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In this feature , world-renowne d artis t Davi d Hockne y 
and Universit y of Arizon a optica l science s professo r 
Charle s Falco explai n how Hockney' s observatio n that 
certai n Renaissanc e paintings  seemed almos t "photo -
graphic "  in natur e led them to launc h an inquir y into the 
possibilit y of findin g scientifi c evidenc e that some of the 
Old Master s relie d on optica l aids . Hockney' s visua l 
observation s receive d scientifi c validatio n when applica -
tion of basic optic s principle s to a numbe r of Renaissanc e 
painting s began generatin g remarkabl y consisten t results . 
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An articl e publishe d earlie r thi s year in OPN 
state d "Th e camer a obscur a has enjoye d 
two lives , one that has been full y docu -
mente d by art historians , and a second , 
comparativel y unknown , as an objec t of 
scientifi c speculation." 1 The autho r of that 
piece may have given a bi t too much  credi t 

to art historian s since , as we describ e below , very recent 
work now show s that the use of projecte d images in art 
goes back at least 150 years further  than previousl y 
thought . Since portrait s painte d by Renaissanc e mas-
ters now provid e importan t scientifi c documentation 
of the early use of optica l instruments , thi s discover y 
has significan t implication s for the histor y of scienc e as 
well as the histor y of art. In an era in whic h the divid e 
between artist s and scientist s was not as large as it is 
today , and wit h a deart h of contemporar y writte n 
accounts , the painting s themselve s have becom e pri -
mary sourc e documents . 

How did we decid e to undertak e thi s research ? At a 
recen t exhibition , David Hockne y observe d a certai n 
qualit y in the 19th centur y portrait s of Jean-Auguste -
Dominiqu e Ingres that suggeste d that the artis t had 
used some sor t of optica l devic e as an aid. 2 This led to 
a detaile d examinatio n of a large numbe r of Europea n 
paintings . The outcome ? The "photographi c quality " 
observe d in the Ingres portrai t was trace d back to as 
early a wor k as that of Rober t Campi n (circ a 1430). 
For a complet e accoun t of thi s extensiv e visua l investi -
gation , includin g its significanc e withi n the contex t of 
our curren t understandin g of Renaissanc e as well as 
moder n art, please see the lis t of references. 3 

This articl e describe s the variet y of scientifi c evi -
dence we discovere d to suppor t and extend our inves -
tigation . We begi n wit h a brie f review of the relevan t 
propertie s of imagin g optics . The discussio n employ s 
the languag e of photograph y since , as wil l be shown , a 
numbe r of Renaissanc e painting s share the same opti -
cal basis as these moder n photographi c instruments . 

Focal length and geometr y 
The "normal "  lens for a given film  forma t is one wit h a 
foca l lengt h roughl y the diagona l of the negative , or 
43 mm in the case of 35 mm film. 4 Lenses of foca l 
lengt h significantl y shorte r or longe r than the film 
diagona l resul t in perspective s that are termed , respec -
tively , wide-angl e or telephoto . Althoug h the reader 
wil l find  thi s obvious , it's wort h restatin g in the contex t 
of our wor k that if a larger piece of film  is used , sinc e 
its diagona l wil l be longe r (325 mm in the case of an 
8"  X 10"  piece of film),  it wil l be necessar y to use a lens 
of equivalentl y longe r foca l lengt h to obtai n the same 
perspective . 

Some photograph s contai n enoug h informatio n to 
allow us to make an estimat e of the foca l lengt h of the 
lens used . In the case of Figur e 1, startin g fro m the 
heigh t of the peopl e ( 1.8 m) we can comput e the 
horizonta l distanc e acros s the scene at the locatio n 
where the mos t distan t two are standin g as approxi -
mately 2.2 m. If we estimat e the lengt h of the consol e 

Figur e 1. Photograp h taken wit h a 35 mm camer a (negativ e size 24 mm x 36 mm). 
As describe d in the text , thi s photograp h contain s enoug h informatio n to allow us to 
estimat e the foca l lengt h of the lens used . 

Figur e 2. Frontispiec e to Optica e Thesaurus , wit h Vitellioni s Thurinopolon i 
Opticau e Libr i Decem , edite d by Federic o Risne r (Basle , 1572). A variet y of 
optica l phenomen a are illustrate d in thi s engraving . To the righ t we see 
Archimede s use of "burnin g mirrors "  to set fir e to the Roman fleet . In the 
foregroun d we see an imag e projecte d by a mirro r (albeit , not draw n invert -
ed, as woul d have to be the cas e for a concav e mirror) . 
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of a molecula r beam epitax y (MBE) machin e to be 
2 m, the horizonta l include d angle θ is given by: 

tan(θ /2) = [1/2 X horizonta l distanc e acros s scene] 
/ [lengt h of MBE console ] 

or 

whic h correspond s to a 22-mm focal-lengt h lens (the 
lens used was actuall y 24 mm). 

Effect of apertur e on depth of field 
Althoug h a lens can be focuse d perfectl y at only one 
specifi c distanc e at a time, a field on either side of that 
distanc e wil l be acceptabl y sharp . How far that depth of 
field  (DOF) extends depends on three factors : the per-
missibl e circl e of confusio n C, the relativ e apertur e of 
the lens f#, and the image magnificatio n M relativ e to 
the origina l scene, as given by: 4 

The circl e of confusio n C is the smalles t feature on an 
image that a viewer can distinguis h from a point . For 
purpose s of photography , it is commonl y accepted that 
on a high-qualit y print , an image area smalle r in diame-
ter than V/1000, where V is the viewin g distance , wil l 
be indistinguishabl e from a point . As an example , for a 
large photograp h produce d with moder n camera and 
enlarge r lenses , and examine d at a distanc e of 50 cm, fea-
tures smalle r than about 0.5 mm woul d appear to be 
points . 

Next is the relativ e apertur e f#, whic h is the ratio 
of the foca l lengt h of the lens f to its effectiv e diame-
ter D: 

From Equation s 2 and 3 it can be seen that for a given 
foca l lengt h lens , the DOF depend s inversel y on the 
effectiv e diamete r D, and thus can be increase d by mask-
ing off ("stoppin g down" ) the outer area of the lens. 

Finally , there is the magnificatio n M. This is the 
ratio of the image size to the subjec t size, whic h is also 
the ratio of the lens-imag e distanc e to the lens-subjec t 
distance : 

Figur e 3. The Doge Leonard o Loredan , Giovann i Bellini , 1501-05. Thi s figur e 
show s how a real imag e woul d be projecte d ont o film , or a canvas , by a 
refractiv e lens [left ] and by a concav e mirro r ("mirro r lens" ) [right] . The fac t 
that , after subsequentl y invertin g the image , a mirro r lens has lef t th e origi -
nal symmetr y of the scen e unchanged , has significan t advantage s for an 
artis t usin g suc h a lens as an aid . 

Figur e 4. The Marriag e of Giovann i Arnolfini , Jan van Eyck , 1434. 
59.7 cm x 81.8 cm . The distorte d imag e of the windo w reflecte d by 
the mirro r on the bac k wal l show s tha t it was convex . If the back sid e 
of thi s conve x mirro r had been silvered , the resultin g concav e mirro r 
coul d have been used to for m images . 
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M = image size/subjec t size 
= lens-imag e distance/lens-subjec t distanc e (Eq. 4) 

Returnin g to Equatio n 2, if we are able to estimat e 
the DOF in a given photograph , and also to extrac t the 
geometrica l factor s necessar y to estimat e the magnifica -
tion and focal lengt h of the lens used by the photogra -
pher, we can then use Equatio n 3 to calculat e the effec-
tive diamete r of the lens. 

Effect of focu s on magnificatio n and on vanishin g point s 
The Gaussia n lens formul a relates the focal lengt h of a 
lens f to the distanc e between it , the subjec t and the 
image: 

Since as Equatio n 4 shows , the magnificatio n depends 
on the relativ e distances , a consequenc e of Equatio n 5 is 
that if a lens is moved for purpose s of refocusing , the 
relativ e distance s change , as does the magnification . 
However , this effect is seldo m notice d since the "typical " 
photograp h involve s a smal l magnification . In a com-
mon snapshot , for instance , the image of a 180 cm tall 
perso n ends up less than 24 mm hig h on the film , 
resultin g in a magnificatio n of only ~10.-3 As M increas -
es, however , changes in M upon alteratio n of the focus 
can become noticeable . 

Anothe r principl e of photograph y importan t to the 
research at hand is that paralle l lines converg e to a van-
ishin g poin t related to the focal lengt h and positio n of 
the lens. Thus , refocusin g a lens, or indeed , movin g it 
for any reason , wil l change not only the magnificatio n 
of the image but also the vanishin g point . 

Optica l aberration s 
Variou s aberration s (astigmatic , coma, chromatic , etc.), 
all of whic h degrade the qualit y of the image, are exhib -
ited by lenses . For example , in the case of spherica l 
aberration , rays fro m the oute r edges of a lens are 
brough t to focu s close r to the lens than are the centra l 
rays. The only way to reduce this effect in a single-ele -
ment lens is to decrease its effectiv e diameter . In the 
range of lens sizes that concer n us, other aberration s 
are also reduce d as the lens diamete r is decreased . 
Unfortunately , stoppin g a lens dow n reduce s the 
brightnes s of the image, resultin g in a tradeof f between 
sharpnes s and brightness . 

The concav e mirro r as lens 
The optica l propertie s of concav e mirror s have been 
studie d since the time of Euclid . Figur e 2, for instance , is 
an engravin g from a 1572 book showin g what appears 
to be Archimedes ' use of focuse d ligh t from several con -
cave mirror s to defend Syracus e from a Roman fleet in 
212 BC. We discovere d in the cours e of our research , 
however , that outsid e the scientifi c community , there is 
scant awareness of the fact that an image can be forme d 
with a concav e mirror . For this reason , we wil l use the 
term "mirro r lens"  in this articl e to make explici t the 

imagin g propertie s of the concav e mirror . Althoug h 
bot h refractiv e lenses and mirro r lenses can for m 
images , images forme d by mirro r lenses have a particu -
larly significan t characteristic . In both cases the image is 
inverte d but , sinc e a mirro r reverses left to right , the 
resul t is that the symmetr y of the fina l image created by 
a mirro r lens is identica l to that of the subject . This is 
illustrate d in Figur e 3. The importanc e of this from the 
poin t of view of an artis t fashionin g a paintin g is dis -
cussed elsewhere. 3 

We wil l emphasiz e mirro r lenses in our discussio n 
since we have uncovere d a variet y of circumstantia l evi-
dence pointin g to their possibl e use. However , it shoul d 
be noted that we have as yet foun d no scientifi c evi-
dence that migh t distinguis h between portrait s made 
with the aid of concav e mirror s rather than refractiv e 
lenses . What evidenc e is there that the fabricatio n tech-
nolog y to produc e such an optica l element existed in the 
early Renaissance ? Jan van Eyck gives us one answer in 
the 1434 portrai t show n in Figur e 4. Unti l an opaque 

protectiv e coatin g had been applie d to the back side of 
the convex mirro r on the wall , its obvers e side woul d 
have been a mirro r lens. In addition , concav e mirror s of 
polishe d bronz e and speculu m metal did exis t in 
Medieval times and in antiquity . 

Summary of relevan t lens effect s 
To summariz e the specifi c aspect s of lenses we have 
drawn upon for our analysi s of Renaissanc e paintings : 

If we know the geometr y of the origina l scene, and 
the size of the canvas (film) , we can calculat e the 
focal lengt h of the lens used; 

From the focal lengt h and depth of field we can cal-
culate the diamete r of the lens; 

If a lens is moved to alter the focus , the magnifica -
tion of the image wil l change ; 

If a lens is moved between two exposures , a second 
vanishin g poin t wil l be created ; 

Althoug h both refractiv e 

lenses and mirro r lenses 

can form images , images 

forme d by mirro r lenses 

have a particularl y signifi -

cant characteristic . 
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Concav e mirror s ("mirro r lenses" ) can be used to 
create images ; 

Mirro r lense s leave the symmetr y of the scen e 
unchanged ; 

The imag e forme d by any simpl e lens—mirro r or 
refractive—wil l exhibi t significan t aberratio n that can 
be reduce d onl y by decreasin g the diamete r of the 
lens ; 

Spherica l aberration , astigmatism , and com a limi t 
the usefu l area of an image , even if the diamete r of 
the lens is reduced . 

Husban d and Wife, Lorenzo Lotto , circ a 1523-4 
Figur e 5 has turne d out to be a remarkabl y ric h paintin g 
in the contex t of our work , so we wil l discus s our analy -
sis of it in some detail . Figur e 6 show s the centra l geo-
metri c patter n on the tableclot h in thi s painting . What is 
immediatel y strikin g is that Lott o painte d a patter n that 
appears to go out of focu s as it recedes int o the scene , 
jus t as happen s in a photograp h when the DOF of the 
lens is exceeded . Since the huma n eye automaticall y refo -
cuses as it traverse s differen t depth s of a scene, suc h an 
out of focu s featur e woul d not have been visualize d by 
Lotto' s unaide d eye alone . Althoug h thi s paintin g pro -
vides strikin g evidenc e of havin g been based on a pro -
jected image , and even thoug h eyeglas s lenses were pro -
duce d at least as early as circ a 1300, documentatio n of 
the firs t optica l instrument s to emplo y refractiv e optic s 
does not appear unti l the mid-16t h centur y (Janssen' s 
compoun d microscop e of 1590 and Galileo' s telescop e of 
1609 are commonl y cited , but the earlies t know n exam-
ple is Girolam o Cardamo' s 1550 descriptio n of a camera 
obscur a incorporatin g a lens) . Demonstratio n that an 
optica l instrumen t was in fact in use prio r to circ a 1550 
is thus an objec t of interes t in the contex t of the histor y 
of scienc e as well as the histor y of art. 

Interestingly , as can be seen in Figur e 6, in the same 
regio n of the paintin g where the image loses focus , the 
vanishin g poin t also changes . Had Lott o laid out the 
patter n geometrically , following , for example , the prin -
ciple s articulate d in the 15th centur y by Leon Battist a 
Alberti, 5 the chanc e of suc h a chang e takin g place woul d 
have been minimal . However , had he trace d the patter n 
fro m a projecte d image , and had he move d the lens in 
an attemp t to refocu s after the DOF had been exceeded , 
suc h a chang e woul d be completel y natural . 

If we examin e the triangula r patter n towar d the righ t 
edge of the table , we discove r that the vanishin g poin t 
change s here as well , at the same dept h in the scene that 
the centra l featur e goes out of focu s and the vanishin g 
poin t changes . However , unlik e the centra l feature , the 
triangula r patter n on the righ t remain s in focu s all the 
way to the back of the table . As discusse d below , thi s can 
also be easil y explaine d by an optica l analysi s of the 
painting . In fact , not onl y does thi s wor k provid e con -
vincin g scientifi c evidenc e that the artis t used a lens , 
there is actuall y enoug h informatio n to allo w us to cal -

culat e its physica l properties . 
Assumin g the widt h acros s the shoulder s of a typica l 

woma n is 50 cm , and measurin g the correspondin g 
widt h in the origina l paintin g to be 28 cm , the magnifi -
catio n M = 0.56. For reason s explaine d in detai l below , 
we believ e that intrinsi c aberration s of the lens did not 
allo w Lott o to projec t the entir e image ont o the canvas 
at one time . Instead , he was force d to piece it togethe r 
fro m severa l projecte d "frames, "  each of heigh t and 
widt h 30-50 cm . (It shoul d be noted , however , that 
neithe r thi s assumption , nor the precis e dimensions , are 
critica l to our analysi s of thi s painting. ) Since the visibl e 
portio n of the tableto p occupie s a widt h of approxi -
matel y 52 cm on the origina l painting , thi s portio n cor -
respond s to one projecte d frame . 

To determin e the precis e foca l lengt h of the lens Lot -
to used woul d requir e accurat e measurement s of his 
camer a obscura . However , we can make a reasonabl e 
estimat e if we assum e Lotto' s studi o was roughl y 3 m 
deep. Allowin g 1 m of that for the tabl e and subject s 
leaves a 2 m workin g distance . As Figur e 7 shows , if the 
lens were locate d 1.5 m fro m the subjects , the magnifi -
catio n of M = 0.56 woul d resul t in an ampl e 84 cm 
working  distanc e between it and the canvas . With these 
value s for the lens-subjec t and lens-canva s distances , 
and usin g Equatio n 5, we find  the foca l lengt h of the 
lens was f = 54 cm . Interestingly , the diagona l of our 
assume d range of projecte d "frames "  is in the range 42-
70 cm , so suc h a lens woul d have provide d a "normal " 
perspectiv e for thi s frame . Also , whethe r Lott o used a 
refractiv e or a mirro r lens , the diopte r strengt h was 

so the curvatur e of its surfac e was equivalen t to that of a 
pair of readin g glasses . 

The triangula r patter n in the tableclot h of Figur e 5 
serves as a built-i n fiducia l that allow s us to determin e 
additiona l informatio n abou t the lens . There are seven 
repeats of the triangula r patter n acros s a 14.48 cm span 
of the paintin g at the fron t of the table , so ther e is a 
spacin g of 2.07 cm per triangle . Since the magnificatio n 
is 0.56, thi s means there was a spacin g of 3.70 cm per 
triangl e on the original . The centra l patter n seems to go 
"ou t of focus "  at 5-9 triangle s deep int o the scene . 
Since the patter n is at an angle of abou t 30° wit h respec t 
to the camer a lens , thi s is a distanc e of (5-9) X 3.70 cm 
X cos30° = 18.5-33.30 cm X 0.866 = 22.5±6 cm fro m 
the fron t edge of the table . If we assum e that Lott o ini -
tiall y focuse d on the fron t edge of the table , we now 
kno w he exceeded the DOF of his lens at a distanc e of 
22.5±6 cm . 

Equatio n 2 allow s us to calculat e fro m thi s informa -
tio n the physica l size of the lens Lott o used . If we assum e 
a circl e of confusio n on the paintin g of 2 mm fro m his 
simpl e lens , we fin d f# 22, and thus the diamete r of 
the lens D = 2.4 cm . As we have confirme d fro m our 
own experiments , a concav e mirro r of thi s foca l lengt h 
and diamete r project s an imag e that is brigh t enough , 
and sharp enough , for an artis t to use when the subjec t is 
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Figur e 5. Husban d and Wife , Lorenz o Lotto , circ a 1523-4. 96 cm x 116 cm . Note how the octagona l patter n in the cente r of the table -

clot h appear s to go out of focu s as it recede s away fro m the viewer . Althoug h it may be to o smal l to see as reproduce d here , in large r 

reproduction s it is easy to see a chang e in vanishin g poin t in the patter n at the righ t of the tablecloth , at the sam e plac e wher e the 

octagona l patter n goe s out of focus . 

Figur e 6. Husban d and Wife (detail) . Two vanishin g point s are clearl y observed , as woul d happe n if a lens were move d in the cours e 

of makin g thi s painting . 
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illuminate d by stron g sunlight . 
Finally , let's conside r why Lott o painte d the 

centra l featur e out of focus , whil e the triangula r 
patter n at the righ t of the table is in focu s even 
thoug h it extends furthe r into the scene. When Lot -
to exceeded the DOF of his lens and was force d to 
refocu s to a poin t =20 cm furthe r into the scene, 
the resultin g image was measurabl y reduce d in 
magnification . Since the centra l featur e on the 
tableclot h was so wide (=30 cm), such a change 
made it impossibl e for Lott o to attemp t to match 
the comple x geometrica l pattern . However , sinc e 
the triangula r patter n at the righ t edge of the table-
clot h was roughl y six times narrower , his job there 
was at least six times easier. Althoug h there isn' t 
space here to describ e our complet e analysi s of this 
remarkabl e painting , detaile d examinatio n reveals 
other telltal e signs that expose Lotto' s struggle s to 
make the geometri c pattern s on the tableclot h look 
reasonabl e as he altered the focus of his lens. 

Other painting s 
The Lorenz o Lott o paintin g is unusua l for the 
wealth of evidenc e it contain s about the artist' s use 
of a lens. Althoug h the majorit y of painting s we 
have analyzed lack one or more of the detail s need-
ed for a simila r quantitativ e analysis , the conclu -
sion s we have been able to draw from those that do 
contai n informatio n have been, withou t exception , 
consisten t with our discoveries . To briefl y cite three 
additiona l early examples , a Hans Memlin g paint -
ing of 1485 exhibit s a change in vanishin g poin t 

Figur e 7. A plausibl e layou t for Lorenz o Lotto' s studi o show n approxi -
matel y to scal e assumin g a room  of dimension s 3 m x 3 m. 

Figur e 8. a) Sibyl , Doss o Dossi , 1516-20. 68.5 cm x 84 cm . b) Portrai t of a Man, Giovann i Battist a Moroni , 1560-65. 39.7 cm x 47 cm . 
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that occur s roughl y 10 cm int o the scene from  the front 
edge of the table , consisten t wit h a lens havin g been 
move d to refocu s after the DOF was exceeded . Similarly , 
the patter n in the seat back in Anthoni s Mor' s Mary 
Tudor of 1554 also show s a chang e in vanishin g point . 
Anothe r exampl e is the tablecloth , and som e of the 
object s on it , in Hans Holbein' s Georg Gisze of 1532 that 
show a chang e in perspectiv e of 10° in the vertica l direc -
tion . If we make reasonabl e assumption s abou t the size 
of his studio , thi s is consisten t wit h a lens havin g been 
raised (or lowered ) by 25 cm part way throug h comple -
tio n of the painting . We can onl y speculat e on the rea-
sons Holbei n di d this , sinc e it is unlikely  suc h a large 
chang e in positio n of the lens coul d have occurre d by 
accident . 

The lens as a constrain t 
Some peopl e are upset to learn Renaissanc e master s of 
the statur e of van Eyck and Holbei n used lenses . Howev -
er, artist s certainl y did use technica l aids in thei r work — 
brushes , palettes , plum b lines , grids , and drawin g screen s 
are some examples—s o a lens is simpl y one mor e techni -
cal aid we now kno w some of them made use of. Actual -
ly, some art historian s fin d anothe r of our result s even 
mor e striking , sinc e it implie s that for a perio d of tim e 
artist s migh t have had thei r wor k constraine d by a tech -
nica l aid . There is space to onl y briefl y discus s anothe r 
typ e of analysi s we have don e that suggest s thi s migh t 
have been so. 

In the cours e of our work , we notice d that a large frac -
tio n of the "photographi c quality "  portrait s of the 15th 
and 16th centur y were limite d to the head and shoulder s 
of the subjects . So far we have analyzed 12 suc h portrait s 
that vary in areas of canvasse s by over a facto r of five , and 
that were painte d by differen t artist s durin g the perio d 
circ a 1450 to 1560-5. Two example s fro m this set of 12 are 
show n in Figur e 8. To compar e these painting s we used 
the subjects ' eyes (specifically , the spacin g betwee n 
pupils) , appropriatel y scaled to the sizes of the canvasse s 
and correcte d for orientatio n of the subjects . Surprising -
ly, in spit e of the seemin g lack of limitation s on the vari -
ous artist s in creatin g these portraits , the measure d inter -
pupi l distance s turne d out to be 5.86 ± 0.81 cm. Since 
the average interpupi l distanc e of adult s is 6.3 cm (nor -
mal range 5.3-7.3 cm) , thi s means all 12 portrait s were 
produce d at essentiall y the same magnificatio n of ~90%. 

To investigat e the implication s of thi s furthe r we did a 
ray tracin g analysi s of an optica l syste m configure d as in 
Figur e 7, incorporatin g a mirro r lens wit h f = 590 mm 
and f# = 3.9, 5.9 and 11.8. Not surprisingly , aberration s 
limi t the size of acceptabl e images that can be projecte d 
by such a lens . If the horizonta l and vertica l broadenin g 
of sharp feature s in the projecte d image are to be kept to 
less than 20%, we foun d onl y an area of ~30 cm X 30 cm 
on the canvas is useabl e even when stoppe d dow n to 
f#=11.8. If thi s is relaxed to 40%, at whic h poin t onl y fair -
ly gros s feature s of the subjec t are stil l recognizable , the 
usabl e area onl y increase s to ~50 cm X 50 cm. Whil e we 
assume d a perfec t spherica l surfac e for our calculations , 
any manufacturin g defect s woul d furthe r reduc e the area 

of the projecte d image that had acceptabl e quality . Signif -
icantly , all 12 of the portrait s that one of us had previous -
ly identifie d as exhibitin g a "photographi c quality, "  and 
whic h we then subsequentl y analyzed , have thei r key fea-
tures (i.e., the subject' s head and shoulders ) constraine d 
withi n these areas. 

We regar d these observation s as additiona l circum -
stantia l evidenc e substantiatin g the use of lenses . More 
significantly , however , is the possibl e implicatio n that 
early Renaissanc e artist s paid a pric e for usin g lenses . 
Whil e they coul d now produc e painting s mor e quickl y 
than before , and wit h unprecedente d realism , it appears 
intrinsi c optica l aberration s impose d a constrain t on 
thei r abilit y to choos e thei r compositions . Artist s quick -
ly develope d variou s ways to overcom e thi s challenge , 
althoug h not always wit h perfec t success. 3 

Summary 
We have discovere d a variet y of scientifi c evidenc e that 
strongl y support s and extend s a theor y of paintin g 
develope d by an artis t (David Hockney ) based on his 
visua l observations . This wor k in tur n has implication s 
for two othe r academi c disciplines : art histor y and the 
histor y of science . We expect that bringin g the propertie s 
of the mirro r lens , and introducin g concept s of image 
analysis , to the attentio n of art historian s wil l open new 
areas of investigatio n in understandin g painting s of the 
past 600 years . Also , sinc e the principl e of the camera 
obscur a was discusse d in early Chines e and Arabi c litera -
ture , evidenc e of the use of optica l aids may exis t in East-
ern and Islami c art as well . Finally , we can' t help but note 
that no t onl y is an understandin g of optica l scienc e 
needed for developin g key 21st centur y technologies , it is 
also fundamenta l for understandin g 15th centur y art. 
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