How to think about
visualization
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Which of these plots is better, A or B? Why?

From a dataset of countries:

Mean GDP per capita [PPP USD],
split by whether unemployment is <7%

A GDP/capita B GDP/capita
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From a dataset of monthly
temperature readings:

Average annual temperature [°C] in
Cambridge

A meantemp B meantemp
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Which of these plots is better, A or B? Why?

Average daytime speeds in central
London, major roads

A mph B mph A mph B mph
10.0 9.5 10.0 9.5
. | I 9.0 quarter 7.5 2 Uit
q1 q1
8.5 8.5
5.0 q2 5.0 92
8.0 q3 8.0 q3
2.5 q4 2.5 q4
7.5 7.5
0.0 0.0
%’7 %{s\ %’@%’» %{7 %{s\%’@%’» %77 %{y %{9 %’» %’7 %6« %’@ %7»



PART |. Scales



Aesthetic mappings convert dataset feature scales
to perceptual scales on a plot.

Sepal. Sepal. Petal. Petal.
Length Width Length Width Species
5.0 3.4 1.6 0.4 setosa
6.5 3.0 5.5 1.8 virginica
5.0 3.5 1.3 0.3 setosa
6.7 2.5 5.8 1.8 virginica
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Populists have gained ground across the political spectrum

Number of votes for populist parties across Europe, from leftwing to rightwing

5m votes higher vote share

lower vote share
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What perceptual scales are there?
And how should we choose which to use?
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According to On the theory of scales of measurement (Stevens 1946) there are four

types of data scale. (This isn’t really true but it’s a good place to start.)

Nominal: no
comparison is
meaningful

Algeria
Argentina
Bolivia
Brazil
Canada
Chile
CostaRica
Ecuador
Ethiopia
France
Gambia
Germany
Guinea
Haiti
Hungary]|
Iraq

Italy
Jamaica
Libf/a
Malaysia
Mali
Pakistan
Somalia
Spain
Sweden
Turkey
Yemen

Country

from The Grammar of Graphics (Wilkinson 2005)

Rank of Military Expenditures

Ordinal: we can ask
which is greater, but not
measure how much
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Why is military expenditure
interval rather than ratio?

“Money is not a physical or
fundamental quantity. It is a
measure of utility in the
exchange of goods. Research
by Kahneman and Tversky
(1979) has shown that zero (no
loss, no gain) is not an
absolute anchor for monetary
measurement. Individual and
group indifference points can
drift depending on the framing
of a transaction or
expenditure.”

Wilkinson, 2005.



The four data scales fit naturally with certain aesthetic scales.

Nominal: no
comparison is
meaningful

® setosa
A versicolor

"  virginica

shape
colour choice

Ordinal: we can ask

which is greater, but not

measure how much
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colour sequence

Interval: we can
subtract one value
from another
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location
extent
colour gradient

Ratio: we can
divide one value by
another
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Best to use a well-thought-out off-the-shelf colour scale.

Qualitative palette

Sequential palette
nominal scale

Divergent palette
ordinal or interval scale

ratio scale
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© Cynthia Brewer, Mark Harrower, and the Pennsylvania State University
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You should only use an aesthetic scale that doesn’t match your data scale
when you’re making an artistic or rhetorical statement.
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Some more scales
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Some more scales
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Some more scales
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Some more scales
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Some more scales
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Some more scales

Country

Nominal: no
comparison is
meaningful

Algeria
Argentina
Bolivia
Brazil
Canada
Chile
CostaRica

A

Ecuador
Ethiopia
France
Gambia
Germany
Guinea
Haiti
Hungary|
Iraq

Italy
Jamaica
Libra
Malaysia
Mali
Pakistan
Somalia
Spain
Sweden
Turkey
Yemen

This is dumb!

How can we say
“no comparison
is meaningful” —
and at the same
time render onto
a y scale, inviting
comparison?
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Some more scales

Minimum and maximum February temperatures [°C]
at weather stations around the UK

Aberporth ° *—o—o
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This scale is really an
embedding of stations
onto the y axis, based on
alphabetic ordering of
station name.
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_| Don’t let a scale go to
waste! How about a
different embedding,
based on other
interesting features?
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PART II. Argument




Why do we even use plots?

So that we can take advantage of the audience’s perception, rather than just their cognition.
(Don’t make your audience do all the work!)

Survivors of the Titanic
Fraction who survived
Survived No Yes 1.00
Class Sex Age
1st Male Child 0] 5
Adult 118 57
Female Child (0] 1 0.75
Adult 4 140 '
2nd Male Child O 11
Adult 154 14
Female Child O 13
Adult 13 80 0.50
3rd Male Child 35 13
Adult 387 75
Female Child 17 14 1st
Adult 89 176
Crew Male Child 0 0] 0.25
Adult 670 192 %ew
Female Child 0] 0] nd
Adult 3 20 -
emale Male




EXERCISE: what does this scientist want us to perceive?

DATASET: medical data for 10 P P2 P3 P4 PS Pe P7 P8 P e
patients was processed by 4
classification algorithms, and
each algorithm was scored on a
holdout dataset of size 30, to
measure its prediction accuracy.

>
U {
© :
|
> X
patient classification  accuracy o :
ID algorithm score ®© o]
p2 lasso 0.228 Kt
e ‘;
p3 owl 0.279 4
p3 crl 0.197 é: 5
e %]




" Plots invite the viewer to make comparisons
(how does feature A depend on B, C, or D?)

" So decide what comparisons you want your
audience to make, and put your primary
comparators on the best-perceived scales



EXERCISE: what comparisons does this scientist want us to make?

DATASET: medical data for 10 P P2 P3 P4 PS Pe P7 P8 P e
patients was processed by 4
classification algorithms, and
each algorithm was scored on a
holdout dataset of size 30, to
measure its prediction accuracy.
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EXERCISE: what comparisons does this scientist want us to make?

DATASET: medical data for 10 = Probably "how does accuracy depend on algorithm?”
patients was processed by 4 -
classification algorithms, and
each algorithm was scored on a
holdout dataset of size 30, to

So put this on x and y scales, which are easier to perceive!

= The lines group together the readings for a single patient, which
helps with making between-patient comparisons.

measure its prediction accuracy. = Between-patients is of secondary importance, so we’ll use hue.
patient classification  accuracy 0.300 patient
ID algorithm score p1
p2 lasso 0.228 p2
0.275 3
p3 owl 0.279 P
p3 crl 0.197 § p4
- S 0.250 D5
(&)
8 p6
0.225 p7
p8
p9
0.200
p10
gtv owl lasso crl

method



EXERCISE: what comparisons are we invited to make?

This plot shows signal
strength from a
pulsar. Each line
spans a period in
time, and the periods
are arranged in order
of time, with
occlusion.

Joy Division’s aloum Unknown Pleasures, 1979
https://blogs.scientificamerican.com/sa-visual/
pop-culture-pulsar-origin-story-of-joy-division-s-unknown-pleasures-album-cover-video/



EXERCISE: what comparisons are we invited to make?

An individual's monthly activity (3 categories) and sleep quality

(1 category), normalized by the monthly maximum in each category.
All differences between means with p < 0.01 are indicated (within the same category and across categories). #, p <
0.01, for Sep—Dec 2016 and any time interval before May 2016; ***, p < 0.001; ****, p < 0.0001; two-tailed paired t-

tests.
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This plot is

Jan-Apr 2015 May-Aug 2015 Sep-Dec 2015 Jan-Apr 2016 May-Aug 2016

https://www.nature.com/articles/s41551-017-0079

Sep-Dec 2016

— annotated with
hypothesis tests.

If your plot does
not depict the
comparisons you
want to make,
find a better plot.



EXERCISE: what comparisons are we invited to make?

Detected fires in the Amazon using data from NASA satellites Terra
and Aqua (which can detect the infrared radiation emitted by fires)

Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec.
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New York Times
https://www.nytimes.com/interactive/2019/08/24/world/americas/amazon-rain-forest-fire-maps.html

7”7

This is a “small multiple
plot, useful for making
comparisons between
multidimensional
outputs.

(The medical example
was a badly-done
small multiple plot.)
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“Decide what comparisons you want your audience to make,
and put your primary comparators on the best-perceived scales”

What does “best-perceived scale” mean?

data
scale

aesthetic mapping

scale perception

> perceptual

scale

30
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What perceptual scales might | use to convey quantity?

'.‘. IIII TN

Area is dangerous
Stevens exponent: perceived area = (drawn area)%8

Information visualization: perception for design by Colin Ware
Why scientists need to be better at data visualization https://www.knowablemagazine.org/article/mind/2019/science-data-visualization 32



What colour scale might | use to convey quantity?

e e Hue (c) conveys broad differences,
40 40 while brightness (b) conveys fine differences.
| E- 2 They can be combined (d).
= =
J 2 200 ' E 300
2 (Rainbow palettes (a) should only be used for
] 250 ] 250 ) .
drawing rainbows.)
200 200
180 150
450 450
. 400 : 400
)i - i
g 200 g 200
A 280 ] 250
200 200

Total column density of ozone above the southern hemisphere
(Why Should Engineers and Scientists Be Worried About Color? Rogowitz and Trienish, 1998) 33



How are the different perceptual scales perceived?

temp
oo 8

temp

T4t el x ¢+ 1 \ $ % 4 0 Lines banked around 45°
: T 44 | ? are easiest to read.
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How are the different perceptual scales perceived?

We can see colour
differences more eas 1\
than shape differences.



How are the different perceptual scales perceived?

Where is the red dot?
Fraction who survived, among
o people on the Titanic
o ® ® O
o® ® ® o® ®
PP o ® O
a o ® ° 8 ®
® o o0 % ® o0
o e © o ®
o © o
e 4 & - o
® o0 s ° o s

We notice differences
relative to the field

36



PART II1.
The atomic theory
of plotting

In the best plots, every dot of ink is a datapoint.



Each baris a

| person who died
from cholera. The
bars have been
stacked.

John Snow, 1854 https://www.theguardian.com/news/datablog/
2013/mar/15/john-snow-cholera-map
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Our brains are wired to understand how
datapoints look when they’re aggregated

This is why histograms are so easy to understand

Dataset: miles per

zz gallon (mpg) for a
gg gg g variety of cars

10

o O L = o gsggg sgg ggggsosso o 8

10 20 30 40 20 30 40

B 9 % %%, % %, I YRS
AN S, 2. % % %
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Manthly
Italities

0

1000

1,500

3,000

Iraqg’s bloody toll

Coalition deaths

4,802

Civillan deaths

113,728

captured

[
US President
George W. Bush
declares an end
to combat

I
govesnment

December,

2008
Iraqis slect
ull-term

parliament

950 killed In
asingle incident
when fears of an
insurgent attack

crowd of Shite
lgrims (o stampede
on a bridge

troops will
be deployed

December,
2006

e
uach, 2003 The biggest killers
Alr strikes Roadside Suicide Vehicle Mortar Executions Small arms
bombs. bombs. bombs. fire gunfi

January, 2009
US forces come
under Irai mandate.
Control of Green Zone
handed to Iraq

The United States officially marked the end

January, 2007
Bush announces
asurge of extra

years of bloody military engagement in Irag on Thursday
Over 4,800 coalition soldiers and tens of thousands of Iraqi
lost their lives in a war that defined a decade
us ground troops in Iraq

President bush
approves 21500
extra troops

Coalition
deaths
United States
4
Others  Britain
[T )
Coalition fatalities by area

Daghdad and the vast desert province
of Anir saw some of the flercest
fighting, the latter being the scene

of sectarian tensions and a

bloody Sunni insurgency

099
100499
™ 500+

security forces

10,125

South China Morning Post
https://www.scmp.com/infographics/article/1284683/iraqs-bloody-toll
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In the best plots, every dot of ink is a datapoint
with its own story.

The New York Times makes great use of
interactive dotplots, to tell stories.

42



In the best plots, every dot of ink is a datapoint
with its own story.

It's too easy to lie with aggregated data.

A B C D

15 -

/7

—_
o

Values for Paired
Measurements
(4]

N\

Beyond Bar and Line Graphs: Time for a New Data Presentation Paradigm

Show the dots in plots
43



Plot things, not numbers (if you can)

= All data starts with observable things

= Don’t do too much computation (thresholding etc.) before showing the plot:
let the computation be in the eye of the beholder

Why do we even use plots?

We use plots to take advantage of the
audience’s perception, rather than
just their cognition.

So don’t ask too much of the viewer’s
cognition.

44



Plot things, not numbers (if you can)

All data starts with observable things

Don’t do too much computation (thresholding etc.) before showing the plot:

let the computation be in the eye of the beholder

Make up the underlying observable things, if it helps!

Upper East i
13 27 IEE

L]

3 2 1
East \.-"I:’”age

Origin-destination matrix
for taxi trips in New York

https://blog.revolutionanalytics.com/2016/12/taxi-mrs-spark.html
Ali Zaidi, data scientist at Microsoft

* & urbanengines
.

| |
;_ az | Astoria
= phawken

Greenpoint

( Imputed t,affic flows
ased on shortest-path routing
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Rules for atomic plots

= |f our data scale is accumulative: show it with a histogram, and let the size be accumulated mass

= |f our data is not accumulative: don't use bars, because they convey the impression of mass

GDP/capita mean temp mph
17000 10.0
° §<
7.5
16000
° 5.0
15000
3 2.5
14000 0 0.0
high low D D D
unemployment T B B A
year
From a dataset of countries: From a dataset of monthly Average daytime
GDP per capita [PPP USD] temperature readings: speeds in central
split by whether Annual average temperature [°C] London, major roads

unemployment is <7% in Cambridge



PART |V. Presentation



Temperature distribution analysis

Distribution of monthly mean temperatures in Cambridge, split by season

temperature distribution (1960s)
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“We looked at the distribution of monthly mean temperatures in Cambridge, split by
season. These plots show that not only has it gotten hotter, but the distribution has
also become more extreme.”



Temperature distribution analysis

Distribution of monthly mean temperatures in Cambridge, split by season

temperature distribution (2010s)
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“We looked at the distribution of monthly mean temperatures in Cambridge, split by
season. These plots show that not only has it gotten hotter, but the distribution has
also become more extreme.”



EXERCISE: what’s wrong with this visualization?

Temperature distribution analysis

Distribution of monthly mean temperaturesin Cambridge, split by season

te| Temperature distribution analysis

Distribution of monthly mean temperaturesin Cambridge, split by season

temperature distribution (2010s)
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. summer
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There are two types of slideshows: props, and docs

Slides as props. The speaker has the
audience’s attention. The audience only
looks at the slides when prompted to.

Slides as docs. The audience focuses first
on making sense of the slide, and only
then pays attention to the speaker.

(All Zoom talks work like this.)

Temperatures have become both
hotter and more extreme

| Method:
ssssss analysis of

e’ —jool monthly
“ — readings in
o e Cambridge

mmmmmm

uuuuuuuuuuuuuuuuuuuuuuuu
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There are two types of slideshows: props, and docs

+* The slide title should be the full claim or hypothesis that this
slide is about. (If an audience member already believes your
claim, this leaves them free to take a quick break.)

+* The title should not be a noun or noun-phrase. (Such titles are
just notes from the speaker to themselves.)

** The audience’s attention will drift between the slide and the
speaker. As you speak, give ‘hooks’ so that the audience can
re-attach to your speech.

+* One slide takes 3-5 minutes

Temperatures have become both
hotter and more extreme

| Method:
ssssss analysis of

£ | Py monthly
o readings in
Cambridge

mmmmmm

uuuuuuuuuuuuuuuuuuuuuuuu
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There are two types of slideshows: props, and docs

Slides can take as little as 30sec, depending on content.

But do dwell on plots. Build up plots step by step; don’t just state
the conclusion you want to draw from them.

** What are the axes?
** What are the entities being plotted?

** What comparison are you interested in? What shape would we
expect to see if there was nothing going on?

** What shape do we actually see? What does this tell you about
the dataset?




There are two types of slideshows: props, and docs
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What are the axes?

The x axis is season (winter, spring, summer, autumn), and the y
axis is temperature. For each shape, the left hand side shows a
histogram of temperatures in the 1960s, and the right hand side
shows temperatures in the 2010s.

What are the entities being plotted?
These histograms are obtained by taking the average
temperature at each month over the decade, and binning it.

What comparison are you interested in? What shape would we
expect to see if there was nothing going on?

We want to see how temperature distributions have changed
from 1960s to 2010s. If there were no change, then the
histograms on the left would be the same shape as on the right,
for each season.

What shape do we actually see? What does this tell us about

the dataset?

But we can see that the histograms have moved slightly higher
up, in other words slightly higher temperatures, by about 1°C it
looks like. And in winter and summer especially, there’s a much
more pronounced peak at the top of the distribution.



Visualizations are quantitative rhetoric

rhetoric = grammar + style

+ reason /arrangement

Statistics and Computing »

SECOND EDITION

The Visual Display

of Quantitative Information

EDWARD R. TUFTE

Javascript + D3

and many many
badly conceived
libraries ...

matpl:tlib
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My Best Visualization

DAMON WISCHIK



Chicago toll-road toll plazas
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For each vehicle passing under a

. detector, we are given

plaza_id

payment_tag_id

vehicle class

(car, bus or 2-axle truck, freight)
timestamp

speed
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veh/min

*

2013-05-20 14:30:00 ... 56 - 70mph

-0.5km

plaza 35

+0.5km
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