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A brief history of data visualization

Michael Friendly
March 21, 2006

Abstract

It is common to think of statistical graphics and data vigsion as relatively modern
developments in statistics. In fact, the graphic repregiEm of quantitative information
has deep roots. These roots reach into the histories of thiestanap-making and visual
depiction, and later into thematic cartography, statistind statistical graphics, medicine,
and other elds. Along the way, developments in technoledjerinting, reproduction)
mathematical theory and practice, and empirical obsemadind recording, enabled the
wider use of graphics and new advances in form and content.

This chapter provides an overview of the intellectual higtaf data visualization from
medieval to modern times, describing and illustrating seigai cant advances along the
way. Itis based on a project, called thidestones Projecto collect, catalog and document
in one place the important developments in a wide range akaaad elds that led to mod-
ern data visualization. This effort has suggested sometiguneof the use of present-day
methods to analyze and understand this history, that | gésender the rubric of “statistical
historiography.”

1 Introduction

The only new thing in the world is the history you don't know. —Harry S Truman

It is common to think of statistical graphics and data visualization as relativelyymae-
velopments in statistics. In fact, the graphic portrayal of quantitative infiombaas deep roots.
These roots reach into the histories of the earliest map-making and vigieliole, and later
into thematic cartography, statistics and statistical graphics, with applicatiohsi@ovations
in many elds of medicine and science that are often intertwined with each.offtezy also
connect with the rise of statistical thinking and widespread data collectiopléoning and
commerce up through the #9century. Along the way, a variety of advancements contributed
to the widespread use of data visualization today. These include techrsofograwing and
reproducing images, advances in mathematics and statistics, and new demti®mn data col-
lection, empirical observation and recording.

From above ground, we can see the current fruit and anticipate fgitomeh; we must look
below to understand their germination. Yet the great variety of roots angnigtiacross these

“This paper was prepared for thiandbook of Computational Statistics on Data Visualizatigichael Friendly
is Professor, Psychology Department, York University, Toronto, MIBJ 1P3 Canada, E-mail: friendly@yorku.ca.
This work is supported by Grant 8150 from the National Sciences agth&ering Research Council of Canada. |
am grateful to the archivists of many libraries andeas Chevaliers des Album de Statistique Graphicietoine
de Falguerolles, Ruddy Ostermann, Gilles Palsky, lan Spence, AntomynUand Howard Wainer for historical
information, images, and helpful suggestions.



domains, that gave rise to the many branches we see today, are oftealihatewn, and have
never been assembled in a single garden, to be studied or admired.

This chapter provides an overview of the intellectual history of data vistadiz from me-
dieval to modern times, describing and illustrating some signi cant advarioeg the way. It
is based on what | call the Milestones Project, an attempt to provide a broawligrehensive
and representative catalog of important developmenddl irelds related to the history of data
visualization.

There are many historical accounts of developments within the elds of pititya Hald,
1990, statistics Pearsonl1978 Porter 1986 Stigler, 1986, astronomy Riddell, 1980, car-
tography Wallis and Robinson1987, which relate to,nter alia, some of the important de-
velopments contributing to modern data visualization. There are other, mecakped ac-
counts, which focus on the early history of graphic recordidgf{and Geddes1959 1962,
statistical graphsHunkhouser1936 1937 Royston 197Q Tilling, 1979, tting equations to
empirical data ftarebrother1999, economics and time-series grapKksefn, 1997, cartogra-
phy (Friis, 1974 Kruskal 1977 and thematic mappingRobinson 1982 Palsky 1996, and
so forth; RobinsonRobinson 1982 Ch. 2) presents an excellent overview of some of the im-
portant scienti ¢, intellectual, and technical developments of the 15th—18ttuges leading
to thematic cartography and statistical thinkingainer and Vellemai(2001) provide a recent
account of some of the history of statistical graphics.

But there are no accounts that span the entire development of visuahtharkd the visual
representation of data, and which collate the contributions of disparaipluties. In as much
as their histories are intertwined, so too should be any telling of the develomhdata vi-
sualization. Another reason for interweaving these accounts is thditjoraers in these elds
today tend to be highly specialized, and unaware of related developmen&amauitside their
domain, much less their history.

2 Milestones Tour

Every picture tells a story. —Rod Stewart, 1971

In organizing this history, it proved useful to divide history into epoatech of which
turned out to be describable by coherent themes and labels. This digisadicourse somewhat
arti cial, but it provides the opportunity to characterize the accomplishmergadh period in a
general way, before describing some of them in more detail. Fifjuttisscussed in Sectioh 2,
provides a graphic overview of the epochs | describe in the subsedi@o®, showing the
frequency of events considered milestones in the periods of this historyidw, it suf ces to
note the labels attached to these epochs, a steady rise from the dadgi@iry to the late 19
century, with a curious wiggle thereafter.

In the larger picture— recounting the history of data visualization— it turngh@ai many
of the milestones items have a story to be told: What motivated this developmentwédithe
communication goal? How does it relate to other developments— What wereetfoeifsors?
How has this idea been used or re-invented today? Each section belotw fHiestrate the gen-
eral themes with a few exemplars. In particular, this account attempts to tellrafieesentative
stories of these periods, rather than to try to be comprehensive.

For reasons of economy, only a limited number of images could be printeddrat¢hese
only in black and white. Others are referred to by web links, mostly from tliesibnes



Milestones: Time course of developments
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Figure 1: The time distribution of events considered milestones in the histostafdsualiza-
tion, shown by a rug plot and density estimate.

Project, http://www.math.yorku.ca/SCS/Gallery/milestone/ , Where a color
version of this chapter will also be found.

2.1 Pre-17th Century: Early maps and diagrams

The earliest seeds of visualization arose in geometric diagrams, in tablespafdiions of stars
and other celestial bodies, and in the making of maps to aid in navigation alwlagiqn. The
idea of coordinates was used by ancient Egyptian surveyors in layingpwas, earthly and
heavenly positions were located by something akin to latitude and longitudestlb}e200 BC,
and the map projection of a spherical earth into latitude and longitude by C&Rtbhlemy |[c.
85—c. 165] in Alexandria would serve as reference standards untidtheentury.

Among the earliest graphical depictions of quantitative information is anyanous 1¢
century multiple time-series graph of the changing position of the seven naatn@nt heav-
enly bodies over space and time (Fig@e described byrunkhousel(1936 and reproduced
in Tufte (1983 p. 28). The vertical axis represents the inclination of the planetary pthés
horizontal axis shows time, divided into thirty intervals. The sinusoidal trariawith different
periods is notable, as is the use of a grid, suggesting both an implicit notiorcafrdinate
system, and something akin to graph paper, ideas that would not be fuljoged until the
1600-1700s.

In the 14" century, the idea of a plotting a theoretical function (as a proto bar grapti)
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Figure 2. Planetary movements shown as cyclic inclinations over time, by amwnkas-
tronomer, appearing in a f0century appendix to commentaries by A. T. Macrobius on Cicero's
In Somnium Scripionussource:Funkhouse(1936 p. 261).

the logical relation between tabulating values and plotting them appeared irkdowdlicole
Oresme [1323-1382] Bishop of Liséu®©resme 1482 1969, followed somewhat later by the
idea of a theoretical graph of distance vs. speed by Nicolas of Cusa.

By the 16" century, techniques and instruments for precise observation and raeesur
of physical quantities, and geographic and celestial position were wedlajmd (for example,
a “wall quadrant” constructed by Tycho Brahe [1546-1601], dogean entire wall in his ob-
servatory). Particularly important were the development of triangulatidro#imer methods to
determine mapping locations accuratdfyigiug 1533 Tartaglig 1556. As well, we see ini-
tial ideas for capturing images directly (the camera obscura, used bydR&pmma-Frisius in
1545 to record an eclipse of the sun), the recording of mathematical foadtidables (trigono-
metric tables by Georg Rheticus, 1550), and the rst modern cartograpiai Teatrum Orbis
Terrarumby Abraham Ortelius, 1570). These early steps comprise the beginrfidgsaovisu-
alization.

2.2 1600-1699: Measurement and theory

Among the most important problems of the™L £entury were those concerned with physical
measurement— of time, distance, and space— for astronomy, surveying, rReqg maviga-
tion and territorial expansion. This century also saw great new growtteoryhand the dawn
of practical application— the rise of analytic geometry and coordinate sygeessartes and

'Funkhouse(1936 p. 277) was suf ciently impressed with Oresme's grasp of the relatietwéen functions
and graphs that he remarked, “if a pioneering contemporary hactctadlsome data and presented Oresme with
actual gures to work upon, we might have had statistical graphs fandhed years before Playfair.”



Fermat), theories of errors of measurement and estimation (initial stepslibyoGathe anal-
ysis of observations on Tycho Brahe's star of 15R2l¢, 199Q 8§10.3)), the birth of probability
theory (Pascal and Fermat), and the beginnings of demographic statistios Graunt) and
“political arithmetic” (William Petty)— the study of population, land, taxes, valfigg@ods,
etc. for the purpose of understanding the wealth of the state.

Early in this century, Christopher Schein@68Q recordings from 1611) introduced an idea
Tufte (1983 would later call the principle of “small multiples” to show the changing con gu-
rations of sunspots over time, shown in Fig@reThe multiple images depict the recordings of
sunpots from 23 October 1611 until 19 December of that year. The kange the upper left
identi es seven groups of sunspots by the letters A—F. These groepsirailarly identi ed in
the 37 smaller images, arrayed left-to-right and top-to-bottom below.

Figure 3: Scheiner's 1626 representation of the changes in sunsgotinoe. SourceScheiner
(1630.

Another noteworthy example (Figu#¢ shows a 1644 graphic by Michael Florent van Lan-
gren [1600-1675], a Flemish astronomer to the court of Spain, believied the rst visual
representation of statistical dafeufte, 1997, p. 15). At that time, lack of a reliable means to
determine longitude at sea hindered navigation and exploréati®his 1D line graph shows all

2For navigation, latitude could be xed from star inclinations, but longitudguieed accurate measurement of
time at sea, an unsolved problem until 1765 with the invention of a marimeohreter by John Harrison. S8ebel
(1996 for a popular account.



12 known estimates of the difference in longitude between Toledo and Rowh¢éh@ name of
the astronomer (Mercator, Tycho Brahe, Ptolemy, etc.) who providel azservation.

Figure 4: Langren's 1644 graph of determinations of the distance, intlatey from Toledo to
Rome. The correct distancei§*30°. Source:Tufte (1997, p. 15).

What is notable is that van Langren could have presented this informatianaus tables—
ordered by author to show provenance, by date to show priority, oistgrate. However, only a
graph shows the wide variation in the estimates; note that the range of valtggs aearly half
the length of the scale. Van Langren took as his overall summary the cétherrange, where
there happened to be a large enough gap for him to inscribe “ROMASitinfately, all of the
estimates were biased upwards; the true distat@8(") is shown by the arrow. Van Langren's
graph is also a milestone as the earliest-known exemplar of the principlefeét‘efdering for
data display” Friendly and Kwan2003.

In the 1660s, the systematic collection and study of social data began inv&igopean
countries, under the rubric of “political arithmetic” (John Grai662and William Pettyl665),

with the goals of informing the state about matters related to wealth, populatiooulagal

land, taxes and so forthas well as for commercial purposes such as insurance and annuities
based on life tables (Jan de Witi571). At approximately the same time, the initial statements
of probability theory around 1654 (sall (1908) together with the idea of coordinate systems
were applied by Christiaan Huygens in 1669 to give the rst graph ofrdicoous distribution
functior?* (from Gaunt's life table based on the bills of mortality). The mid 1680s saw the r
bivariate plot derived from empirical data, a theoretical curve relata@retric pressure to
altitude, and the rst known weather mapshowing prevailing winds on a map of the earth
(Halley, 1689.

By the end of this century, the necessary elements for the developmeapbical methods
were at hand— some real data of signi cant interest, some theory to make séthem, and a
few ideas for their visual representation. Perhaps more importantly,amsee this century as
giving rise to the beginnings of visual thinking, as illustrated by the exampl8stweiner and
van Langren.

3For exampleGraunt(1662) used his tabulations of London births and deaths from parish recoditha bills
of mortality to estimate the number of men the king would nd available in the evkwar (Klein, 1997, 43-47).

# Image:http://math.yorku.ca/SCS/Gallery/images/huygens-gra ph.gif

5 Image:http://math.yorku.ca/SCS/Gallery/images/halleyweath ermap-1686.jpg



2.3 1700-1799: New graphic forms

With some rudiments of statistical theory, data of interest and importance, andeh of
graphic representation at least somewhat established, thed®ury witnessed the expansion
of these aspects to new domains and new graphic forms. In cartograppymakers began to
try to show more than just geographical position on a map. As a result, fawaaesentations
(isolines and contours) were invented, and thematic mapping of physiaatitieis took root.
Towards the end of this century, we see the rst attempts at the thematic magfigeglogic,
economic, and medical data.

Abstract graphs, and graphs of functions became more widespread, \aith the early
beginnings of statistical theory (measurement error) and systematic calle€gonpirical data.
As other (economic and political) data began to be collected, some novel fasoes were
invented to portray them, so the data could “speak to the eyes.

For example, the use of isolines to show contours of equal value on dicata grid (maps
and charts) was developed by Edmund HallgyQJl). Figure5, showing isogons— lines of
equal magnetic declination— is among the rst examples of thematic cartograpbylay-
ing data on a map. Contour maps and topographic maps were introduced santeehby
Phillippe BuacheX752 and Marcellin du Carla-Bonifacd.{82.

Figure 5: A portion of Edmund Halley'slew and Correct Sea Chart Shewing the Variations
in the Compass in the Western and Southern Oc&@1. Source Halley (1701), image from
Palsky(1996 p. 41).

Timelines, or “cartes chronologiques” were rst introduced by JascB@beu-Dubourg in



the form of an annotated chart of all of history (from Creation) on dd&t-scroll (Ferguson
1991). Joseph Priestley, presumably independently, used a more conveniarib show rsta
timeline chart of biography (lifespans of 2,000 famous people, 1200 B1750 A.D.,Priestley
(1769), and then a detailed chart of histofr{estley 1769.

The use of geometric gures (squares or rectangles) and cartograrosmare areas or de-
mographic quantities by Charles de Fourér(y782 and August F.W. Cromel{85 provided
another novel visual encoding for quantitative data using superimsogedes to compare the
areas of European states.

As well, several technological innovations provided necessary irggredfor the produc-
tion and dissemination of graphic works. Some of these facilitated the regiroadwf data
images, such as three-color printing, invented by Jacob le Blon in 1710thadraphy by
Aloys Senefelder in 1798. Of the latt&pbinson(1982 p. 57) says “the effect was as great as
the introduction [of the Xerox machine].” Yet, likely due to expense, mostegd¢mew graphic
forms appeared in publications with limited circulation, unlikely to attract wide attentio

A prodigious contributor to the use of the new graphical methods, Johamiért [1728—
1777] introduced the ideas of curve tting and interpolation from empiriegigoints. He used
various sorts of line graphs and graphical tables to show periodic varidtioexample, in air
and soil temperature.

William Playfair [1759-1823] is widely considered the inventor of most ofdhegphical
forms widely used today— rst the line graph and bar ch&faf/fair, 1786, later the pie chart
and circle graphRlayfair, 1801). Figure6 shows a creative combination of different visual
forms: circles, pies and lines, re-drawn fréttayfair (1801, Plate 2).

The use of two separate vertical scales for different quantities (ptipuland taxes) is
today considered a sin in statistical graphics (you can easily jiggle eitHertecshow different
things). But Playfair used this device to good effect here to try to shostper capita in various
nations and argue that the British were overtaxed, compared with otheitsalds, showing
simple numbers by a graph was hard enough for Playfair— he devotethtpages of text in
Playfair(1786 describing how to read and understand a line graph. The idea of daiguad
graphing rates and other indirect measurements was still to come.

In this gure the left axis and line on each circle/pie graph shows populatigrile the
right axis and line shows taxes. Playfair intended thatstbpeof the line connecting the two
would depict the rate of taxation directly to the eye; but, of course, the sitspedepends on
the diameters of the circles. Playfair's graphic sins can perhaps biedorbere, because the
graph clearly shows the slope of the line for Britain to be in the opposite direcfithose for
the other nations.

A somewhat later graptP(ayfair, 1821, shown in Figure/, exempli es the best that Play-
fair had to offer with these graphic forms. Playfair used three parallel teriesto show the
price of wheat, weekly wages, and reigning monarch ove2a0 year span from 1565 to 1820,
and used this graph to argue that workers had become better off in theeoest years.

By the end of this century (1794), the utility of graphing in scienti ¢ applicasiprompted a
Dr. Buxton in London to patent and market printed coordinate papegugly, a patent for lined
notepaper was not issued until 1815. The rst known published gresiig coordinate paper
is one of periodic variation in barometric pressurmyard 1800. Nevertheless, graphing of

% Image:http://math.yorku.ca/SCS/Gallery/images/palsky/defo urcroy.jpg
" Image: http://www.journals.uchicago.edu/lsis/journal/demo/ v000Nn000/000000/
fg7.gif



Figure 6: Re-drawn version of a portion of Playfair's 1801 pie-citole-chart, comparing
population and taxes in several nations.

data would remain rare for another 30 or so yégpsrhaps largely because there wasn't much
data (apart from widespread astronomical, geodetic, and physicalreesnt) of suf cient
complexity to require new methods and applications. Of cial statistics, réggoopulation
and mortality, and economic data were generally fragmentary and ofterublitlp available.
This would soon change.

2.4 1800-1850: Beginnings of modern graphics

With the fertilization provided by the previous innovations of design and igdenthe rst half
of the 19" century witnessed explosive growth in statistical graphics and thematic ngagpin
a rate which would not be equalled until modern times.

In statistical graphics, all of the modern forms of data display were invefiteidand pie
charts, histograms, line graphs and time-series plots, contour plots, gloagieand so forth.
In thematic cartography, mapping progressed from single maps to compiahatlases, de-
picting data on a wide variety of topics (economic, social, moral, medical, plysic.), and
introduced a wide range of novel forms of symbolism. During this perioghjcal analysis
of natural and physical phenomena (lines of magnetism, weather, tidgspetran to appear
regularly in scienti ¢ publications as well.

In 1801, the rst geological maps were introduced in England by William Smiti6p—
1839], setting the pattern for geological cartography or “stratigrapéadogy” (Smith, 1815.

8Wwilliam Herschel 833, in a paper that describes the rst instance of a modern scatterplatiatbthree pages
to a description of plotting points on a grid.



Figure 7: William Playfair's 1821 time series graph of prices, wages, almgrmonarch over
a 250 year periodSource Playfair(1821), image fromTufte (1983 p. 34)

These and other thematic maps soon led to new ways to show quantitative itidororamaps,
and, equally importantly, to new domains for graphically-based inquiry.

In the 1820s, Baron Charles Dupin [1784-1873] invented the useminc@us shadings
(from white to black) to show the distribution and degree of illiteracy in FrdDegin, 1826—
the rst unclassed choropleth mdmnd perhaps the rst modern-style thematic statistical map
(Palsky 1996 p. 59). Later given the lovely title, “Carte de la France obscure et ladera
éclaige,” it attracted wide attention, and was also perhaps the rst applicatigraphics in the
social realm.

More signi cantly, in 1825, the Ministry of Justice in France instituted the eshtralized
national system of crime reporting, collected quarterly from all departnasrdsecording the
details of every charge laid before the French courts. In 1833,8\Ntchel Guerry, a lawyer
with a penchant for numbers used this data (along with other data on litetaciges, donations
to the poor and other “moral” variables) to produce a seminal work on thalmtatistics of
France Guerry, 1833— a work that (along witfQuetelet(1831, 1835) can be regarded as the
foundation of modern social scient®.

Guerry used maps in a style similar to Dupin to compare the ranking of departoents
pairs of variables, notably crime vs. literacy, but other pairwise variabheparisons were
madel! He used these to argue that the lack of an apparent (negative) relativeem crime

® Image: http://math.yorku.ca/SCS/Gallery/images/dupin2.gif

YGuerry showed that rates of crime, when broken down by departriygmet,of crime, age and gender of the
accused and other variables, remained remarkably consistent é@moyear, yet varied widely across departments.
He used this to argue that such regularity implied the possibility of establisbiigl $aws, much as the regularity
of natural phenomena implied physical ones. Guerry also pioneezesiitly of suicide, with tabulations of suicides
in Paris, 1827-1830, by sex, age, education, profession, etc. @mttent analysis of suicide notes as to presumed
motives.

"Today, one would use a scatterplot, but that graphic form was only justied Herschel 1833 and would not

10



and literacy contradicted the arm-chair theories of some social refornterdiad argued that
the way to reduce crime was to increase educdfidBuerry's maps and charts made somewhat
of an academic sensation both in France and the rest of Europe; hexhaitgitesl several of
these at the 1851 London Exhibition, and carried out a comparative efuayme in England
and FranceGuerry, 1864, for which he was awarded the Moynton Prize in statistics by the
French Academy of Sciencé$But Guerry's systematic and careful work was unable to shine
in the shadows cast by Adolphe Quetelet, who regarded moral and statiatics as his own

domain.

Figure 8: A portion of Dr. Robert Baker's cholera map of Leeds, 1&8®wing the districts
affected by choleraSource:Gilbert (1958 Fig. 2).

In October 1831, the rst case of asiatic cholera occurred in Gre&iBr and over 52,000

enter common usage for another 50 years;Fs@ndly and Deni2005.

2Guerry seemed reluctant to take sides. He also contradicted the sawaheatives who argued for the need to
build more prisons or impose more severe criminal sentence3/V8ie(2002).

3Among the 17 plates in this last work, seven pairs of maps for EnglandFeamte each included sets of small
line graphs to show trends over time, decompositions by subtype of critheex, distributions over months of the
year, and so forth. The nal plate, on general causes of crime is eedibly detailed and complex multivariate
semi-graphic display attempting to relate various types of crimes to each mtivarious social and moral aspects
(instruction, religion, population) as well as to their geographic distribution.

11



people died in the epidemic that ensued over the next 18 months @Gilsert, 1958. Sub-
sequent cholera epidemics in 1848-1849 and 1853-1854 producedlyitailge death tolls,

but the water-born cause of the disease was unknown until 1855 whdelih Snow produced
his famous dot may (Snow 1855 showing deaths due to cholera clustered around the Broad
Street pump in London. This was indeed a landmark graphic discovdrit, dwcurred at the
end of the period, roughly 1835-1855, that marks a high-point in thécatipn of thematic
cartography to human (social, medical, ethnic) topics. The rst knowredisenap of cholera
(Figure8), due to Dr. Robert Bakerl33, shows the districts of Leeds “affected by cholera”
in the particularly severe 1832 outbreak.

| show this gure to make another point— why Baker's map did not lead to a€leal
experience, while John Snow's did. Baker used a town plan of Leed$h#uhbeen divided
into districts. Of a population of 76,000 in all of Leeds, Baker mapped th@ tB6lera cases
by hatching in red “the districts in which the cholera had prevailed.” In hi®nte he noted
an association between the disease and living conditions: “how excéethegdisease has
prevailed in those parts of the town where there is a de ciency, often tare evant of sewage,
drainage, and paving'Blaker, 1833 p. 10). Baker did not indicate the incidence of disease on
his map, nor was he equipped to displages of disease (in relation to population density)
and his knowledge of possible causes, while de nitely on the right traels both weak and
implicit (not analyzed graphically or by other means). It is likely that somehqqes tenuous,
causal indicants or evidence were available to Baker, but he was uoatdenect the dots, or
see a geographically distributed outcome in relation to geographic factoveintiee simple
ways that Guerry had tried.

At about the same timey 1830-1850, the use of graphs began to become recognized in
some of cial circles for economic and state planning— where to build raikcad canals?
what is the distribution of imports and exports? This use of graphical metbodsbetter illus-
trated than in the works of Charles Joseph Minard [1781-1870], whasigious graphical
inventions ledFunkhouse(1937) to call him the Playfair of France. To illustrate, we choose
(with some dif culty) an 1844 “tableau-graphique” (Figudgby Minard, an early progenitor of
the modern mosaic ploE(iendly, 1994). On the surface, mosaic plots descend from bar charts,
but Minard introduced two simultaneous innovations: the use of dividegeombrtional-width
bars so that area had a concrete visual interpretation. The graph gtetkansportation of com-
mercial goods along one canal route in France by variable-width, divades Minard, 1844).

In this display the width of each vertical bar shows distance along this rihgelivided bar
segments have height amount of goods of various types (shown by shading), so the area of
each rectangular segment is proportional to cost of transport. Miaatrdie visual engineer
(Friendly, 2000, developed such diagrams to argue visually for setting differential paites
for partial vs. complete runs. Playfair had tried to make data “speak to &% byt Minard
wished to make them “calculer par I'ceil' as well.

It is no accident that, in England, outside the numerous applications ofigahpimethods
in the sciences, there was little interest in or use of graphs among statistioidistaists” as

14 Image:http://www.math.yorku.ca/SCS/Gallery/images/snow4.j pg

5The German geographer Augustus Petermann produced a “Chotgraofthe British Isles” in 1852 us-
ing national data from the 1831-1832 epidemic, (imagép://images.rgs.org/webimages/0/0/
10000/1000/800/S0011888.jpg ) shaded in proportion to the relative rate of mortality using class intervals
(< 1=35;1=35 : 1=100;1=100 : 1=200;::: ). No previous disease map allowed determination of the range of
mortality in any given area.

12



Figure 9: Minard's Tableau Graphique, showing the transportation mihoercial goods along
the Canal du Centre (Chalon-Dijon). Intermediate stops are spacedtagagisand each bar
is divided by type of goods, so the area of each tile represents the fcwahsport. Arrows
show the direction of transportSource: ENPC:5860/C351 (Col. et clihENPC; used by
permission).

they called themselves). If there is a continuum ranging from “graphlpétip“table people,”
British statisticians and economists were philosophically more table-inclinedpakeld upon
graphs with suspicion up to the time of William Stanley Jevons around 18#@8g and Morgan
2005H. Statistics should be concerned with the recording of “facts relating to caorities. of
men which are capable of being expressed by numbétstét, 1885 p.15), leaving the gen-
eralization to laws and theories to others. Indeed, this view was made aitiynclaar in the
logo of the Statistical Society of London (now the Royal Statistical Societgaraled sheaf of
wheat, with the mottd\liis Exterendum-to others to ail the wheat. Making graphs, it seemed,
was too much like bread-making.

2.5 1850-1900: The Golden Age of statistical graphics

By the mid-1800s, all the conditions for the rapid growth of visualization lesshkestablished—
a “perfect storm” for data graphics. Of cial state statistical of ces @esstablished throughout
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Europe, in recognition of the growing importance of numerical informationstial plan-
ning, industrialization, commerce, and transportation. Statistical theory, iditigt&auss and
Laplace, and extended to the social realm by Guerry and Quetelet, pdavid means to make
sense of large bodies of data.

What started as th&ge of EnthusiasrtFunkhouserl 937 Palsky 1996 for graphics ended
with what can be called th&olden Age with unparalleled beauty and many innovations in
graphics and thematic cartography. So varied were these developmantsjgidif cult to be
comprehensive, but a few themes stand out.

2.5.1 Escaping atland

Although some attempts to display more than two variables simultaneously hadeatearlier
in multiple time-seriesKlayfair, 1801, Minard, 1826, contour graphsMauthier, 1874 and a
variety of thematic maps, (e.gBerghaug(1838) a number of signi cant developments ex-
tended graphics beyond the con nes of a at piece of paper. Gustangr [1828-1907] in
Germany Zeuner 1869, and later Luigi Perozzo [?—-1875]in Itali?€érozz91880 constructed
3D surface plots of population daté. The former was an axonometric projection showing var-
ious slices, while the latter (a 3D graph of population in Sweden from 17&-by year and
age group) was printed in red and black and designed as a sterebigram.

Contour diagrams, showing iso-level curves of 3D surfaces, hadbalso used earlier in
mapping contextsNautonier 1604 Halley, 1701, von Humboldf 1817, but the range of prob-
lems and data to which they were applied expanded considerably over this tiateenmpts
to understand relations among more than two data-based variables, e taeelationships
are statistical, rather than functional or measured with little error. It is mameetient to de-
scribe these under Galton, below. By 1884, the idea of visual and imggimalds of varying
number of dimensions found popular expression in Edwin AbbadtB884§) Flatland, implicitly
suggesting possible views in four and more dimensions.

2.5.2 Graphical innovations

With the usefulness of graphical displays for understanding complexatatgphenomena es-
tablished, many new graphical forms were invented and extended to raw @frinquiry, par-
ticularly in the social realm.

Minard (1861) developed the use of divided circle diagrams on maps (showing both a total,
by area, and sub-totals, by sectors, with circles for each geograggianron the map). Later
he developed to an art form the use of ow lines on maps of width propatitomquantities
(people, goods, imports, exports) to show movement and transpontagnicplly. Near the
end of his life, the ow map would be taken to its highest level in his famous diepiof the
fate of the armies of Napoleon and Hannibal, in whatte (1983 would call the “best graphic
ever produced.” Seriendly (2002 for a wider appreciation of Minard's work.

The social and political uses of graphics is also evidenced in the polarcheets (called
“rose diagrams” or “coxcombs”) invented by Florence Nightingale [£3210] to wage a

18 Image:http://math.yorku.ca/SCS/Gallery/images/stereo2.jpg

17Zeuner used one axis to show year of birth and another to show paggenwith number of surviving persons
on the third, vertical axis, giving a 3D surface. One set of curves shosved the distribution of population for a
given generation; the orthogonal set of curves showed the distrilsugicioss generations at a given point in time,
e.g., atacensus.
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campaign for improved sanitary conditions in battle eld treatment of soldiRightingale
1857. They left no doubt that many more soldiers died from disease and tisegoences
of wounds than at the hands of the enemy. From around the same timehBiSdow [1813—
1858] is remembered for his use of a dot map of deaths from cholera iB&hdutbreak in
London the cholera deaths in London. Plotting the residence of eachs#etprovided the in-
sight for his conclusion that the source of the outbreak could be locdbzsahtaminated water
from a pump on Broad Street, the founding innovation for modern epidenialagapping.

Figure 10: Lallemand't'abaque du bateau Le Triomphallowing determination of magnetic
deviation at sea without calculatio®ource courtesy Mme. Marie-Nélle Maisonneuve, Les
fonds anciens de la bibliotljue de I'Ecole des Mines de Paris.

Scales and shapes for graphs and maps were also transformed foetg @ purposes,
leading to semi-logarithmic graphdegvons 1863 1958 to show percentage change in com-
modities over time, log-log plots to show multiplicative relations, anamorphic ma;Eﬁ:iLe
Cheysson Ralsky 1996 Fig. 63-64) using deformations of spatial size to show a quantita-
tive variable (e.qg., the decrease in time to travel from Paris to various ptaéeance over 200
years), and alignment diagrams or nomograms using sets of paralleVgadBistrate this slice
of the golden age with FigurgQ, a tour-de-force graphic for determination of magnetic devia-
tion at sea in relation to latitude and longitude without calculation (“L'Abaqueriiphe”) by
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Charles Lallemandl885, director general of the geodetic measurement of altitudes throughout
France, that combines many variables into a multi-function nomogram, usingx@Bposition
of anamorphic maps, parallel coordinates and hexagonal grids.

2.5.3 Galton's contributions

Special note should be made of the varied contributions of Francis Galg&2P{1911] to data
visualization and statistical graphics. Galton's role in the development of tfas iof correlation
and regression are well-known. Less well-known is the role that visti@lizand graphing
played in his contributions and discoveries.

Galton's statistical insightGalton 1886— that, in a bivariate (normal) distribution (say,
height of child against height of parent), (a) the isolines of equalgaqy would appear as
concentric ellipses, and (b) that the locus of the (regression) lines afsyeég j x and ofx jy
were the conjugate diameters of these ellipses — was based largely onansiygdis from
the application of smoothing to his data. Karl Pearson would later say, “thtibrisshould
have evolved all this from his observations is to my mind one of the most ndtepscienti ¢
discoveries arising from pure analysis of observationB&afson192Q p. 37). This was only
one of Galton's discoveries based on graphical methods.

In earlier work, Galton had made wide use of isolines, contour diagramsmaondthing
in a variety of areas. An 1872 paper showed the use of “isodic cuteepbdrtray the
joint effects of wind and current on the distance ships at sea could tremay direction. An
1881 “isochronic chart”Galton 1881 showed the time it took to reach any destination in the
world from London by means of colored regions on a world map. Still laeearalyzed rates
of fertility in marriages in relation to the ages of father and mother using “isgyearves of
equal percentage of families having a chisi(ton 1894).

But perhaps the most notable non-statistical graphical discovery waxf tha “anti-cyclonic”
(counter-clockwise) pattern of winds around low-pressure rega@mbined with clockwise ro-
tations around high-pressure zones. Galton's work on weather patiegan in 1861 and was
summarized irMeteorographica1863. It contained a variety of ingenious graphs and maps
(over 600 illustrations in total) one of which is shown in Figlte This remarkable chart, one
of a two-page trellis-style display, shows observations on barometrisypegswind direction,
rain and temperature from 15 days in December 186For each day, th& £ 3 grid shows
schematic maps of Europe, mapping pressure (row 1), wind and rain2jrewd temperature
(row 3), in the morning, afternoon and evening (columns). One canlglsee the series of
black areas (low pressure) on the barometric charts for about thbalkbf the month, corre-
sponding to the counter-clockwise arrows in the wind charts, followed #&lyifato red areas
(high pressure) and more clockwise arrowgainer(2005 p. 56) remarks, “Galton did for the
collectors of weather data what Kepler did for Tycho Brahe. This is ndl smeomplishment.”

2.5.4 Statistical Atlases

The collection, organization and dissemination of of cial government stadisticpopulation,
trade and commerce, social, moral and political issues became widespreasdtinf the coun-

18 In July 1861, Galton distributed a circular to meterologists throughoutggyiasking them to record these data
synchonously, three times a day for the entire month of December, 188dut 50 weather stations supplied the
data; sed’earsor{193Q p. 37-39).
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Figure 11: One page of Galton's 1863 multivariate weather chart ofgieushowing barometric
pressure, wind direction, rain, and temperature for the month of Decerh®et. Source
Pearsor(193Q pl. 7).

tries of Europe from about 1825 to 18 AlV¢stergaardl932. Reports containing data graphics
were published with some regularity in France, Germany, Hungary, atahéirand with tabu-
lar displays in Sweden, Holland, Italy and elsewhere. At the same time, tlasramimpetus to
develop standards for graphical presentation at the InternationaliSttiSongresses that had
begun in 1853 in Belgium (organized by Quetelet), and these congresseslosely linked
with state statistical bureaus. The main participants in the graphics sectiondddiebrg
von Mayr, Hermann Schwabe, Piefenile Levasseur anfimile Cheysson. Among other rec-
ommendations was one from the 7th Statistical Congress in 1869 that ofuiications be
accompanied by maps and diagrams. The state-sponsored statisticaltbiasasued provide
additional justi cation to call this period the Golden Age of Graphics, and sofiés most
impressive exemplars.

The pinnacle of this period of state-sponsored statistical albums is undbutite Alboums
de Statistique Graphiqueublished annually by the French ministry of public works from 1879-
1897 under the direction dEmile Cheyssor? They were published as large-format books

1%Cheysson had been one of the major participants in committees on therdtaatian of graphical methods at
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(about 11 x 17 in.), and many of the plates folded out to four- or six-timessthe, all printed
in color and with great attention to layout and composition. We concur with irauder {937,
p.336) that “theAlbumspresent the nest specimens of French graphic work in the century and
considerable pride was taken in them by the French people, statisticiafes/amneh alike.”

The subject matter of the albums largely concerned economic and narati@lkrelated to
the planning, development and administration of public works— transpgrasgengers and
freight, by rail, on inland waterways and through seaports, but alsodedlsuch topics as
revenues in the major theaters of Paris, attendance at the universaitexys of 1867, 1878
and 1889, changes in populations of French departments over time, forthso

More signi cantly for this account th&lbumscan also be viewed as an exquisite sampler of
all the graphical methods known at the time, with signi cant adaptations to tit#gom at hand.
The majority of these graphs used and extended the ow map pioneereihaydOthers used
polar forms— variants of pie and circle diagrams, star plots and rose thagrdten overlaid
on a map and extended to show additional variables of interest. Still othedssub-divided
squares in the manner of modern mosaic displ&y®(dly, 1994 to show the breakdown of
a total (passengers, freight) by several variables. It should bel ot in almost all cases
the graphical representation of the data was accompanied by numemcaatons or tables,
providing precise numerical values.

The Albumsare discussed extensively Byalsky(1996), who includes seven representative
illustrations. It is hard to choose a single image here, but my favorites egly $hie recursive,
multi-mosaic of rail transportation for the 1884—1886 volumes, the rst oithvlis shown in
Figure12. This cartogram uses one large mosaic (in the lower left) to show the nurobers
passengers and tons of freight shipped from Paris from the fowripaintrain stations. Of the
total leaving Paris, the amounts going to each main city are shown by smaller syasdared
according to railway lines; of those amounts, the distribution to smaller cities is Higloown,
connected by lines along the rail routes.

Among the many other national statistical albums and atlases, those from th€éns.
sus bureau also deserve special mention. Stadistical Atlas of the Ninth Censysroduced in
1872-1874 under the direction of Francis A. Walker [1840-1897fained 60 plates, including
several novel graphic forms. The ambitious goal was to present hignaqrtrait of the nation,
and covered a wide range of physical and human topics: geology, nsneeather; population
by ethnic origin, wealth, illiteracy, school attendance and religious af ligtideath rates by
age, sex, race and cause, prevalence of blindness, deaf mutisnsanityinand so forth. “Age
pyramids” (back-to-back, bilateral frequency histograms and polpwere used effectively to
compare age distributions of the population for two classes (gender, diaimigle, etc.). Sub-
divided squares and area-proportional pies of various forms weoeuaed to provide com-
parisons among the states on multiple dimensions simultaneously (employed/unean gk,
schooling, occupational categories). The desire to provide for eaaparisons among states
and other categorizations was expressed by arranging multiple subs gugr“small multiples”
in many plates.

Following each subsequent decennial census for 1880 to 1900tgeal statistical atlases
were produced with more numerous and varied graphic illustrations. Té@ W@ume from
the Eleventh Census (1890), under the direction of Henry Gannet6H1®844] contained over
400 graphs, cartograms and statistical diagrams. There were sewdtlparallel coordinate

the International Statistical Congresses from 1872 on. He was trairetexgyineer at the ENPC, and later became
a professor of political economy at tkeole des Mines.
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Figure 12: Mouvement des voyageurs et des marchandises dans les princialiess de
chemins de fer en 1885cale: 2mrA = 10,000 passengers or tons of freigBburce Album,
1884, Plate 11 (author's collection).
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plots comparing states and cities over all censuses from 1790-1890is-lTke collections
of shaded maps showed interstate migration, distributions of religious mengheatshths by
known causes, and so forth.

The 1880 and 1890 volumes produced under Gannett's direction arecbgale for (a) the
multi-modal combination of different graphic forms (maps, tables, bar ghaitegeral poly-
gons) in numerous plates, and (b) the consistent use of effect-andieigs(Friendly and Kwan
2003 to arrange states or other categories in relation to what was to be staiher, than for
lookup (e.g., Alabama—Wyoming).

Figure 13: Interstate migration shown by back-to-back bar chartsgdmytemigration Source
Statistical Atlas of the Eleventh Census, 1890, diagram 66, p. 23 (asitwlection).

For example, Figuréd 3 shows interstate immigration in relation to emigration for the 49
states and territories in 1890. The right side shows population loss sgrégdigration, ranging
from NY, Ohio, Penn. and lllinois at the top to Idaho, Wyoming and Arizarth@bottom. The
left side shows where the emigrants went: Illinois, Missouri, Kansas arasTed the biggest
gains, Virginia the biggest net loss. It is clear that people were leavingdbtern states and
were attracted to those of the midwest Mississippi valley. Other plates shibwgedata in
map-based formats.

However, the Age of Enthusiasm and the Golden Age were drawing to @. clbe French
Albums de Statistique Graphiquesre discontinued in 1897 due to the high cost of production;
statistical atlases appeared in Switzerland in 1897 and 1914, but neer &be nal two U.S.
Census atlases, issued after the 1910 and 1920 censuses, “wereuiotized productions,
largely devoid of color and graphic imaginatioDg¢hmann2007).

2.6 1900-1950: The modern dark ages

If the late 1800s were the “golden age” of statistical graphics and thematiigcaphy, the early
1900s can be called the “modern dark ages” of visualizafor(dly and Denis2000.

There were few graphical innovations, and, by the mid-1930s, the éashnu$or visualiza-
tion which characterized the late 1800s had been supplanted by the risarf cation and
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formal, often statistical, models in the social sciences. Numbers, paramigtesites, and, es-
pecially, those with standard errors were precise. Pictures were— walpigtures: pretty or
evocative, perhaps, but incapable of stating a “fact” to three or maniendés. Or so it seemed
to many statisticians.

But it is equally fair to view this as a time of necessary dormancy, applicatimhpapu-
larization, rather than one of innovation. In this period statistical grapl@caroe main stream.
Graphical methods entered EngfiStiextbooks Bowley, 1901, Peddle 191Q Haskel| 1919
Karsten 1925, the curriculum Costelloe 1915 Warne 1916, and standard use in government
(Ayres 1919, commerce (Gantt charts and Shewart's control charts) and science.

These textbooks contained rather detailed descriptions of the graphicdneittoan appre-
ciative and often modern avor. For example, Sir Arthur Bowleyi9(1) Elements of Statistics
devoted two chapters to graphs and diagrams, and discussed freqehcymulative fre-
quency curves (with graphical methods for nding the median and qudrtidfects of choice
of scales and baselines on visual estimation of differences and ratiosttsngpof time-series
graphs, rectangle diagrams in which three variables could be showndiyt,heidth and area
of bars, and “historical diagrams” in which two or more time series could be/sion a single
chart for comparative views of their histories.

Bowley's (1901 p. 151-154) example of smoothing (see Figisgillustrates the character
of his approach. Here he plotted the total value of exports from Britainratethd over 1855—
1899. At issue was whether exports had become stationary in the most yeees and the
conclusion by Sir Robert Gifferil@99, based solely on tables of averages for successive ve
year periods; that “the only sign of stationariness is an increase at a less rate in theriastspe
than in the earlier periods” (p. 152). To answer this, he graphed thelatay together with
curves of the moving average over three, ve and ten year periods. tifiee- and ve-year
moving averages show strong evidence of an approximately 10 year eyclehe noted, “no
argument can stand which does not take account of the cycle of tréuld) 8 not eliminated
until we take decennial averages” (p. 153). To this end, he took geeraf successive 10-year
periods starting 1859 and drew a freehand curve “keeping as clofiee[fmoints] as possible,
without making sudden changes in curvature,” giving the thick curve inrgig4.°> Support
for Sir Robert's conclusion and the evidence for a 10-year cycle owehnw this graphical
treatment.

Moreover, perhaps for the rst time, graphical methods proved crircia number of new
insights, discoveries, and theories in astronomy, physics, biology, thed sciences. Among
these, one may refer to (a) E. W. Maundef'904) “butter y diagram” to study the variation of
sunspots over time, leading to the discovery that they were markedly ekadutequency from
1645-1715; (b) the Hertzsprung-Russell diagrafter{zsprung 1911, Spence and Garrispn
1993, a log-log plot of luminosity as a function of temperature for stars, usedpt@m the
changes as a star evolves and laying the groundwork for modern stejisicg; (c) the dis-

The rst systematic attempt to survey, describe, and illustrate availabghir methods for experimental data
wasEtienne Jules Marey'sl878 La Méthode GraphiqueMarey [1830-1904] also invented several devices for
visual recording, including the sphymograph and chronophotogrépiecord motion of birds in ight, people
running, and so forth.

ZGiffen, an early editor oThe Statistalso wrote a statistical text published posthumously in 1913; it contained
an entire chapter on constructing tables, but not a single gipim( 1997, p. 17).

22 reanalysis of the data using a loess smoother shows that this is in faetmeethed, and corresponds closely
to a loess window width of = 0:50. The optimal smoothing parameter, minimizing AI@G f = 0:16, giving a
smooth more like Bowley's three- and ve-year moving averages.
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Figure 14: Arthur Bowley's demonstration of methods of smoothing a time sgrés. Mov-
ing averages of three, ve and ten years are compared with a freelane drawn through four
points representing the averages of successive ten year peSmase:Bowley (1901, opposite
p. 151).

covery of the concept of atomic number by Henry MoselE91Q3 based largely on graphical
analysis. SeeHriendly and Denis2005 for more detailed discussion of these uses.

As well, experimental comparisons of the ef cacy of various graphicenfowere begun
(Eells, 1926 von Huhn 1927 Washburngl927), a set of standards and rules for graphic presen-
tation was nally adopted by a joint committegéqint Committee on Standards for Graphic Presentation
1914, and a number of practical aids to graphing were developed. In the patteof this pe-
riod, new ideas and methods for multi-dimensional data in statistics and psgghetmuld
provide the impetus to look beyond the 2D plane.

Graphic innovation was also awaiting new ideas and technology: the devetmmpf the
machinery of modern statistical methodology, and the advent of the compuatghawer and
display devices which would support the next wave of developments irvigatalization.
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2.7 1950-1975: Re-birth of data visualization

Still under the in uence of the formal and numerical zeitgeist from the mi8@k9on, data
visualization began to rise from dormancy in the mid 1960s. This was splangely by three
signi cant developments:

* Inthe USA, John W. Tukey [1915-2000], in a landmark papbe Future of Data Anal-
ysis(Tukey, 1962, issued a call for the recognition of data analysis as a legitimate branch
of statistics distinct from mathematical statistics; shortly, he began the inverfitonide
variety of new, simple, and effective graphic displays, under the rulfri&xploratory
Data Analysis” (EDA)— stem-leaf plots, boxplots, hanging rootograms, wag-table
displays, and so forth, many of which entered the statistical vocabuldrgaftware im-
plementation. Tukey's stature as a statistician and the scope of his inforinastyand
graphical approach to data analysis were as in uential as his graphitalations. Al-
though not published until 1977, chapters from Tukey's EDA bobkkéy, 1977 were
widely circulated as they began to appear in 1970-1972, and began togregitecal
data analysis both interesting and respectable again.

* In France, Jacques Bertin [1918-] published the monumegatiologie Graphique
(Bertin, 1967. To some, this appeared to do for graphics what Mendeleev had done f
the organization of the chemical elements, that is, to organize the visualeaoeppual
elements of graphics according to the features and relations in data. talkeldaut sep-
arate steam, an exploratory and graphical approach to multidimensionétldatalyse
des donges”) begun by Jean-Paul Bénzi [1932—] provided French and other European
statisticians with an alternative, visually-based view of what statistics wag.abo

 But the skills of hand-drawn maps and graphics had withered duringattmeasht “mod-
ern dark ages” of graphics (though nearly every gure in TukésBA (Tukey, 1977
was, by intention, hand-drawn). Computer processing of statistical @gnkn 1957
with the creation of BRTRAN, the rst high-level language for computing. By the late
1960s, widespread mainframe university computers offered the posstbildgnstruct
old and new graphic forms by computer programs. Interactive statistigdications,
e.g.,Fowlkes(1969, Fishkelleret al. (1974 and true high-resolution graphics were de-
veloped, but would take a while to enter common use.

By the end of this period signi cant intersections and collaborations woegdrb (a) com-
puter science research (software tools, C language, UNIX, etc.) llat &wratories Becker
1994 and elsewhere would combine forces with (b) developments in data and@Bhs psy-
chometrics, etc.) and (c) display and input technology (pen plottershigreggminals, digitizer
tablets, the mouse, etc.). These developments would provide new paradiggugges and
software packages for expressing statistical ideas and implementing dptacgr In turn, they
would lead to an explosive growth in new visualization methods and techniques

Other themes began to emerge, mostly as initial suggestions: (a) variolsisoetrepre-
sentations of multivariate data (Andrew&972 Fourier function plots, Chernoffl973 faces,
star plots, clustering and tree representations); (b) the developmeatiofily dimension-
reduction techniques (biploG@abrie| 1971), multidimensional scaling, correspondence analy-
sis), providing visualization of of multidimensional data in a 2D approximatiohafianations
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of a statistical process; and (d) perceptually-based theory andegues related to how graphic
attributes and relations might be rendered to better convey the data visually.

By the close of this period, the rst exemplars of modern GIS and interaaystems for
2D and 3D statistical graphics would appear. These would set goalstiwefdevelopment and
extension.

2.8 1975-present: High-D, interactive and dynamic data vigalization

During the last quarter of the $0century data visualization has blossomed into a mature, vi-
brant and multi-disciplinary research area, as may be seen in this Hdqdabsoftware tools
for a wide range of visualization methods and data types are availabledor égsktop com-
puter. Yet, it is hard to provide a succinct overview of the most recevildpments in data
visualization, because they are so varied, have occurred at anrateeélpace, and across a
wider range of disciplines. It is also more dif cult to highlight the most sig@irt develop-
ments, that may be seen as such in a subsequent history focusing owcé¢hispgeriod.

With this disclaimer, a few major themes stand out:

« the development of highly interactive statistical computing systems. Initiallynteent
largely command-driven, directly programmable systems (APL, S), asseppo com-
piled, batch processing;

» new paradigms of direct manipulation for visual data analysis (linkingshing Becker and Cleveland
1987, selection, focusing, etc.);

* new methods for visualizing high-dimensional data (the grand tsinfov, 1985, scat-
terplot matrix Tukey and Tukeyl1981), parallel coordinates plotr{selberg1985 Wegman
1990, spreadplotsYoung 19943, etc.);

« the invention (or re-invention) of graphical techniques for discretecategorical data;

* the application of visualization methods to an ever-expanding array stantive prob-
lems and data structures, and

* substantially increased attention to the cognitive and perceptual aspdets.alisplay.

These developments in visualization methods and techniques arguablydddpam ad-
vances in theoretical and technological infrastructure, perhaps mdineus in previous periods.
Some of these are:

* large-scale statistical and graphics software engineering, both comim@rg., SAS)
and non-commercial (e.g., Lisp-Stat, the R project). These have oftensizge cantly
leveraged by open-source standards for information presentation tamdcion (e.g.,
Java, Tcl/Tk);

» extensions of classical linear statistical modeling to ever wider domainsr@eed lin-
ear models, mixed models, models for spatial/geographical data, and o forth

* vastly increased computer processing speed and capacity, allowingitaimapally in-
tensive methods (bootstrap methods, Bayesian MCMC analysis, etc.$saoamassive
data problems (measured in terabytes) and real-time streaming data. Aslivatinig area
continue to press for new visualization methods.

From the early 1970s to mid 1980s, many of the advances in statistical gsaygimcerned
static graphs for multidimensional quantitative data, designed to allow the atmalyse rela-
tions in progressively higher dimensions. Older ideas of dimension reduetibniques (prin-
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cipal component analysis, multidimensional scaling, discriminant analysis |&ticto gener-
alizations of projecting a high-D dataset to “interesting” low-D views, asesged by various
numerical indices that could be optimized (projection pursuit) or exploredkictieely (grand
tour).

The development of general methods for multidimensional contingency taddezs in the
early 1970s, with Leo Goodmarig70, Shelly Haberman1©73 and others Bishopet al.,,
1979 laying out the fundamentals of log-linear models. By the mid 1980s, some injligl, s
cialized techniques for visualizing such data were developed (fourfsiday Fienberg 1975,
association plot@ohen 1980, mosaic plot Hartigan and Kleiner1981) and sieve diagram
(Riedwyl and Schipbach1983), based on the idea of displaying frequencies by dreaifdly;
1995. Of these, extensions of the mosaic pletiéndly, 1994 1999 have proved most gener-
ally useful, and are now widely implemented in a variety of statistical softwarst coonpletely
in thevced package Meyeret al, 2005 in R.

It may be argued that the greatest potential for recent growth in dataizistion came from
the development of dynamic graphic methods, allowing instantaneous actrdaaipulation
of graphical objects and related statistical properties. One early insteaga system for in-
teracting with probability plotsHowlkes 1969 in realtime, choosing a shape parameter of a
reference distribution and power transformations by adjusting a control. e r§hgeneral
system for manipulating high-dimensional data was PRIM-9, developedstkdiler, Fried-
man and TukeyX974), and providing dynamic tools for Projecting, Rotating (in 3D), Isolating
(identifying subsets) and Masking data in up to 9 dimensions. These wigedrguential, but
remained one-of-a-kind, “proof of concept” systems. By the mid 1988syorkstations and
display technology became cheaper and more powerful, desktop sefavatynamic graphics
became more widely available (e.g., MacSpin, Xgobi). Many of these dewelofs to that
point are detailed in the chapters Bffnamic Graphics for Statistic&Cleveland and McGill
1988.

In the 1990s, a number of these ideas were brought together to providgereral systems
for dynamic, interactive graphics, combined with data manipulation and asaily®herent and
extensible computing environments. The combination of all these factors waspowerful
and in uential than the sum of their parts. Lisp-Staigrney, 1990 and its progeny (Arc,
Cook and Weisber@999; ViSta, Young (19941), for example, provided an easily extensible
object-oriented environment for statistical computing. In these systemsetsidgliders, se-
lection boxes, pick lists, etc.), graphs, tables, statistical models and thallsemmunicated
through messages, acted upon by whomever was a designated “listeodndd a method to re-
spond. Most of the ideas and methods behind present day interacpleicg are described and
illustrated inYounget al. (200§. Other chapters in this Handbook provide current perspectives
on other aspects of interactive graphics.

3 Statistical historiography

As mentioned at the outset, this review is based on the information collectecfbfildstones
Project, which | regard (subject to some caveats) as a relatively commmighk corpus of the
signi cant developments in the history of data visualization. As such, it istef@st to consider
what light modern methods of statistics and graphics can shed on this histmlf;referential
guestion we call “statistical historiographyFriendly, 2005. In return, this offers other ways
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to view this history.

3.1 History as “data”

Historical events, by their nature, are typically discrete, but marked witksdar ranges of
dates, and some description— numeric, textual, or classi ed by descriptbs what, where,
amount, and so forth). Among the rst to recognize that history could ketdtbas data and

Figure 15: A specimen version of Priestleghart of Biography Source Priestley(1765.

portrayed visually, Joseph Priestlely765 1769 developed the idea of depicting the lifespans
of famous people by horizontal lines along a time scale. His enormous (2) lay@ detailed
Chart of Biographyshowed two thousand names from 1200 BC to 1750 AD by horizontal lines
from birth to death, using dots at either end to indicate ranges of uncertAintyg the vertical
dimension, Priestly classi ed these individuals, e.g., as statesmen or menmihgeaA small
fragment of this chart is shown in Figuié.

Priestley's graphical representations of time and duration apparentigmnted Playfair's
introduction of time-series charts and bar chaffsinkhouser1937, p. 280). But these inven-
tions did not inspire the British statisticians of his day, as noted earlier; higt@wents and
statistical facts were seen as separate, rather than as data arraygd &loe dimension. In
1885 at the Jubilee meeting of the Royal Statistical Society, Alfred Marst&8H argued that
the causes of historical events could be understood by the use of stalispilzs/ed by “histori-
cal curves” (time-series graphs): “l wish to argue that that the grapbtbod may be applied as
to enable history to do this work better than it has hitherto” (p. 26B)as and Morga2005
discuss these issues in more detail.

3.2 Analyzing Milestones data

The information collected in the Milestone Project is rendered in print and faiehs as a
chronological list, but is maintained as a relational database (historical itefesences, im-
ages) in order to be able to work with it as “data.” The simplest analysesipgarends over

26



time. Figurel shows a density estimate for the distribution of 248 milestones items from 1500
to the present, keyed to the labels for the periods in history. The bumgss aed troughs all
seem interpretable: note particularly the steady rise w1880, followed by a decline through
the “modern dark ages” to 1945, then the steep rise up to the present. In fact, it is slightly
surprising to see that the peak in the Golden Age is nearly as high as thatsahp but this
probably just re ects under-representation of the most recent evénts

Other historical patterns can be examined by classifying the items along vdiroensions
(place, form, content, and so forth). If we classify the items by place wéldpment (Europe
vs. North America, ignoring Other), interesting trends appear (Fi@@ye The greatest peak
in Europe around 1875-1880 coincided with a smaller peak in North AmeFtwa.decline in
Europe following the Golden Age was accompanied by an initial rise in Northrismdargely
due to popularization (e.g., text books) and signi cant applications gftgcal methods, then a
steep decline as mathematical statistics held sway.

Milestones: Places of development
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Figure 16: The distribution of milestone items over time, comparing trends in Ewanag North
America.

Finally, Figure17 shows two mosaic plots for the milestones items classi ed by Epoch,
Subject matter and Aspect. Subject was classed as having to do with humanmrtality,
disease), physical or mathematical characteristics of what was rapgdsa the innovation.
Aspect classed each item according to whether it was primarily map-teadéyram or statis-

ZTechnical note: In this gure an optimal bandwidth for the kernel densitimate was selected (using the
Sheather-Jones plugin estimate) for each series separately. Therganadje and sample size of the entries for
Europe vs. North America gives a smaller bandwidth for the formeg factor of aabout 3. Using a common band-
width, xed to that determined for the whole series (Figdjeundersmooths the more extensive data on European
developments and oversmooths the North American ones. The detadls ift most of the points made in the
discussion about what was happening when and where hold.
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tical innovation or a technological one. The left mosaic shows the shiftshjeSuover time:
Most of the early innovations concerned physical subjects, while thedaterds shift heavily

to mathematical ones. Human topics are not prevalent overall, but were atuninthe 14
century. The right mosaic, for Subje€t Aspect indicates that, unsurprisingly, map-based in-
novations were mainly about physical and human subjects, while diagrahsatistical ones
were largely about mathematical subjects. Historical classi cations clegglyn more detailed
de nitions than described here, however, it seems reasonable tostubge such analyses of
history as “data” are a promising direction for future work.
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Figure 17: Mosaic plots for milestones items, classi ed by Subject, AspetEaoch.

3.3 What was he thinking?: Understanding through reproduction

Historical graphs were created using available data, methods, technaludjyinderstanding
current at the time. We can often come to a better understanding of intellesstieadti ¢, and
graphical questions by attempting a re-analysis from a modern perspectiv

Earlier, we showed Playfair's time-series graph (Figdyef wages and prices, and noted
that Playfair wished to show that workers were better off at the end gbeéhed shown than
at any earlier time. Presumably he wished to draw the reader's eye to tiosvitay of the gap
between the bars for prices and the line graph for wages. Is this whategs?

What this graph shows directly is quite different than Playfair's intentidrappears that
wages remained relatively stable, while the price of wheat varied greattlg. ifference that
wages increased relative to prices is indirect and not visually compelling.

We cannot resist the temptation to give Playfair a helping hand here—phigtathe ratio
of wages to prices (labor cost of wheat), as shown in Fig@rdut this would not have occurred
to Playfair, because the idea of relating one time series to another by raties (ilmmbers)
would not occur for another half-century (due to Jevons). B&endly and Denig2005 for
further discussion of Playfair's thinking.

As another example, we give a brief account of an attempt to explore Gallisnovery of
regression and the elliptical contours of the bivariate normal surfaestett in more detail in
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Figure 18: Redrawn version of Playfair's time series graph showingattie of price of wheat
to wages, together with a loess smoothed curve.

Friendly and Deni2009. Galton's famous graph showing these relations (Fid@eportrays
the joint frequency distribution of the height of children and the averagghh of their parents.
It was produced from a “semi-graphic table” in which Galton averagedréugiencies in each
set of four adjacent cells, drew iso-curves of equal smoothed \vahaenoted that these formed
“concentric and similar ellipses.”

A literal transcription of Galton's method, using contour curves of consamarage fre-
guency, and showing the curves of the meangjof andx jy is shown in Figure20. It is not
immediately clear that the contours are concentric ellipses, nor that thescofrveeans are
essentially linear and have horizontal and vertical tangents to the contours

A modern data analyst following the spirit of Galton's method might substitute @grad
bivariate kernel density estimate for Galton's simple average of adjaetat The result, using
sun ower symbols to depict the cell frequencies, and a smoothed loess tushowE(y j X) is
shown in Figure&1. The contours nowlo emphatically suggest concentric similar ellipses, and
the regression line is near the points of vertical tangency. A reasonadusion from these
gures is that Galton did not slavishly interpolate iso-frequency valués dsne in the contour
plot shown in Figure20. Rather, he drew his contours to the smoothed data by eye and brain
(as he had done earlier with maps of weather patterns), with knowledgketwtuld, as one
might say today, trade some increase in bias for a possible decreas@irceaand so achieve
a greater smoothing.

4 Final thoughts

This chapter is titled “A brief history ...” out of recognition that it it impossible t fall
justice to the history of data visualization in such a short account. This idyleatbecause |
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Figure 19: Galton's smoothed correlation diagram for the data on heiglptgrefnts and chil-
dren, showing one ellipse of equal frequency. SourGealton 1886 Plate X.).

have attempted to present a broad view spanning the many areas of applicatioich data
visualization took root and developed. That being said, it is hoped thabbiwiew will lead

modern readers and developers of graphical methods to appreciatehttméstory behind the
latest hot new methods. As we have seen, almost all current methods mauehalonger
history than is commonly thought. Moreover, as | have surveyed this watkraveled to many
libraries to view original works and read historical sources, | have B&eck with the exquisite
beauty and attention to graphic detail seen in many of these images, partitiudedyfrom the
19" century. We would be hard-pressed to recreate many of these today.

From this history one may also see that most of the innovations in data visualizatise
from concrete, often practical goals: the need or desire to see pheacmné relationships
in new or different ways. It is also clear that the development of graptethods depended
fundamentally on parallel advances in technology, data collection and stdtiegory. Finally,

I believe that the application of modern methods of data visualization to its owmhistdhis
self-referential way | call “statistical historiography,” offers some tiagting views of the past
and challenges for the future.
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