience building and evaluating
visualization systems using Vega-Lite and D3.js.

« The ability to read and discuss research papers
from the visualization literature.
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