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Figs. 678-679:
Pinhole apertures and camera obscuras in observations of the sun on Triv 6v and A20v.

1. Introduction

Leonardo has commonly been credited with the invention of the camera obscura.1.  This is not true.  Unequivocal descriptions of the instrument go back at least until the ninth century A.D. 2 and by the thirteenth century it had assumed an important function in astronomy.3 On the fourth of June, 1285, for instance, William of St. Cloud used a camera obscura to observe an eclipse of the sun.4  This use of the camera obscura develops in the fourteenth century and in the latter fifteenth century provides one source of Leonardo's interest in the instrument.  He uses it, for example, to estimate the size and distance of the sun and moon.

The aperture of the camera obscura is, for Leonardo, analogous to the aperture of the pupil and this leads him to study various characteristics of apertures: how images passing through them are inverted, how they do not interfere with one another, how such images are "all in all and all in every part"; how they can vary their intensity, and how they move in a contrary direction beyond the aperture.

He considers the effect of changing the size of the aperture and examines in some detail both the properties of a single aperture with a changing number of sides and the characteristics of multiple pinhole images.  From a note on CA277va (1513-1514) cited above (see p.     ), he clearly intended to adopt these findings for two additional books on light and shade. Indeed many of the experiments that he had made with umbrous bodies in the open he repeats in combination with a camera obscura, now focussing on a particular phenomenon:  how the boundaries between light and shade are actually a series of subtle graduations.  These late studies of 1508-1510, as will be shown, have important consequences for his theories of vision and perception.  But before considering these, we need to examine the details of his camera obscura studies.

2. Astronomical Context 

Leonardo's earliest extant reference to the use of an aperture in observing eclipses is on Triv.6v (fig. 678, 1487-1490):

Way of seeing the sun eclipsed without hurting the eye.  Take a card and make the aperture with a needle and through these /pinhole/ apertures look at the sun.

In this case the image is seen directly and the aperture serves merely to screen off excessive light.  On CA270vb (c. 1490) he describes a case where the image is seen indirectly under the heading:


How bodies...send...their form and heat and power beyond themselves.


When the sun, through eclipses, remains in the form of the moon, take a thin sheet of iron 

and in this make a little hole and turn the face of this sheet towards the sun...holding a piece 

of cardboard a 1/2 braccia behind this and you will see the similitudes of the sun come in a 

lunar shape, similar to its shape and colour.

Immediately following he offers a (cf. fig. 679).


Second example.

This said sheet /of iron/ will also do the same at night with the body of the moon and also with the stars. But from the sheet /of iron/ to the cardboard there is by no means to be any other aperture other than this little hole and this is similar to a square box, of which the faces above and below and the two on the side of the card are of solid wood; that in front has the sheet /of iron/ and that behind, a thin white cardboard or paper pasted to the edges of the wood.

Finally he provides an illustration that simulates the effects produced by these natural phenomena:

Third example.

Again take a candle of wax, which makes a long light and placed in front of this aperture, the said light will appear on the paper opposite in a long form and similar to the form of its cause, but upside down.

This example, described on CA270vb, is illustrated in diagrams on CA126ra (fig. 156), CA125vb (fig. 694), and CU789 (fig. 704). The case of the moon is also considered on A64v (1492):


Because all the effects of luminous bodies are demonstrative of their causes, the moon in 

the form of a boat, having passed through the aperture, will produce at the object /i.e. the 

wall/ a boat shape.

On A61v (1492) he pursues this theme, now adding an illustration (fig.    ):

 That perforation of round quality which is half closed will appear in the form of ab and the 

part c will be the light and n will be the closed off part and this same happens to the 

luminous half-moon.

The problem of the moon's shape continues to perplex him.  On CA243ra (1510-1515) he notes:

Since over a long distance a long luminous source makes itself round to us and /yet/ the 

horns of the moon do not observe this rule and even the light from nearby observes the 

demonstration of its point.

(figure)

Figs. 680-681:
Use of camera obscura for astronomy on A21r (1492) and by Mario Bettini (1642).

(figure)

Figs. 682-683:
Uses of camera obscura for astronomy on BM174v and CA243rb.

The use of the camera obscura in determining the diameter of the sun had been discussed by late mediaeval authors such as Levi ben Gerson5 (c.1370).  This also interests Leonardo as is shown by a diagram on A20v (fig. 679, cf. A21r, fig. 680 and Mario BEttini, fig. 681) beneath which he adds:


Way of knowing how large the sun is.  Make that from a /to/ b there are hundred braccia 

and make that the aperture where the solar rays pass is 1/16 of a braccia and note how much 

the ray has expanded in percussion.

The problem is not forgotten. On CA225rb (1497-1500) he reminds himself in passing of "the measurement of the sun promised me by Master Giovanni the Frenchman."  On BM174v (1500-1505) Leonardo describes a more complex procedure involving a combination of camera obscura and mirror (fig. 682):


ab is the aperture through which the sun passes.  And if you could measure the size of the 

solar rays at nm, you could see very well the true lines of the concourse of these solar rays, 

the mirror standing in ab, and then make the rays reflected at equal angles towards nm.  But 

in order that you do not then distort (torse) it at nm, take it inside the aperture at cd, which can be measured in the percussion of the solar ray, and then place your mirror at the distance ab and there make fall the rays db /and/ ca and then rebound under equal angles towards cd.  And this is the true method:  but you need to operate such a mirror at exactly the same month, day and hour and you will do it better than at any other time because in such a distance of the sun, such a pyramid is caused.

The precise function of this procedure is not explained. On Leicester 1r (1506-1509) he alludes to but again does not elaborate on a

Record of how I at first demonstrated the distance of the sun from the earth and with one of its rays which have passed through an aperture in a dark place find its true quantity again and besides this, through the centre of the water to find the size of the earth.

To this problem of sizes and distances of the planets he returns on CA243rb (1510-1515) now providing a more detailed explanation:


If you have the distance of a body you will have the size of the visual pyramid which you will cut near the eye on the window (pariete) and then you remove the eye to that extent, such that the intersection is doubled, and note the space from the first to the 2nd intersection and say:  if in so much...space the diameter of the moon increases so much above the first intersection, what will it do in all the space that there is from the eye to the moon?  This will make the true diameter of this moon.

The method here described is identical to the surveying procedure used to demonstrate principles of linear perspective on CA42rc, (cf. vol. 1, fig. 122).  On CA151va (1500-1506) he gives an alternative method of measuring the distance of the sun, this time using a staff again familiar from the surveying tradition. Lower down on CA243rb he draws a rough sketch of a camera obscura (fig. 683) beneath which he notes "Measure of the size of the sun, knowing the distance." On CA297va (1497-1500) he drafts a passage concerning the use of apertures in a meteorological context:

The solar rays, penetrating the apertures...which are interposed between the various...globosities of clouds, illuminate with their straightness all...the passage interposed...between the earth and this aperture...and tinge from themselves all the sites where they intersect.

(figure)

Figs. 684-685:
Apertures in clouds and camera obscuras on CU476 and CA248va.

This he drafts again directly below:

The solar rays penetrating the apertures interposed between the various globosities of clouds...make a straight and spreading course towards the earth where they are intersected...illuminating...with their...brightness all the penetrated air.

These drafts serve in turn as the basis for a passage on CU476 (fig. 684, TPL447, 1510-1515):


On the solar rays that penetrate the apertures of clouds.

The solar rays penetrating the apertures positioned between the various densities and globosities of clouds illuminate all the sites where they intersect and even illuminate the darknesses or tinge with themselves all the dark places that are behind them, which darknesses show themselves to be between the intervals of these solar rays.

Also in this late period, on CA248va (fig. 685, 1510-1515), he again mentions the relative intensity of the sun's illuminating in a camera obscura:

ab is brighter than cd.  But the point t being illuminated by the narrow aperture by the part of the sun o will be that much less illuminated than being illuminated by the diameter ab to the extent that this o is less than this diameter ab.

These astronomical and meteorological uses of the camera obscura constitute but a small part of Leonardo's concern for this instrument.  He is fascinated by the analogies that it offers with the pupil (see below pp.     ) and therefore employs the camera obscura to demonstrate such optical principles as inversion of images, their non-interference, and their existence "all in all and all in every part."  We shall examine each of these in turn.

(figure)

Figs. 686-687:
Use of a camera obscura to demonstrate the inversion of images on W19147v (K/P 22v): fig. 688, another example on C6r.

3. Inversion of Images

Leonardo believes that images are inverted in passing through the aperture of the pupil.  As early as 1489-1490 he employs a camera obscura to demonstrate this principle in a passage on W19147v (K/P 22v):

But if the plane of this interruption has in it a small aperture which enters into a dark home /that is/ dark not by colour but through privation of light, you will see the lines enter through this said aperture /and/ carry on the second wall the entire form of its origin, both with respect to colour and form.  But everything will be upside down....

A specific example follows (fig. 686):

Let ab be the origin of the lines.  Let de be the first wall; let c be the aperture where the intersection of the lines is.  Let fg be the last wall.  On the last wall and percussion you will find that a remains below at the place g and g below rises above to the place f.

He pursues this eye-camera obscura analogy on C6r (fig. 688, 1490-1491):

All the things that the eye sees beyond little apertures are seen upside down by this eye and are known as right side up.

Let ad be the pupil (luce) that sees through the aperture n.  The line eh is seen by the lower part of the eye; dh is seen by the upper part of the pupil.

(figure)

Figs. 689-696:
Demonstrations of inversion in camera obscuras. Fig. 689, Forst. III 29v; figs. 690-691, CA373rb; fig. 692, CA155rde; fig. 693, BM170v; fig. 694,  CA125vb; figs. 695-696, CA345vb.

He illustrates this inversion principle in sketches without text on Forst III 29v (fig. 869, 1490-1493), CA155rde (fig. 692, 1495-1497) and BM170v (fig. 692, 1492); then mentions it again on BM232v (1490-1495): “The bases of inverted pyramids, if they are in a dark place, will show upside down the shape and cause of their source.” A further illustration occurs on CA125vb (fig. 694, 1492) accompanying which he drafts an explanation:

The sun and every luminous body, which sends its rays through an aperture smaller than it in size, will send the rays upside down behind this aperture and you will see the experience with a lighted candle, taking its rays beyond an aperture smaller than it.

On CA126ra (c. 1492) the problem is further illustrated (fig. 156).  Thereafter, more than a decade passes before he broaches the problem again on CA345vb (figs. 695-696, 1505-1508):

And they /the images/ impress themselves on the wall opposite the said point, perforated in a thin wall, and for this reason the eastern part will impress itself in the western part of such a wall and the western in the eastern and likewise the northern in the southern and conversely, etc.

In the Manuscript D he discusses the problem of inversion at length.  A first passage on D10r (c. 1508) is entitle:


Of the species of objects that pass through narrow apertures into a dark place.

It is impossible that the species of bodies that penetrate through apertures into a dark place do not reverse themselves.  This is proved by the 3rd of this which states (the particles of each umbrous ray are always rectilinear).

(figure)

Figs. 697-698:
Demonstrations concerning inversion of images on D10r and D8r.

To demonstrate this he provides a concrete example (fig. 697):

Therefore the part b of the object ab, passing through the aperture n into the dark place oqpr, will impress itself on the wall pr on the site c and the opposite extremity a of the same object ab will impress itself on the wall cr /sic: pr/ at the point r /sic:c/ and thus the right extremity of such an object makes itself left and the elft makes itself right, etc.

On D8r he pursues this analogy between eye and camera obscura under the heading:


How the species of objects received by the eye intersect inside the albugineous humour.

The experience which shows that objects send their intersected species or similitudes inside the eye in the albugineous humour is shown when the species of illuminated objects pass through some small round aperture into a habitation that is very dark, then you will receive such species on a white piece of paper...placed in such a habitation somewhat near this aperture and you will see all the aforesaid objects on this paper with their proper shapes and colours but they will be smaller and inverted as a result of the said intersection.  Which images if they originate in the eye illuminated by the sun appear properly depicted on this paper which would be very thin and seen from behind.

A concrete demonstration follows (fig. 698):

And let the said aperture be made in a very thin sheet of iron.  Let a, b, c, d /and/ e be the said objects illuminated by the sun.  Let or be the face of the dark habitation in which is the said aperture nm.  Let st be this /piece of paper where the rays of the species of these objects are intersected upside down, /and/ because their rays are straight a /on the/ right makes itself left at k and e /on the/ left makes itself on the right at f and it does the same inside the pupil.

(figure)

He again mentions this way in which images are inverted in passing on W19150v (K/P 118v(a), fig. 699, 1508-1510):  "No image of however small a body penetrates the eye without being turned upside down....."  On CA241vc (also 1508-1510) he produces two further drafts:

Every umbrous and luminous species which penetrates through the apertures...behind such a penetration turns (upside down after such a penetration) in contrary aspects all the parts of its size.

Every umbrous and luminous species interests after the penetration made behind the apertures, turning in contrary aspect every part of their size.

These he crosses out and reformulates:

The rays of umbrous and luminous species intersecting after the penetration made by them inside the apertures, turn in contrary aspect every part of their size.

4.
NON-INTERFERENCE

The non-interference of images is another phenomenon which he demonstrates using the camera obscura.  On A93r (BN2038 13r, 1492), for instance, he shows how a red, white and yellow light can intersect without interference (fig. 700).  Similar demonstrations occur on CA256rc (figs. 701-702, c.1492) involving a red, green and yellow light and a red, white and green light.  Accompanying these are a series of draft notes concerning the intensity of colour, light and shade passing through apertures:

(figure)

Figs. 700-702:
Demonstrations concerning non-interference of images.  Fig. 700, A93r; figs. 701-702, CA256rc.

(figure)

Figs. 703-705:
Further demonstrations concerning non-interference of colours in a camera obscura on K/P 118r, CU789, 
K/P 118v.

That colour which is more illuminated will show itself better in the percussion made by its rays within the aperture.

The luminous rays will make the shadows of bodies greater which oppose themselves between the aperture and the percussion, which bodies are touched by a less luminous ray.

To the extent that the umbrous body is closer...to the percussion of the rays, the more its shadow will observe the form of its derivation.


The qualities of rays are 2, that is:  luminous and umbrous.


The percussion of the luminous ray is surrounded by those images of things which surround the luminous body.

On 19112r (K/P 118r, 1508-1510) he returns to the theme of non-interference of colours in a camera obscura, this time using yellow and blue lights (fig. 703). 
Slightly more complex is a demonstration on CU789 (fig. 704, TPL707, 1508-1510) where he shows how light from a candle and from the air produces different colours on an interposed object:


Of the colours of lights illuminating umbrous bodies.

The umbrous body positioned between nearby walls in a dark place which is illuminated on one side by a minimal light of a candle and is illuminated on its opposite side by a minimal aperture of air, if it is white, then such a body will show itself yellow on one side and azure on the other, the eye standing in a place illuminated by the air.

On CU797 (TPL645, 1508-1510) he had used a similar demonstration to establish that the colour of shadows participates with the colour of surrounding objects (see above pp.     ). 
On W19150v (fig. 705, K/P 118v, 1508-1510) he pursues both the themes of colour participating and non-interference of images under the heading:


Of the rays which carry the images of bodies through the air.

All the smallest parts of the images penetrate each other without occupying the space of one another.


And let r be one of the sides of the opening.  Opposite this, let s be an eye which sees the lower extremity u of the line no, which extremity cannot send its similitude from itself to such an eye s such that it does not touch the extremity r and m, the middle of this line does the same and the same happens to the upper extremity n /going/ to the eye /at/ v.  And if such an extremity is r, the eye v does not see the colour green of o at the edge of the aperture, but only the red of n by the 7th of this where it is stated that every similitude sends its species beyond itself by the shortest line which, by necessity, is straight etc.

On the recto of this same folio (K/P 118r) this phenomenon of the non-interference of images is discussed further in a passage entitled:

On the nature of the rays of which the images of bodies are composed and their intersections.

The straightness of the rays which carry through the air the shape and colour of the bodies whence they depart do not tinge the air with themselves nor, furthermore, can they tinge one another in the contact of their intersection.

(figures)

Figs. 706-707:
Three light sources through one aperture and through two apertures on W19150v (K/P 118v).

This claim he qualifies:

But they only tinge the place where they lose their being because such a place sees and is seen by the origin of these rays and no other object which surrounds this object can be seen from the place where such a ray, being cut off is destroyed, leaving there the spoil /i.e. the image/ carried by it.

And this is proved by the 4th on the colours of bodies where it is stated that the surface of every opaque body participates in the colour of its object.  Therefore it is concluded that the place by means of which the ray which carries the images sees and is seen by the origin of such a species is tinged by the colour of that object.

5.
IMAGES ALL IN ALL

The way in which Leonardo uses a camera obscura to establish that images are all in all and all in every part has been analysed previously (see above pp.    ).  This was chiefly in terms of passages on A9v (fig. 133, 1492) and W19150v (figs. 706-706, K/P 118v, 1508-1510). This principle is also implicit in a sketch on BM171r (fig. 708, 1492) beneath which he writes:

Every surface is the boundary of a dark body /and/ multiplies in that boundary the species of the things positioned opposite it and if they are bright it sends them inside as bright.

(figure)

Figs. 708-711:
Camera obscura demonstrations on BM171r, W12353v, CA91vb and CA112va.

(figure)

Figs. 712-721:
Camera obscura demonstrations.  Figs. 712-719, CA238rb; fig. 720, CA133va; fig. 721, CA238vb.

(figure)

Figs. 722-728:
Further camera obscura demonstrations.  Figs. 722-726, CA238rb; fig. 727, CA382vb; fig. 728, K/P 118v.

(figure)

Figs. 729-732:
Camera obscuras on CA155rd.

(figure)

Figs. 733-736:
Camera obscura demonstrations.  Fig. 733, CA256rc; fig. 734, W12353; figs. 735-736, C14v.

It is equally implicit in other sketches on W12352v (fig. 709, 1494), CA91vb (fig. 710, C.1500), CA112va (fig. 711, 1505-1508), as well as in a series of sketches (figs. 712-726) on CA238rb, vb (1505-1508) accompanying which is only an interrupted text: “Every part of ab...is in every part...d, but more...illuminate...short ray...where the spe/cies.../ powerful occupy...the less powerful.” On CA155rd (figs. 729-732, 1497-1500) he implicitly demonstrates this principles again in a series of four diagrams accompanying which he merely notes:

For the adversary...the long light ab would only illuminate the point c and experience illuminates it in des.


abfik is according the adversary; abcgh is mine.

This principle is illustrated roughly once more in a diagram without text on W12353 (fig. 734, 1508-1511).

6.
INTENSITY OF LIGHT AND SHADE OR IMAGE

Images in the camera obscura may be "all in all and all in every part."  Nonetheless, Leonardo is convinced that they can vary in their intensity, and he uses the camera obscura to demonstrate this.  On C14v (1490-1491), for instance, he draws a rough diagram (fig. 735) which he then develops (fig. 736).  Accompanying this he opens with a general comment:

That part of the air will participate more in its natural darkness which is percussed by a more acute luminous angle.

It is clearly comprehended that where /there is/ a lesser luminous...angle there will be less light because the pyramid of this angle has a smaller base and because of this smaller base, a smaller number of luminous rays concur to its point.

This is followed by a specific demonstration, which refers back to the diagram (fig. 736):

The angle a has a larger base than the angle b, the base of a is...sf and that of b is gh.  Therefore a has a base that is a quarter larger than b /and/ has a quarter more light.  Again c /and/ d hold a similar difference amongst one another because c sees ik which is half of the light ef and from d it sees the quarter lm.

This theme of differing intensities of light within the camera obscura is mentioned in passing on CA256rc (fig. 733, 1492): “The luminous rays make the shadows of bodies greater which are opposite the aperture and the percussion, which bodies are touched by a less luminous ray.” On CA238rb (1505-1508) following the all in all passage cited previously (see above p.   ), he again takes up this theme of differing intensities of light and shade (fig. 723):

By the simple proof of the lines intersected at the boundary of the umbrous body all the percussion of the luminous species would be of equal brightness...such that ab, a quarter of the luminous body responds to gh;...a quarter of the percussion at bc with ih which is similarly a quarter of the luminous body and of the percussion and the other 2 quarters do likewise:  whence kf would be of equal light.  But experience does not confirm it, whence other....

He now draws a second diagram (fig. 724) which he explains:


Therefore experience showing how the percussion of luminous rays acquires degrees of darkness in every part of height and this not being concluded by the first figure the second concludes it, because all the light ae sees i and 3/4 of this light be sees h and half the light ce sees g and a quarter of the light...de sees f.  Hence f is less luminous and 3/4 so than i.

Another diagram follows (fig. 726 cf. 727-728) accompanying which he notes:  "When the motion is from n to m, the shadow will descend from a to b." On this single folio CA238rb (1505-1508) he has thus used a camera obscura to demonstrate that (1) images are all in all and all in every part (see above pp.    ); (2) that images vary in their intensity and (3) that images inside a camera obscura are inverted mind these three demonstrations are closely related.  It is no wonder, then, that the remaining preparatory sketches on this folio (figs. 715-719, 722, 725) which are without text have a certain ambiguity about them:  they could serve to support any of or all three of these demonstrations.


On C12v (fig. 737, 1490-1491), in the course of his studies of light and shade, he had illustrated how a light source in front of two opaque bodies produces concentric rings of light and shade of different intensity.  The text on C12v is closely related to a draft, possibly in another hand on BM101r (1490-1495):

BM101r



C12v

That umbrous body of spherical
That umbrous body of spherical

rotundity will make circular

rotundity will make circular mixed

mixed shade which will be be-
shade which has placed between it

tween it /and/ the sun a body

and the sun an umbrous body of its

placed opposite it similar to

quality.

its quality /and/ quantity.

This demonstration of concentric rings caused by opaque bodies in the open air is the more interesting because it is paralleled by further demonstrations involving camera obscuras.  On CA242v (1497-1500), for instance, he draws (fig. 738) sunlight entering through an aperture which is intersected at various distances.  Directly beneath he describes the first percussion:

The first percussion of the solar ray is illuminated toward its centre b by the simple solar body b and at ab and bc it is illuminated by the air opnm...which mixes such a percussion, which is not simple light of the sun and towards the extremities a /and c, it is not illuminated except from the sides which are toward the centre of the sun such that between the lack /of light/ in such a site and the light of the sun, through the light of the air these spaces ab and bc become considerably darker towards their extremities a /and c.

He then describes the second percussion

At the 2nd percussion of the solar ray ac sees the entire solar body and would be very luminous if the darkness of the lateral air...did not corrupt such brightness with its darkness; that is, bt etc is seen other than by the sight of sun by ohegm.

ab and cd lack the light of the sun in each degree of distance from its centre r and towards a /and/ d, the extremities are only illuminated by the centre of the sun as the triangle adr shows.


And the said space ab is seen by op and the space cd by nm which obscure it.

A description of the third percussion is given short schrift:  "At the 3rd figure bc is seen by all the body of the sun."

(figure)

Figs. 738-740:
Camera obscuras and concentric rings of light and shade on CA272v, CA262ra and CA238rb.

He pursues this theme on CA262ra (1497-1500).  Here he carefully redraws his diagram showing various percussions of sunlight within a camera obscura (fig. 739).  Directly above this he drafts a general claim: “The solar ray which penetrates inside the apertures (of the eye) of houses, in each degree of its length changes quality as quantity.” It is noteworthy how he here writes "apertures of the eye" which he then crosses out to write "apertures of houses."  The correction is significant because on the same folio he also discusses different kinds of pupils (see pp.     ).  The camera obscura-eye analogy is very important for him. Not content with his first draft he crosses it out and begins afresh:

The solar ray which, through a narrow aperture made in a thin wall, penetrates a dark place, in each degree of its length m...

Here the text breaks off.  Beneath the diagram he starts anew, now with a description of the 6th percussion.

In the 6th demonstration the sun is more powerful in ab than in cd because ab sees and is seen by the entire solar body and cd is seen by half.

The triangle cem carries the entire figure of the sun to m:  whence there is the first degree of luminosity in this m.  And the triangle del carries the half less light to the site 1 than in m, because only half of the sun shows itself there.  In the triangle egk there is carried to this k all the luminosity of the sky eg and to i is carried the quality...of the base of the triangle fgi which is half of eg.

(figure)

Figs. 741-748:
Demonstrations of contrary motion using camera obscuras.  Fig. 741, C3r; figs. 741-742, CA133va; figs. 744-748, CA357rb.

(figure)

Figs. 749-751:
Demonstrations of contrary movement of images in 
camera obscuras on W19149r (K/P 118r).

He returns to this theme in a sketch without text on CA238rb (fig. 740, 1505-15087).  In the Manuscript F similar sketches becoming a starting point for theories of the pupil (figs.    , see below pp.    ).

7.
CONTRARY MOTION
Leonardo's use of the camera obscura to demonstrate the phenomenon of contrary motion can be traced back to a note on C3r (fig. 741, 1490-1491):

The movement of the percussion of the sun which passes through the aperture of a wall and repercusses on the other side will make its growth towards the bottom.  And this occurs because with the sun rising....

If the sun bc sees all of ef when it has risen to ab it will see as far as fn and from this it arises that apertures of the sun grow towards the bottom.

It is impossible that in bifureated and mixed derived shade there is a part where the entire umbrous body can be seen.

He pursues this theme in a series of sketches without text on CA357rb (figs. 744-748, c. 1490).  On CM171v (1492) the principle is again mentioned:

All the similitudes of things which pass through a window out of the open air into the constrained air of the wall are seen in a contrary site:  that thing which in the open air moved from east to west will appear as a shadow in the illuminated wall of constrained air / to be/ of contrary movement.

Further sketches (figs. 742-743) without text follow on CA133va (1497-1500).  Approximately a decade later he demonstrates this principle of contrary movement of images in a camera obscura by moving the edges of the aperture on W19149r (K/P 118r, figs. 749-751, 1508-1510, see above pp.    ).  In this same passage he also broaches the themes of aperture size, rectilinear propagation and the principle that images are all in all in every part.

(figure)

Gis. 752-756:
Experiments concerning contrary motion of images in a camera obscura on CA277va.


The principle of contrary movement is further examined on CA277va (1508-1510).  Here his approach is experimental and systematic.  He begins with a situation (fig. 752-753) where a stick, situated in a high position in front of a near wall, casts a shadow low down on the far wall.  The accompanying text is headed:


Operation of compound shade.


The operations of compound shade are always of contrary motion.

That is, if it is touched by an opaque body, the concourse of the luminous rays,...before they come to their intersection, all the shadows of this interrupting body of the superior ray are demonstrated beyond such an intersection in the percussion of the inferior ray and just as the...superior ray...makes itself inferior after the intersection, so too the motions that the umbrous body makes inside such a superior ray will show themselves of contrary motion behind such an intersection.  And this is shown in the intersection of compound shade on the pavement or on the wall percussed by the sun or other luminous body.

Having considered the contrary motion of this stick's shadow when the stick is positioned in front of the first wall (fig. 754), he explores what happens if the stick is positioned behind this first wall:

But if the luminous ray is...impeded by an opaque body...somewhat behind its intersection, then...the percussion of the derived shade of the opaque body will make a motion similar to the motion of its opaque body.

(figure)

Fig. 757:
Demonstration of contrary motion of images in a camera obscura on E2v.

Next he turns to a case where the stick is positioned in the same plane as the first wall (fig. 755, cf. fig. 756):

And if such rays are impeded at the actual site of their intersection, then the shadows of the opaque body will be two...and they will move with contrary motions with respect to one another, before they come to unite.

This passage ends with a general comment:

The compound derived shade is the cause that the percussion of the solar ray which passes through some angle does not impress...these angles but portions of...that much larger or sm/aller/ to the extent that such impressions are more remote or close to these angles.

He returns to this theme of contrary movement on E2v (1513-1514) in a passage headed:


On shadow and its movement.

Of two umbrous bodies which are one behind the other behind a window and a wall is interposed at a given space.... The shadow of the umbrous body that is close to the wall will move if the umbrous body closer to the window is in transverse motion /relative/ to this window.

This he demonstrates with a concrete example (fig. 757):

This is proved.  And let the two umbrous bodies be a /and/ b interposed behind the window nm and let the wall be op interposed with some space interposed between them which is the space ab /he means bc/.  I say that if the umbrous body a moves towards s that the shadow of the umbrous body b which is c will move towards...d.

(figure)

Figs. 758-765:
Demonstrations with camera obscuras having different sizes of apertures.  Fig. 758, CA373rb; fig. 759, CA256rc; fig. 760, H227 inf. 47v-48v; fig. 761, a2r; fig. 762, CA373rb; fig. 763, CA256rc; fig. 764, H227 inf. 47v; fig. 765, A85r.

8.
Size of Aperture

Concerned as he is with studying the variables of a given problem it is not surprising to find him exploring the role played by different sizes of aperture.  On CA373rb (1490-1495) he merely makes two preliminary diagrams without text (figs. 758, 762).  These he develops in two diagrams (figs. 759, 763) on CA256rc (1492) where he draws a thin and a thick wall alongside which he writes: “Among apertures of equal...size that which is in a larger wall will render a darker...and smaller percussion.” On H227 in f. 47v=48r he takes these ideas further.  Here he draws a thick wall (fig. 760) accompanying which he notes:  "The aperture that is positioned in a thick wall will give little light to the site where it reaches."  He also draws a thin wall (fig. 764) with the comment:  "That aperture that is positioned in a thinner wall will give more light to the place where it reaches." He pursues this theme on A2r (fig. 761, 1492) where he draws a relatively thin wall and considers changing intensities of light inside a camera obscura under the heading:


Quality of lights

To the extent that ab enters into cd so many times is it more luminous than cd and similarly as many times as the point e enters into cd so many times is it more luminous than cd.  And this light is good for those /things/ which entail subtle work.

On A85r (BN2038 5r, 1492) he draws a related diagram (fig. 765) alongside which he drafts an explanation:

That air which is luminous penetrates through perforated walls and passes inside dark habitati
ons will make the place that much less dark to the extent that this perforation enters into the walls that surround and cover the pavement, to the extent that this perforation is less than the walls that surround and cover the pavement.

Not content, he crosses this out and reformulates it under the heading of:

Painting

That luminous air which penetrates and passes through perforated walls into dark habitations will make the place that much less...dark, to the extent that this perforation enters into the walls that surround and cover their pavement.

He redraws the diagrams of A2r and A85r on CA262v (figs. 766-768, 1497-1500) this time with no accompanying text.  About a decade later he takes up this theme of apertures of different sizes once more in W19152v (K/P 118v, 1508-1510), beginning with a general claim: “Images which pass through apertures into a dark place intersect their sides that much nearer to the aperture to the extent that this aperture is of lesser width.” By way of illustration he draws three diagrams and first discusses the case (fig. 769) on the far left in which the opaque objects ab and ik produce shadows which pass through the aperture de:

This is proved: And let ab be the umbrous body which sends not its shade but the image of its darkness through the aperture de which is the width of this umbrous body. And its sides ab being rectilinear (as was proved) it is necessary that they intersect between the umbrous body and the aperture but that much closer to the aperture to the extent that this aperture is less wide than the umbrous body.

(figure)

Gis. 769-771:
Demonstrations of concerning different sizes of aperture in camera obscuras on W19152v (K/P 118v).

He proceeds to discuss the two figures to the right of this, namely, abc, which is on the far right, (fig. 771) and nmo which is on the near right (fig. 770, or as he puts it, to the left relative to abc):

as is shown on your...right side and /the figure/ to the left /of it/ in the two figures abc /and/ nmo where the aperture /of the figure on the/ right being equal in width to the umbrous body ab, which intersection of such an umbrous body makes itself in the middle between the aperture and the umbrous body in the point c, which the figure to the left /fig. 770/ cannot do, the aperture o being considerably smaller than the umbrous body nm.

He then considers further properties of the diagram at the far left (fig. 769):

It is impossible that the images of bodies can be seen between the bodies and the openings through which the images of these bodies penetrate.  And this is apparent because where the air is illuminated such visible images are not generated.

This discussion of where image formation occurs leads him to mention where images are doubled:

Images doubled ;by the reciprocal penetration of each other always double their darkness.  To prove this let such a doubling be deh which, although it sees only between the bodies bi, this does not stop its being seen from fg or from fm.  It is composed of the images a, ik which are infused with one another in deh.

Here the physics of light and shade dovetails with the problem of image formation in a camera obscura which interests him because of its relevance to vision (see below pp.    ).  In Leonardo's mind one topic constantly leads to another.

(figure)

Figs. 772-776:
Demonstrations concerning sizes of apertures in camera obscuras on CA385va.

These interweaving analogies he develops on CA385vc (1510-1515) where he sketches two examples with two opaque bodies (figs. 772-773) and three cases with three such bodies at various distances (figs. 774-776).  Other sketches on the same folio (figs.   ) make explicit the camera obscura-eye analogy and leave no doubt concerning the parallels intended between physics of light and shade and physiology of vision.

9.
Shape of Aperture

When light passes through an aperture does the resulting image on the wall resemble the shape of the aperture or the light source?  Already in Antiquity this had been a problem as is evident from two questions posed in the Problemata attributed to Aristotle:

Why does the sun penetrating through quadrilaterals form not rectilinear shapes but circles, as for instance when it passes through wicker work?6

Why is it that during eclipses of the sun if one views them through a sieve or a leaf - for example, that of a plane tree or any other broad-leaved tree - or through the two hands with the fingers interlaced, the rays are crescent-shaped in the direction of the earth?7

Alhazen, in the eleventh century, had mentioned the problem of light passing through apertures.8  Witelo, in the thirteenth century had considered briefly light passing through square, round and angular apertures.9  With Pecham this phenomenon emerged as a serious problem.  He devoted two of his longest propositions to the properties of images passing through triangular apertures.10

(figure)

Figs. 777-778:
What happens to round images passing through triangular apertures in Pecham's Perspectiva communis and Leonardo's A82v.

(figure)

Figs. 779-782:
Round images passing through triangular apertures. Fig. 779, CA144vb; figs. 780-782, CA236ra.

Leonardo sands clearly within this tradition.  A diagram on A 82v (fig. 778, 1492) bears comparison with standard diagram from Pecham's work (fig. 777).  But whereas his predecessors had been content to consider isolated cases, Leonardo is more systematic. In his notebooks he illustrates a series of situations showing how, with greater distance, the image gradually loses the shape of the aperture and takes on the shape of the light source. When the light source, aperture and projection plane are very close, the light passing through a triangular aperture produces a triangular image.  This limiting case (fig. 783) he considers in some detail a situation in which a triangular image begins to become curved (figs. 780-782, cf. fig. 779):


The exterior sides of compound derived shade are always seen by all the luminous body.

But none of the interior sides of compound derived shade sees any part of the luminous body.

The more that the converse pyramid, created by decomposed (derived) shade is removed from its angle the more it will see of the luminous body but it will never see half.

Or so much more than half to the extent that the luminous body is greater than the umbrous body.

The percussion of the luminous ray, which...penetrates inside the concavity of the angle will never impress this angle, but in place...of this it impresses a portion of a circle.


But if the angle is convex then the impression of the obtuse angle will make an acute angle.

(figure)

(Figs. 783-788: Stages in the transformation of a triangular image to a round image.  Fig. 783, Author's reconstruction: fig. 784, CA277va; fig. 785, C10v; fig. 786, Forst III  29v; fig. 787, H227 inf. 50v-51r; fig. 788, H227 inf. 49r.


How the shadow of an obtuse angle makes itself acute with curved sides.

Of the curved and acute sides the derived shadow of the...obtuse angle is made convex from rectilinear sides.

And this is proved.  And let the luminous object be ah of which all its rays see the obtuse angle c of the straight sided triangle kgc and thus the left ray a passes the angle c and bends to the side.

As the distance increases each point of the triangle generates a circle in the form of the light source which results in a triangular configuration of three circles. He illustrates this situation on CA277va(fig. 784, 1508-1510).  On C10v (1490-1491)  he shows (fig. 785) a next step in this process where the circles have begun to overlap.  The accompanying text summarizes the phenomenon:

It is impossible that the ray born of a spherical...luminous source, can at a distance go /on/ conducting in its percussion the similitude of the quality of any angle in the angular aperture through which is passes.

On Forster III 29v (fig. 786, c. 1493) he demonstrates a next stage in this process of transformation.  The distance is now greater and the three circles have begun to overlap more.  The accompanying text is brief:  "The angle is terminated in a point.  In the point are intersected the images of bodies." A next stage, where the distance is greater and the circles overlap even more is recorded on Manuscript H 227 inf. 50v-51r (fig. 787) accompanying which is a thorough explanation:

If the entire body of the sun sees all the square aperture it is necessary that every minimal part of this aperture sees all the sun and transfers it all behind the first wall where it terminates the course of the solar rays.  Therefore no angle can appear over a long distance...in the solar sphere.

The point of the triangle B is centre of the circle D.  A is the centre of the circle E and similarly C comes to be centre of F and if make a triangular aperture in a plate of thin iron of similar size and you make the rays of the sun pass inside and receive them in an object that much distant from a similar triangle that when the rays dilate in the size of the circle CDF , you will see the little triangle make itself in a spherical form. 

When the distance is greater still the image takes on entirely the shape of the original light source and is fully round, in spite of having passed through a triangular aperture.11 This situation he describes in draft on CA135va(1490-1492) and develops on H227 inf. 49r (fig. 788):
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(figure)

Figs. 789-790:
Eye looking through a semi-circular and triangular aperture on A61v and H71/23/r.

(figure)

Fig. 791: Shadow produced by a round light source striking a rectangular occlusion on C12r;

Fig. 792:
Image produced by a rectangular light source passing through a round aperture on CA256rc.

(figure)

Figs. 791-800:
Transformation from a square image to a round image generated by a round light source and square aperture.  Fig. 793, Author's reconstruction; fig. 794, Forst II 5v; fig. 795, H227 inf. 48r-48v; fig. 796, CA135va; fig. 797, H227 inf. 48v; fig. 798, CA135va; figs. 799-800, H227 inf.
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Given his interest in the light-sight analogy (see above pp.     ) it is not surprising to find him on H71 /23/(r) (fig. 790, 1494) examining what happens when an eye looks through a triangular aperture.  "The eye," he concludes, "does not comprehend the nearby luminous object." He is equally interested in the properties of square apertures and occluding objects.  On C12r (1490-1491), for instance, he (fig. 791) asks:  "What shadow a square umbrous body will make with a spherical luminous source?"  On A20r (1492) he notes how:  "the solar rays repercussed on the square mirror will rebound in a circular form on the distant object."  On CA256rc(c. 1492) he considers a variant situation in which (fig. 792) a rectangular light source passes through a circular aperture and projects a rectangular image.


When a circular light source, a square aperture and a projection plane are close to one another, the projected image takes on the squareness of the aperture.  This limiting case (fig. 793) Leonardo does not illustrate.  As the distance increases each of the four corners of the aperture generates intersecting circles.  This situation he illustrates (figs. 794-797) and describes at length in a passage recorded on H227v inf., 48r-48v:

It is possible that the sun, having passed through four apertures, composes a spherical body on the object at a long distance.  Let the four apertures be A, B, C, /and/ D.  When the circles created by the sun by the said four apertures have expanded so much over a long distance that each one intersects itself with the nearby one in such a way that N /and/ M touch one another, then the four circles compose a single circle.  The first degree of the light that is in the four circles is at E, because there the four luminous circles are superimposed on one another.  F, G, H /and/ I are one quarter less bright then E, because there only three circles are superimposed on one another.  P, K, L /and/ O are the half less light than E, because there two circles are superimposed.  Q, R, S /and/ T are 3/4 less light /i.e. 1/4 of the light/ than E, because there is only one circle.

The passage ends with a description of what happens when the distance is increased:


Which /circles/ in going a long distance are lost because they are converted to darkness and thus P, K, L /and/ O become rounded and complete the spherical body and finally over a long distance the square E is converted to a circle and all the other parts of less duplicated light are lost.

How these circles gradually come together as the distance increases he sketches roughly on CA135va (fig. 798, 1492), and then with more care in a diagram recorded on H227 inf. 48v (figs. 799-800) accompanying which he writes:


Proof in what way the square is made in the form of a sphere by the solar rays at the object.

The point A spreads to M /and/ N and at a greater distance it spreads to OR and it sees the point of the angle which is extended to AS and then at AT when it has reached AV.  The line above RD is consummated and the summits of the spheres will touch one another through the intersections of the circles and then the square is reduced to a circle.

This description of how a square is transformed into a circle effectively provides a visual demonstration of the age old problem of quadrature of the circle.  Which raises the question:  did Leonardo perhaps see in these optical experiments a case study in principles of practical geometry?  This would, for example, account for a striking resemblance between the diagrams (figs. 795-795) just analysed and a diagram on Forst II 5v (fig. 794, c. 1495-1497), above which he writes "True proof of the square" and below which he adds:

If 4 circles are situated on the he line of a single circle with their centres in such a way that the circumference line of each one is made on the centres of each one, it is certain that they are equal and the circle where such an intersection is made, remains divided in 4 equal parts and is one half /the size of/ each of the four circles and inside each circle a square of equal angles and sides is produced.

Whether or not he saw these connections with transformational geometry, he was clearly fascinated in studying various stages in the process of a square image becoming round.  On CA135va (fig. 798, 1492), for instance, he records a further stage in which the four circles nearly overlap one another completely.  Accompanying this he drafts another passage which again emerges in more polished form on H227 inf. 49r (fig. 799):
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On H227 inf. 50v (fig. 800) he considers a case where the distance is greater still and the image becomes completely round, losing all trace of the square aperture:


Of luminous bodies.

Because the effects have similitude with their causes the sun, being a spherical body, it is necessary that the solar rays over a long distance do not retain the form of any angular aperture whence they pass, but rather, that they demonstrate after this the form of their cause in the first percussion.

An understanding of this phenomenon how the image of a round light source passing through a square aperture is square at a close distance and round at a greater distance helps us, in turn, make sense of a passage on A64v (1492) that is puzzling if read out of context:

The intersection of luminous rays made at the faces of the square aperture is produced beyond the said faces.  And the intersection made at the angles is made in the size of its angle.


(Every aperture carries its form to the object over a long distance.)

No aperture can transmute the concourse of luminous rays in such a way that over a long distance they do not bring to the object the similitude of their cause....

(figure)

Figs. 801-808:
Effects on images of slit-shaped apertures.  Fig. 801, H227 inf. 51r-51v; figs. 802-804;, CA135va; fig. 805, H227 inf. 81r-51v; fig. 806, A64v; fig. 807, CA135va; fig. 808, , H227 inf. 49v.

Having considered the characteristics of triangular and square apertures, he explores slit-shaped apertures. On CA135va (1492), for example, he draws (fig. 802) a case where each of the two end-points of the slit produces a circle.  He then redraws the slit (fig. 803) showing how the two circles overlap more at a greater distance.  These diagrams are without text.  When he pursues the problem on H227 inf. 51r-51v (fig. 801) he adds an explanation:

The solar ray passing through an angular aperture in the percussion made by it on the wall will not carry the true similitude of the aperture.

Proof how the angles are the cause of making that the apertures render on the object the solar rays in spherical form.

The aperture composed of four faces makes four angles A, B, N (and/ M and these angles are the cause that the pyramids which have passed through them expand over a long distance in such a way that, occupying the faces they will make in the object the spherical light.

On CA135va (fig. 804, 1492) he also sketches a related case where two rectangular faces are positioned such that they produce an open slit.  This he again draws and describes on H277 inf. 51r-51v (fig. 805):

Where the aperture has its faces without angles as PQ shows the solar rays having passed through, this will make on the object precisely the shape of the aperture with two lines.  Therefore, if the sun, having passed where there are angles, it is made round, and where there are not angles, /it is/ never /made/ so round.  This clearly shows that the angles are cause.

(figure)

Figs. 809-814:
Steps in the transformation from a cross shape to a round shape.  Fig. 809, C9r; fig. 810-812, CA135va; fig. 813, H227 inf. 49v-50r; fig. 814, C10v.

On A64r 91492) he sketches (fig. 806) and comments briefly on another variant in which one slit is placed above another:  "It is impossible that the luminous rays which have passed through parallels demonstrate to the object the form of their cause."  On CA135va (1492) he sketches yet another variant in which the two slits are side by side (fig. 807).  This he develops on H227 inf. 49v (fig. 808), explaining:

The sun having passed through narrow apertures which are divided by a small interval, it is necessary that in their percussion it demonstrates the two heads of these apertures in the form of two half circles which intersect one another.

Having placed the two slits above one another and beside one another Leonardo explores the next logical combination in which the two slits intersect one another to form a cross-shaped aperture.  On C9r (1490-1491) he illustrates (fig. 809) and describes a case where light source, aperture and projection plane are near one another, with the result that the image resembles the aperture:


The luminous ray which has passed through a small aperture and the stamp of its percussion having been interrupted at a nearby opposition will be more similar to the aperture...through which it passes than the luminous body whence it originates.

On CA135va (1492) he sketches how each of the ends of the cross shaped image acquires a rounded shape (fig. 810).  Next he shows how, at a greater distance, four circles emerge (fig. 811) which, at a greater distance still overlap more (fig. 812).  Accompanying this he indicates the distances involved in quantitative terms:


The transit of solar rays through an angular aperture is necessary in some space.

At the distance of 20 braccia it will lose the parts e, f, g /and/ h and at 30 /braccia there will be produced a spherical body by the parts a, b, c /and d because the part which is towards the centre is more powerful.

On H227 inf. 49v 49v-50r, he illustrates (fig. 813) a situation where the distance is more than 30 braccia and the four circles are nearly coincident with one another.  This he discusses in detail beginning with a general statement:

If each aperture sees the entire body of the sun, it sees all of its parts, which parts are received by all the aperture, and through all /of it/ and all in the parts.  Therefore the part of the aperture, even if it is acute and apt to give passage to the sum of the rays that have parted from all parts of the sun which compose opposite (...) in the first percussion a spherical form, similar to their cause.

A specific description of the diagram (fig. 813) follows:

C is the centre of KR; D is the centre of L; E is /the centre/ of MZ; F of HY:G of OX; H of PV; A of QF; B of IS such that the eight exterior angles of the cross /- shaped/ aperture, the solar rays passing inside them compose in the object a round brightness, which brightness is composed of eight circles which make themselves the centre of eight angles of the aperture and each circle has in it fourteen intersections made by its seven companions, which are ninety-eight intersections in all.

At a still greater distance the image loses all trace of the cross-shaped aperture and becomes perfectly round like the light source.  This situation he demonstrates (fig. 814) on C10v (1490-1491) beneath which he adds:

(figure)

Figs. 815-819:
Intersecting circles produced by a square aperture, a slit, a triangular, cruciform and star shaped aperture.  Figs. 815-818, CA187ra; fig. 819, C7v.

The...luminous ray which has passed through some aperture of a strange form, if the stamp of its percussion be lengthened, will be similar to the luminous body whence it originates.../rather/ than the aperture through which it passes.

Leonardo has analysed in detail the properties of images passing through apertures in the form of triangles, squares, slits, double-slits and crosses.  But he is not content to stop here.  On C7v (1490-1491) he alludes to a more complex situation:


Perspective

If you wish to make the rays of the sun pass through an aperture in the form of a star, you will see beautiful effects of perspective...in the percussion made by the sun, which has passed.

Accompanying this he sketches in rough form an eight sided star (fig. 819).  The problem is not forgotten.  Within two years he describes this eight-sided star at length in connection with eight apertures on CA187ra (c.1492):


Remember that you note the quality and quantity of the shadows.

If you wish to see the clear and well-defined boundary of separation of simple shadows from th
e mixed ones you will have /the equivalent of a/ cloths for seiving made of paper soaked in turpentine and oil, in which the light of the sun shines and on the inside...you place a thin-board perforated by equal apertures made in a circle in 8 parts equidistant from one another and let the diameter of this circle be one...1/2 braccia and at a half a braccio...from the centre of this circle you will place, away from it /and/ facing you, a dense spherical body.  Then you will place between your eye and the said body a thin folio of stationery which touches the spherical body, which is an inch in diameter and looking at its shadow behind it on the paper, the shadow of this body will appear to you precisely in the form of the image shown.

And if you wish to see the simple shadows with all the minuteness of degrees make a star of 8 rays which are as exactly large at the extremities as at the beginning and set this facing the sun, placing behind it the spherical umbrous body and then the paper and then your eye as was said above.

This entire description is written in the margin surrounding a carefully drawn diagram beneath which he writes: “This shadow is made by a spherical umbrous body illuminated by a light made in /the form of a/ star, which has its rays of equal size.” In the lower right-hand part of this folio he has drawn (fig. 837) a draft of this octagonal star shaped aperture.  Directly above this are four intersecting circles such as would result from a square aperture (fig. 815, cf. figs. 794-797). 
Beneath the principal diagram showing the shadows produced by the octagonal star (fig. 838) are three other diagrams of intersecting circles: two circles, as would result from a slit (fig. 816, cf. fig. 803), three intersecting circles, as would result from a triangular aperture (fig. 817, cf. figs. 784-785), and four intersecting circles as would result from a cross-shaped aperture (fig. 818, cf. figs. 811-812).  In short, this octagonally shaped aperture marks the culmination of a series of experiments.

(figure)

Figs. 820-823:
What happens to a round light passing through a single aperture.  Figs. 820-822, CA277va; fig. 823,




CA241rd.

(figure)

Figs. 824-825:
What happens to a round light passing through two apertures on CA277va and CA241rd.

On CA256rc (c.1492) he drafts a summary of these results:  "In the percussion of rays is demonstrated part of the nature of its cause."  Which idea he then reformulates in a passage headed:


On the nature of apertures

An aperture is composed of a number of sides and that which has fewer will demonstrate the truth of things less.

That which has more is better and maximally when the parts of the sides are equidistant from the centre of the aperture.

10.
Number of Apertures 

If we return to read more carefully the passage on CA187ra (c. 1492), we find that he not only mentions an eight-sided aperture, but also eight apertures equidistantly arranged in a circle.  This is not an oversight on his part.  For just as he has been studying the properties of multi-sided apertures, so too has he been exploring the comparable properties of multiple pinhole apertures. On CA277va (1508-1510), for instance, where he outlines his new plan for arranging the work on light and shade (cf. Chart 10 above), he illustrates the image cast by one pinhole aperture (fig. 822), two (fig. 824), three (fig. 829), four pinhole apertures (fig. 834), and a rough sketch with the image cast by perhaps as many as eight pinhole apertures (fig. 838, although this could well represent an advanced stage in the rounding produced by three apertures, fig. 830, cf. 831).


These draft sketches on CA277va (figs. 822, 824, 829, 1508-1510) are developed on CA241rd (figs. 823, 825, 836, 1508-1510), this time accompanied by text.  In the upper right-hand margin he notes in passing:  "Many minimal lights in the long distance will continue and make themselves noticeable."  In the main body of the text he drafts general rules of light and shade (see below, p.    ).  Alongside the drawings he discusses the:

(figure)

Figs. 826-832:
Intersecting circles produced by three apertures. Figs. 826-831, CA277va, fig. 832.

(figure)

Figs. 833-836:
Effects produced by a light source passing through four apertures.  Fig. 833, CA177rb; fig. 834, CA177ve; figs. 835-836, CA241rd.


Nature of the light which penetrates apertures.

Of the light which penetrates apertures it is to be doubted whether, with the dilation of its rays, it recomposes as much size of impressions behind such an aperture, as the width of the body causing these rays.  And other than this, whether such a dilation is of a power equal to the luminous body.

To the first doubt it is replied that the dilation made by the rays behind their intersection, recomposes such a size behind the aperture,...as was that which it had in front of the aperture:  the space from the luminous body to the aperture being that which /there/ is from the impression of these rays to this aperture.  And this is proved by the rectilinearity of luminous rays, concerning which it was proved that there is such a proportion from size to size...as there is from distance to distance of their intersections.

But the power does not go with the same proportion...as was proved, where it is stated:...such is the proportion of heat to heat...and of brightness to brightness of the luminous rays in the same centre, as there is from distance to distance from their origin.  Therefore it is proved that the luminous ray loses that much in heat and brightness, to the extent that it is removed from its luminous body.

It is true that compound...derived shadows, that originate from the edges of such apertures, break such a rule through their intersections and...this is treated fully in the second book of shade.

(figure)

Figs. 837-838:
Effects produced by a round light source passing  through an eight sided aperture.

Having answered his first two questions he considers the proportions of light involved under the heading:


Of the proportion that the impressions of light have placed partly one above the other.

Such are the proportions of lights that are generated in the impressions of luminous rays...in part superimposed on one another as is that which the number of impressions have, which are superimposed among one another.

To demonstrate this he now describes his figures (figs. 823, 825, 835, 836):

This is proved in the 2nd:  And let the luminous rays be mb and mc which penetrate through the aperture op to the impression bc, which impressions are superimposed in part at the space n.  I say that...the illuminated space, n, will be doubly bright than the remainder of the two impressions b /and/ c because n is seen twice by the luminous source m, and b and c are seen a single time.  And by the second of this:  such is the number of its luminous sources illuminating it at equal distances.  And the same recurs in the 3rd figure where qmop have one degree of brightness, dpgh have two, enci have three and a 4.  Therefore we shall say that the degrees of light will be as many as the number of apertures.

Further examples of four apertures occur on CA177rb (fig. 833); CA177vc (fig. 840, 1508-1510) he makes a rough sketch involving perhaps as many as eight apertures.  On CA187ra (cf. fig. 838, 1492) he explicitly describes the use of eight apertures and on CA385vc (fig. 841, 1510-1515) he carefully draws apertures and the eight circles thereby produced.  On the same folio he sketches two other cases with 18 apertures (figs. 842-843).  This theme of multiple apertures is developed on CA241vc (1508-1510).  Here he draws three intersecting circles which frame 24 apertures (figs. 845).  Beneath this he draws another diagram (fig. 846) with 24 apertures to show how these, at a greater distance, produce 24 interlacing circles. Accompanying these diagrams on CA241vc is a text that develops the ideas of CA241rc:

(figure)

Figs. 839-843:
Effects of light produced by multiple apertures. Figs. 839-840, CA277va; figs. 841-843, CA385vc.


D


On light

Of the proportion that there is from illuminated object to illuminated object by a same luminous light.

Such will be the proportion...of the brightnesses that the illuminated sites of a same luminous body have as is that of the number of apertures through which this luminous body illuminates the aforesaid site.  This is proved by the third placed behind this folio at the foot.12

This leads to a second general rule:


Of multiplied brightness taken from a single luminous body.

The brightness of a same luminous body at an equal distance will make itself of more power, to the extent that the number of the apertures, whence it penetrates to its impression (onto a same place).


And this is proved in the 3rd, behind this face, etc.

But it is also proved with the 13th of the other book where it is stated:  that part of a site will be more illuminated which is seen by a greater number of luminous bodies.

(figure)

Figs. 844-846:
Effects produced by 24 apertures on CA241vc.

On CA229vb (1505-1508) he takes this theme further.  He begins with a rough sketch showing two circles inscribed within a larger one (fig. 847): this might represent a situation involving two apertures. He then draws (fig. 848) four apertures and the four circles thereby produced.  There follow other examples which are multiples of four, beginning with a sketch (fig. 849) of 16 (4 x 4) apertures with a hint of the circles they produce.  Next he draws (fig. 850) 12 points on a half-circle, which would amount to 24 (4 x 6) apertures in all.  A case (fig. 851) involving 21 (4 x 7) apertures follows.  Finally he draws (fig. 852) a series of eight circles which span but a quarter of the circumference of a circle that would contain 32 (4 x 8) apertures. Of these various examples only the case involving 28 apertures (fig. 851) is accompanied with a text:

A piece of iron is perforated with the perforations of a sieve and it takes the rays of the sun in such a way that all the perforations become enlarged, as the circle an and in the middle a makes the multiplication of rays placed one over the other which occupy the space of the lesser...circle m which will be warm and lucid.

We have already noted Leonardo's implicit comparison between multiple sided apertures (triangles, squares, crosses, octagons) and multiple-apertures (1, 2, 3, 4, 8, 16, 24, 32 pinholes).  On looking more closely at CA229rb, vb as a whole another, theme of comparison becomes apparent:  he is analysing multiple-apertures on the same folio that he is exploring multiple shadows produced by a St. Andrew's cross.

This is not a coincidence.  His analyses of the multiple shadows produced by a St. Andrew's cross occur on CA37ra, 177rb, 177ve, 241rcd, and CA229rb, vb (see above pp.     ).  These are the very folios on which he also explores multiple aperture problems of light (see Chart 18).

(figure)

Figs. 847-852:
Effects of multiple apertures on CA229vb.
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Chart 18:
Links between Leonardo's work on multiple apertures, multiple-sided apertures and multiple shadows.

(figure)

Figs. 853-863:
Draft sketches showing effects of light which passes through a slit and encounters a sphere.  Figs. 853-862, CA187va; fig. 863, CA187 rab.

(figure)

Figs. 864-866:
Development of a demonstration on CA187vab, A89v and A89r.

11.
Apertures and Interposed Bodies

We have examined how Leonardo explores the properties of light when it passes through apertures of various shapes such as slits and crosses.  A next stage in complexity would be to study such apertures in combination with various shaped opaque bodies. This he does on CA187va (c. 1492) where he makes a series of preliminary sketches to show what happens when light passing through a slight-shaped opening encounters a spherical object (figs. 853-854, 856-862).  Above these diagrams he makes two drafts of an explanation:

These umbrous bodies will make their derived shade more or less, depending on whether they are more or less far from the light.

These bodies will make their derived shade more or less short, depending on whether they are closer or further (from the light of the window) from their light.

Unsatisfied, he crosses out these drafts.  He turns the sheet ninety degrees and makes two further sketches showing how light, having passed through a slit, and encountering a spherical object, produces a combination of simple and mixed shadow (figs. 855, 864). In the left-hand margin he drafts a phrase:  "That light which," then stops short.  Alongside the lower diagram he notes:  "This light is long and then."  Directly beneath this he writes: “No separate shade can stamp on the wall the true form of the umbrous body, if the centre of the light is not equidistant from the extremities of this body.” In the upper left-hand margin he now claims:

No long light will send the true form of the separate shadows (to the wall) from the spherical bodies to the wall.

On CA187ra (1492) he redraws his sketch of light passing through a slit, which encounters a sphere and casts shadows on the wall (fig. 863).  Alongside this figure he writes:  "Remind yourself that you note the qualities and the quantities of the shadows."  On A89v (BN 2038 9v, 1492) he redraws the situation (fig. 865) and on A89r (BN 2038 9r, 1492) he develops it into a beautiful diagram without text (fig. 866).  As is so often the case, he expects that his visual statement will speak for itself.

Closer attention to the other sketches on CA187ra (1492) again reveals Leonardo's delight in playing with variables.  Having shown what happens when a slit-shaped light encounters a spherical opaque body (fig. 863), he considers what occurs when a spherical light encounters a slit-shaped opaque body (fig. 867).  Not content to stop here he lets light pass first through a round and then through a slit-shaped aperture (figs. 868-869) and contrasts this with light which passes first through a slit-shape and then through a round aperture (fig. 870).  Next he replaces this slit-shape with a cross shape (figs. 871-875).

This final example can be seen as a starting point for his illustration more than fifteen years later on CA207ra (fig. 876, c. 1508-1510) to "make a crucifix enter a room."  Here he takes a blank wall on which he marks a crucifix.  Opposite this wall he positions an aperture which is in a room.  The sunlight reflects the light of the wall, enters through the camera obscura and casts the image of a cross into the room, (cf. Kircher's later example, fig. 877).

(figure)

Figs. 867-875:
Effects of light and shade involving combinations of apertures and/or occluding objects on CA187ra.

(figure)

Fig. 876:
Reflection of a cross shape through a camera obscura on CA207ra.

Fig. 877:
Development of this principle in Athanasius Kircher's Ars magna et umbra (1646).

(figure)

Figs. 878-879:
Apertures, occluding objects and shade on Triv. 22v and C11r.

(figure)

Figs. 880-882:
Sunlight, bubbles in water and cross shaped images on F28v.

A more complex play with cross-shaped images is suggested on Triv. 22v (fig. 878, 1487-1490) which may be the basis of his diagram on C11r (fig. 879, 1490-1491) where light passes through a cross-shaped aperture, encounters a transparent sphere and then casts a rounded cross-shaped shadow.  Accompanying this he notes:

The shape of the derived shade will always have conformity with the form of the original shade.

The light in the form of a cross is the cause why the umbrous body of spherical rotundity will cause from it shadows in the shape of a cross.

In 1508 he returns to this problem of cross-shaped images, now in an unexpected context.  On F28v (fig. 880) he observes that:

The ray of the sun, having passed through the bubbles of the surface of the water sends to the bottom of this water an image of this bubble that has the form of a cross.  I have not yet investigated the cause, but I believe...that it is because of the other little bubbles...which are joined to this larger bubble.

By way of illustration he makes two sketches to show how smaller bubbles13 surrounding the larger bubble (figs. 881-882) might serve to generate a cross-shape.  On CA236rd (1508-1510) he makes a note: “on the shadows situated at the bottom of the water and which send their species to the eye through water and through the air,” but precedes to discuss refraction (see below p.    ).  He appears not to have pursued the problem of cross-shaped bubbles as he had hoped.

(figure)

Figs. 883-887:
Slit shaped apertures and shade on CA258va.

In the period 1508-1510 he does return, however, to problems of slit-shaped apertures and opaque bodies on CA258va.  Here he begins (fig. 883) with light passing through a slit-shaped aperture which encounters a narrow opaque body and casts a shadow on the ground at ninety degrees to this.  Directly beneath he explains:

When the light of a long shape generates derived shade in rectangular conjunction with primitive shade, then the derived shade, in every degree of its length...diminishes its first darkness.

And this is proved by the 4th of this, where it is stated:  so much of the darkness of derived shade is lost to the extent that it makes itself remote from its primitive shade.

Next he considers a situation where this shadow is cast at more than ninety degrees (fig. 884):

To the extent that the angle which is generated at the conjunction of the derived shade with its primitive shade is larger, to that extent the boundary of the derived shade is ?.  And this arises by the said 4th because:  to the extent that the angle created by the conjunction of the derived shade...with the primitive shade is of greater size then the opposite extremities of such shade will be...more distant from one another and by the 4th, the derived shade will be of less darkness.

Immediately following he turns to the converse:


There follows the converse of the said.

The extremity of the derived shade will be that much darker...to the extent that the angle which is generated in the conjunction of the primitive shade with the derived shade is more acute.  And this is proved by the converse of the fourth which states:  ...that part of the derived shade will be darker which is closer to its primitive shade.

(figure)

Fig. 888)
A slit-shaped aperture, a slit-shaped object and its shade on CU630.

To illustrate this he moves an interposed stick through various degrees of obliquity (fig. 885). Finally he considers a case where a slit-shaped aperture, thin opaque body and the resulting shadow are all in the same plane (figs. 886-887)

Therefore, the more acute angle being the cause of making its sides closer, it is necessary that the primitive shade and derived shade of which the sides are composed are again much closer to one another.

This situation interests him and on CU630 (TPL627, 1508-1510) he examines it in more detail under the heading:


Of the derived shade created by light of a long shape which percusses an object similar to it.

When the light which passes through an aperture of a long and narrow shape percusses the umbrous body similar to it in shape and position, then the shade will have the shape of the umbrous body.

A specific demonstration follows (fig. 888):

This is proved.  Let the aperture, through which the light penetrates into a dark place, be ab and let the columnar object equal to and of the same shape as the aperture be cd.  And let ef be the percussion of the umbrous ray of the said object cd.  I say that such a shade cannot be /either/ greater or less than this aperture at any distance, the light being conditioned in the said way.  And this remains proved by the fourth of this which states that all umbrous and luminous rays are rectilinear.

(figure)

Figs. 887-891:
Combinations of apertures and occluding objects on C9v, W12352v and CA236rc.

Having studied in isolation the effects of different shapes of umbrous bodies and apertures, he examines various situations where these factors act in combination.  On C9v (1490-1491), for instance, he draws a light source (fig. 889) the rays of which, on meeting an opaque body, cast a shadow which passes through an aperture.  On the far side of this aperture are two further light sources g and h which cast rays intersecting this shadow.  Directly beneath this diagram he adds a brief text:

The simple percussion of derived shade will not change its darkness even though its umbrous rays are changed and mix in the air with luminous rays.  The figure on the right is well placed over this said proposition.

On W12352v (c. 1494) he draws another diagram (fig. 890) of a luminous body the rays of which meet an opaque body and cause shadows which then pass through an aperture.  Here there is no accompanying text.  But then on CA236rc (1508-1510) he redraws the diagram carefully (fig. 891) and adds a full explanation under the heading:


What difference there is between shadow and image.

The difference that there is between simple shade...of the opaque body to the image of this body is that such simple shade does not penetrate inside minimal apertures as...does the image of the same umbrous body.

This is proved.  And let the umbrous body be cd and let the luminous body accompanying the umbrous body in the generation of shadows be ab and let the aperture be r through which the said...species penetrate into the dark place vmhn.  I say that the simple derived shade, cdp is first intersected at this p which comes to the aperture r and spreads in such a way that it cannot penetrate through this aperture.

(figure)

Figs. 891-894:
Apertures and occluding objects in combination on 
CA216rb.

(figure)

Figs. 895-901:
Effects of spherical and rectangular occlusions on shade on CA238vb.

Meanwhile, on CA216rb (c. 1495) he had been exploring more complex variants of this situation.  In a first diagram (fig. 892) a light source is left undrawn and an opaque object casts its shadow through two apertures onto a wall.  In a second diagram (fig. 893) there are again two apertures, but now there is an opaque body in front of these apertures and a smaller opaque body behind them.  Their shadows combine to produce a series of four intersecting circles.  Finally there is a third diagram (fig. 894) which has the same elements and differs only in that relative sizes of the opaque bodies are changed.  There is no text accompanying these diagrams.

On CA238vb (1505-1508) he takes a flat rectangular board and a round ball.  These he places in near proximity to one another in order that they effectively function as an aperture.  He then examines the effects produced by moving the light source and altering relative positions of the board and ball.  Accompanying the series of diagrams that result (figs. 895-963) he drafts a number of only half intelligible notes which are here translated without comment:

The more /fig. 900/ it is closer to the intersection of the rays, the more m makes the function than the circles and likewise it will do the converse the more it approaches the percussion of these rays.

Here /fig. 721/ the solar rays make an intersection at the upper limit of the ball and at the lower limit of the axis.

But those which are interrupted...are those which are intersected at the board and, after such an intersection, are interrupted by the upper limit of the ball.

(figure)

Figs. 902-909:
Demonstrations with occluding surfaces.  Figs. 902
-903, CA238v; fig. 904-909, CA133va.

All [fig. 901] the luminous rays that are cut by n are lacking at m.


(The umbrous body outside the window)

And such an interruption of rays are of those which are intersected at the upper limit of the ball.

(The solar rays)

(Here the shadow of the board carried by solar rays).

Of which it happens (that the)

(Here) many correlates, that is derivatives.

(Here the...solar rays which terminate the shade)

When the solar rays, after their intersection at the upper part of some sphere have to terminate the inferior shade of the figure of straight lines.

Of the circle.

The shadow [fig. 895] n is always greater or less depending on...its direct (saetta) vicinity to the shadow of the ball and in its growing and diminishing there will always be beyond the...shadow of the ball in...the shape of a semi-circle as can be seen (/se/ en by him who interposes the eye to the ray of the sun when) by him who puts the shadow of the ball opposite him, near the eye, when the stick touches...the boundary, the shade...of the ball and from such a boundary the said stick slowly moves towards the sun, not deviating from the contact of the ball.

The umbrous body inside the window, the sun always....

The derived shade of the spherical body illuminated by a light equal to it...will diminish strongly if the percussion is at the limit of the shade of another spherical body (that) that touches the first spherical body.


ae [fig. 897] is the lower limit of the shadow of the board.

Related diagrams are to be found on CA238rb (figs. 712-719, 1505-1508) and CA133va (figs. 904-909, 1497-1500.  With two exceptions these are without text.  Beneath one (fig. 908), he points out that "the line ab is the boundary of the luminous body."  Below the largest diagram (fig. 909) he writes:  "When n touches m, f will touch g."  On such folios which represent an interim stage int eh development of his ideas, rough sketches suffice.  Careful explanation is not yet necessary.

12.
Spectrum of Boundaries

Leonardo's studies of a camera obscura in combination with opaque bodies lead him to abandon his early assumptions concerning clearly defined boundaries and to emphasize instead a spectrum of gradations between light and shade. This he does in terms of demonstrations involving a series of basic arguments:  (1) that derived shade has less power to the extent that it is more distant from its primitive shade; (2) conversely, that derived shade has more power when it is closer to its source; (3) to what extent one can speak of uniformity of derived shade; (4) that primitive and derived shade mix with distance; (5) where primitive and derived shade are joined together; (6) where shade is greater; (7) where primitive and derived shade are not joined; (8) implications for the perception of backgrounds and (9) simplified gradations of shade.


We shall consider his demonstrations for each of these arguments in turn and show how these interests lead directly from the physics of light and shade to problems of vision and perception.

12.1
Derived Shade is Less Powerful When More Distant From Its Primitive Shade
The idea that derived shade loses strength with distance is clearly expressed on CA258va (1508-1510):

Derived shade is that...much less...powerful than primitive /shade/, to the extent that it is more distant from this primitive shade.  There follows the converse.  And derived shade is that much more similar to the primitive shade to the extent that such derived shade is closer to this primitive shade.

He mentions this idea in passing on CU705 (TPL553d, 1508-1510):  "The darkness of the derived shade diminishes to the extent that it is more remote from the primitive shade." On CU707 (TPL561, 1508-1510) Leonardo returns to this problem in greater detail in a pass age entitled:


On compound derived shade.

Compound derived shade loses that much more of its darkness to the extent that it is more remote from simple derived shade.  This is proved by the ninth which states:  that shade will make itself of less darkness, which will be seen by a greater quantity of the luminous body.

A concrete demonstration (fig. 924) is cited in support:

Therefore let ab be the luminous source and lo the umbrous body and abf be the luminous pyramid and lok the pyramid of simple derived shade.  I say that...g will be a quarter less illuminated than at f because at f one sees all the light ab and at g a quarter of the light ab is missing such that only cb which is three-quarters of the luminous body ab, is that which illuminates g.  And at h one sees the half db of the luminous body ab.  Therefore, h has half of the light f and at i one sees a quarter of this light ab, that is, eb.  Therefore i is three-quarters less luminous than f.  And at k one does not see any part of this light.  Therefore there is a privation of light and the beginning of simple derived shade.  And thus we have defined compound derived shade.

12:2
Derived Shade is More Powerful When Closer to Primitive Shade

On CA144va (c. 1492) he drafts this idea:

The closer that the derived shade is to the primitive to that extent is it darker...and its boundaries are less /than the/...luminous part that surrounds it.

This he crosses out.  On CU730 (TPL598, 1508-1510) he takes up this claim afresh under the heading:


Whether the derived shade is darker in one place than in another.

Derived shade will be that much darker to the extent that it is closer to its umbrous body, or closer to its primitive shade and for this reason it arises that its boundaries are better known in the /ir/ origin than in other parts distant from this origin.

He reformulates the idea on CU699 (TPL606, 1508-1510) under the heading:


Of the boundaries of derived shade.

That boundary of derived shade will be darker and better known which is closer to its primitive shade.  This is proved by the 5th of this, which states:  in the contact that derived shade has with its primitive shade, there...the conjunction of the simple with the compound shadows are not noticeable because, beginning in an angle, they begin in a point, as is proved in the definition of an angle where it is stated:  the angle is the concourse of two straight lines in a same point.

Immediately following the objects of an adversary are mentioned and answered:

Even though the adversary says that such lines composing an angle can be curved, this is partly accepted and partly denied, because such lines could be of a same curvature and equally distant from the centre...of that circle surrounded by lines, whence...the contact of those two lines would make a single line and would be like the contact of two straight lines in a same directness which, also would not compose an angle but a single straight line.  But let us say that an angle is the contact of two straight lines situated outside a same rigour.  And of the curves let us say that a curvilinear angle is composed of curved lines with various distances from their circle.

12.3
Uniformity of Darkness 

The above two demonstrations serve as basis for his comments on CA258va (1508-1510):


On the Uniformity of Derived Shade.

But the derived shade is of more uniform darkness, which has a...more uniform distance from its primitive shadow.  And this is proved by the 4th and by the 5th of this which states in the 4th:  that part of the derived shade is darker which is closer to the primitive shade and by the 5th:  that part of the derived shade will be of lesser darkness which is more distant from the primitive shade.  It follows, from these two contraries, that that which is of a uniform distance from such primitive shade is of uniform darkness.

12.4
Primitive and Derived Shade Mix With Distance

The concept that primitive and derived shade mix with distance is implicit in a statement on CA256rc (c. 1492): “To the extent that the umbrous body is closer to the percussion of the rays its shadow will observe the form of its derivation more.” On CA144va (c. 1492) he drafts an idea: “(That part of the derived shade will mix itself less with its boundaries in the light that surrounds it which is closer to the primitive shade.)” This he crosses out and makes two further drafts:

To the extent that the derived shade is more distant from the primitive, to that extent will it mix its extremities more with the luminous body that surrounds it.

To the extent that the light is more distant from the luminous body, the extremities of its shadow and the light will be mixed together more.

One reason for this claim stems from everyday experience as is clear from a passage on A92v (BN2038, 2v, 1492): “How the shadows are confused over a long distance is proved in the shadows of the moon which are never seen.” On CU636 (TPL438a, 1505-1510) he returns to the general problem in passing:  "and the derived shade mixes itself the more with the light to the extent that it is more distant from the umbrous body."  Which idea he reformulates on CU699 (TPL606, 1508-1510):  "That shade is more distinct and defined which is closer to its origin, and the more distant is the least defined," and on CA371rb (1510-1515) he expresses it differently again:

The more distant that the derived shade is from the primitive shade the more it varies from this primitive shade with its boundaries.

12.5
How Primitive and Derived Shade are Joined Together

Related to the foregoing is a demonstration on CU697 (TPL562, 1508-1510) entitled:


How primitive and derived shade are joined together.

Derived shade is always joined with primitive shade.  This conclusion is proved per se, because primitive shades makes the basis of derived shade but they only vary insomuch that primitive shade of itself tinges the body to which it is joined and the derived shade is spread through all the air penetrated by it.

By way of illustration he gives a concrete example (fig. 925):

This is proved and let the luminous body be f and let the umbrous body be aobc, and the primitive shade which is joined to such an umbrous body is the part abc.  And the derived shade abcd originates together with the primitive and such a shade is said /to be/ simple in which no part of the luminous body can see.

This theme he pursues on CU708 (TPL563, 1508-1510) headed:


How simple shade is conjoined with compound shade.

Simple shade is always conjoined with compound shade.  This is proved by the foregoing where it is stated.  Primitive shade makes its base of derived shade and since simple and composed shade are born in a same body joined to one another, it is necessary that the effect participates of the cause.  And because the compound shade in itself is nothing other than diminution of light and begins at the beginning of the luminous body and finishes together with the boundary of this luminous body it follows that such shade is generated in the middle between simple shade and simple light.

A demonstration without an illustration follows: “This is proved and let the luminous body body be abc and the umbrous body de and let the simple derived shade be def and let the compound derived shade be fek.” And leads to a second claim: “But the compound derived shade always sees a part of the luminous body, greater or less, depending on the greater or lesser distances that its parts have from the simple derived shade.” Which, in turn, is demonstrated, again without an illustration:

This is proved and let such a shade be efk which, with half of its size sees fk, that is, ik sees half of the luminous body ab which is ac, /and/ this is the brighter part of this compound shade.  And the other darker half of the same compound /shade/ which is fi sees cb, the second half of this luminous body.  And thus we have determined the two parts of the compound derived shade, the one brighter or less dark than the other.

12.6
Where the Shade is Greater

On Forst III 87v (c. 1493) Leonardo mentions how the extremities of shade are affected by light:


The luminous or illuminated object bordering on the shade intersects as much as it cuts.

As much of the extremities of the shade of bodies will be lacking as is touched by an illuminated or luminous object.

On H66/18/(r) (January 1494) he notes:  "that part of the derived shade will be less dark which is more distant from its extremities."  He returns to this idea in two drafts on CA190rb (1505-1508):

The boundaries of all colour which pass through apertures are more evident than their middles.

...The boundaries of the species of each colour that penetrates through a narrow aperture into a dark place, are always of a more powerful colour than its middle.

On this same folio he also drafts another phrase:  "That object will make itself darker which is...seen by a greater amount of darkness." The way in which this and related themes are associated in Leonardo's mind is seen clearly on CA230rb (1505-1508) which opens with a series of general claims and a questions:

To the extent that the umbrous body is closer to the luminous body, to that extent is the maximal whiteness more remote from the maximal derived shade surrounded by it.


The boundaries of the maximal derived shade is darker than its middle.

That part of the derived shade will be darker which sees a greater sum of darkness and that will be of less darkness which sees a darkness of less quantity.


The surface of every opaque body participates in the colour of its object.

The medium of uniform transparency gives passage to some species of a given colour or shape without occupation of the site in this medium.


Why shades tinge dense bodies and not rare ones?

(figure)

Figs. 910-915:
Gradations of light and shade in camera obscuras on CA230rb.

This is followed by a further question: “Why the shadows intersected behind the maximal shade, lose more darkness to the extent that they approach such a maximal shade?” This is answered with the help of a demonstration (fig. 911):

Let aco be the maximal darkness, codn /and/ aobm are the shadows intersected on the maximal shadow cno.  I say that such a shadow, in separating itself from the maximal shade, the further it is removed, the darker it becomes with some space.  And this shade increases because the whiteness of the two simple lights and the darkness which proceeds sees the dark background mixed with the light surrounding such a background.

The accompanying diagram (fig. 911, cf. figs. 910, 912) recalls his studies of divergent shade (see above pp.    ).  Above this diagram he adds a brief caption:  "To the extent that g /and/ i are less, to that extent are the whites surrounding maximal shade narrower." To the left of this he draws a further diagram (fig. 913, cf. figs. 912, 914-915), beneath which he explains:

The pyramid Ste is tinged by the colour of its objects and thus makes its background.  And for this /reason/ this pyramid is, in itself, variable in its part with various darknesses, such that it sees where it is darker and where it is less dark than the dark object cb.

Which explanation continues in the next column to the left:

Ab sees the end of the shade cd and therefore the derived shade is of little darkness; ec sees all the shade cb and for this reason there is shade of much darkness; nm sees half the shade cb and for this reason it is shade of middle darkness.

And by such a demonstration we have proved that the maximal derived shade is darker in the extremities than in the centre.

Tresf are of the observed darkness because in every part of their length they see a same darkness cbho.

He restate this conclusion in passing on CU699 (TP606, 1508-1510);  "The shade will show itself as darker towards the extremities than towards its centre," and sets out to demonstrate it afresh on CA195va (fig. 930, c. 1510):


And in their boundaries colours are more intensive and brighter than their parts.

This is proved by the 4th of this which states:  The surface of every opaque body participates in the colour of its object.  It follows that the line ap...tinges with itself the surface np and this given line carries with it the boundary of brightness ca with the dark ab and in this line one does not see any part of the dark line, but all brightness.  But if you remove yourself more from the boundary of the derived shade, then such brightness gh is tinged by the shade ak and thus the illuminated part is corrupted by the percussion or the mixture of the umbrous image ak which a could not do in gp and maximally in p.  And thus is proven our intent to show that the limit(s) of the bright image with the derived shade is brighter in act and not in appearance as the boundary wishes than in the remainder of the other background.

Later on the same folio he pursues this theme asking (fig. 930):

Why the boundary of derived shade remains intersected after the pyramid of maximal darkness...and why such an intersected shade is dark towards the angle of the umbrous pyramid and outside it is bright /?/.

(figure)

Figs. 916-917:
Gradations of light and shade in a camera obscura on




CA297va.


First reply.

The exterior limit of the derived shade which is intersected will be that much darker outside than towards the middle because in hx, the more...you remove yourself from x towards s, the more you will find light at al and the contrary you will find at...the opposite side, because the more you remove yourself from p towards o, the more...the darkness ab is demonstrated and this is said concerning the background of intersected derived shade.

Such investigations lead him to examine precisely where gradations of light and shade are brighter or darker.  On CA297va (1497-1500), for instance, he makes a preliminary sketch (fig. 916) which he then redraws (fig. 917) and describes:

The line ed sees the luminous body in every part of its length and the line bk sees...the middle of the same luminous body.


And the 3rd line pq sees the entire umbrous body cp and all the luminous body ac.

By that which was said above...the space qg will be that much less dark to the extent that it comes closer to the line dg and the space gf will be that much less bright.

Roughly a decade later he takes up this theme afresh on CA37ra (1508-1510).  He now draws two preliminary diagrams (figs. 918-919) and then a third (fig. 920, cf. figs. 921-922).  As usual, the accompanying text opens with a general statement:

Speak first of the qualities of divided lights of compound shadow frbc born of particular light.

(figure)

Figs. 918-922:
Gradations of light and shade in camera obscuras. Figs. 918-920, CA37ra; fig. 921, CA385vc; fig. 922,




CA277ra.

The compound shade frbc is conditioned in such a way that to the extent that it is more remote from its intrinsic side, to that extent does it lose its darkness.

A demonstration follows (fig. 920):

This is proven.  Therefore let the luminous source be da and the umbrous body fa and let ae be one of the side walls of the window, that is, da.  I say by the 2nd that...the surface of every body participates in the colour of its object.  Hence the side rc which is seen by the darkness ae participates in this darkness.  And similarly the extrinsic side, which is seen by the light da, participates in this light and thus we have demonstrated such an extremity.

He now writes a new heading:  "Of the middle contained by the extremities."  He is, however, unsatisfied and crosses out the entire passage.  In the right-hand margin he begins afresh:


This divides itself into 4:  1st:  of the extremities containing the compound shade.





      2nd:  of the compound shade within the extremities.

Again he breaks off and in the lower centre of the folio he notes in passing:  "Where the shade is greater or less or equal to the umbrous body, its origin." He now turns the folio to the side, draws a considerably more complex diagram (fig. 923) and analyses it in a passage headed:

(figure)

Fig. 923:
Compound shade on CA37ra.


Of the shade bch.

This is proved because the shade opch is that much darker to the extent that it comes closer to the line ph and is that much brighter to the extent that it comes closer to the line oc and let the light ab be a window and let the dark wall where this window is positioned be bs, that is one of the sides of the wall.

Therefore we shall say that the line ph is darker than another part of the space opch because this line sees and is seen by all the umbrous space of the wall bs.  But...the line oc is brighter than any other part of this space...opch because this line sees all the luminous space abe.

He pursues this theme of various gradations of brightness and darkness on CA258va (1508-1510) beginning with two demonstrations (figs. 956):

Abo is illuminated by the entire light cdo but more...at a where it sees all of cd, than at b where the same dc finishes its sight in which a suddenly finishing this sight of the light cd, there begins the sight of the darkness de and the background is tinged by these bright and dark images.

The space opas begins dark at ps...because it sees the darkness de and goes on becoming brighter towards s to that point where it always acquires a greater sight of the light dc and this brightness having finished, the background oan begins to become dark again, because this background is seen by the darkness d and it makes itself that much darker to the extent that it approaches on more and it does the same from the opposite side.

An interim paragraph follows in which he introduces the question of maximum brightness.

Having proved the cause of the shape and darkness of which the simple derived shade is composed and, other than this, having proved the shape and darkness of compound shade, surrounding this simple shade...it remains to prove the maximum brightness of the background surrounding this compound shade.../by means of/ which we shall also prove the necessity of the maximum brightness of the aforesaid background.

To this end a further demonstration follows:

Therefore let the line oa be the boundary of the compound shade oba which, as was said, is seen by all the light cd and is illuminated the more to the extent that it is closer to the line oa where it sees all the light cd and it is illuminated the less to the extent that it comes closer to the opposite side qs.  Therefore the line oa is the brightest part of this derived shade because such a line is continuous with od, the boundary of the light cd, behind which line oa the remainder of the background begins to brighten again, that is, the background aon, which background acquires that much more darkness and removes itself more from that line of brightness.  And this is proved because, through such distance one always sees a greater amount of the dark background to the side of the light cd, that is, the darkness de.

He returns to this theme on CU669 (TPL719, 1508-1510) under the heading:

(figure)

Figs. 924-927:
Demonstrations of compound shade in camera obscuras. Fig. 924, CU707; fig. 925, CU697; fig. 926, CU669




and fig. 927, K/P 178r.


Of the brightness of derived light

The most excellent brightness of derived light is where it sees all the luminous body with half of its right or left umbrous background.

The diagram for the demonstration that follows is reminiscent of earlier discussion in this context (fig. 926, figs. 924-925):

This is proved and let the luminous body body be bc and let its right and left umbrous field be dc and ab.  And let the umbrous body less than the luminous body be nm and the wall ps is where the umbrous and luminous species are impressed.

I therefore say that on this wall ps at the point r there will be a more excellent brightness of light than in any other part of this pavement.  This is shown because at r one sees all the luminous body bc with half of the dark background ad, that is cd, as the rectilinear concourses of the umbrous pyramid(s) cds and the luminous pyramid bcr show.  Therefore, at r one sees as much quantity of the dark background cd as there is of the luminous source bc.  But at the point s one sees the umbrous /part/ ab and one also sees the umbrous /part/ cd, which two dark spaces amount to double that of the luminous body bc.  But the more you move from s to r, the more you will lose of the darkness /of/ ab.  Therefore, from us to r the pavement sr will always brighten.  Again the more you move from r to o the less you will see of the luminous source.  And for this reason the pavement ro becomes darker the more one approaches o.


And through such a discourse we have proved that r is the brightest part of the pavement qs.

(figure)

Figs. 928-929:
Demonstrations where primitive and derived shade are not joined on CA258va and CA195va.

12.7
Where Primitive and Derived Shade are Not Joined

On CA258va (1508-1510), having discussed conditions under which primitive and derived shadow are joined he considers (fig. 928):


Of the shadow that does not join the derived and the primitive.

This figure is that...which is described here below...and it is said of the part of the triangle hnp, that is, its sides qop and qnm seen by the light vxs and yor which is that much more or less illuminated to the extent that it is closer or further from the line go or, if you wish, qm.

The fourth which is lacking below at de is...the space psb which becomes that much brighter again to the extent that it removes itself from the angle p...and this proved by the sixth which states:  that part of the umbrous body will be...of less darkness which is illuminated by a greater quantity of the luminous body.  Therefore our proposition is concluded because, to the extent...that the sides of the triangle psb remove themselves from the...point p, to that extent do they see the light of cd more and to that extent are they seen by a greater sum of light etc.

A similar diagram and demonstration are found on CA195va (fig. 929, 1508-1510) where he observes:

In the triangle grt is the triangle aco which is luminous and it also sees the opposite luminous triangle enp.  Therefore this triangle grt will be twice as luminous as in the two lateral triangles ogr and pgt where its light, even though it has the same derivation, is simple, and the other is composed of two lights.  Therefore this illuminated triangle...is that which separates the two shadows opqr and optn from one another.

(figure)

Figs. 930-931:
Reconstruction of CA195va by Pedretti.

These diagrams are the more interesting because they return to a problem that had perplexed him in his earlier studies of light and shade, namely, what causes the shadow of an opaque body smaller than the light source to be divergent. On CA195va (1510) he draws (fig. 930, cf. 931) a camera obscura in which the entering light encounters two opaque bodies and produces complex gradations of light and shade, which he describes briefly: “op sees and is seen by ab and is tinged by its colour and on the side p is seen the beginning of the brightness of the air which brightens the place where its image percusses.” Hence this combination of camera obscura and opaque objects provides yet another demonstration for his "colour participates" argument (see above pp.    ).

12.8
Implications for the Perception of Backgrounds

At the same time this demonstration serves as a starting point for a further argument.

Why black painted bordering on white does not show itself as blacker than where it borders on black, nor white shows itself more...white bordering on black as do the species which have passed through an aperture or through the limit of some opaque obstacle.

This arises because the species tinge the place they intersect with their colour and when the difform species see a same site, they make a mixture of their colours, which mixture participates more or less in one colour than another, to the extent that the one colour is a greater quantity than the other.

(figure)

Figs. 932-937:
Gradations of shade in camera obscuras on CA354rb.

This particular demonstration is of considerable interest because, as will be shown (see below pp.    ) he had made various experiments to establish the contrary, namely, that, white on a black background appears whiter and black on a white background appears darker. On this same folio he explicitly compares the effects of a camera obscura with those of the pupil in the eye.  Problems relating to physics of light and shade, the physiology of vision and perception are all intimately connected in Leonardo's mind.  As a result what had traditionally been philosophical and psychological questions of vision and perception now emerge as problems of physics.  Problems of optics are no longer a matter of theoretical debate but open to practical verification by experiment. He returns to this situation of a sphere placed within a camera obscura once more on W19086r (K/P178r, fig. 927, c. 1513) where he notes that:

...Among bodies of equal size and distance that tinges the body positioned opposite more with its species which is more luminous.  Of bodies of equal brightness that tinges the surface of its object more which is of larger form, all being of equal distance.  Of bodies of equal brightness and size the closest tinges its object more.

12.9
Simplified Gradations of Shade

Parallel with these demonstrations is a further series, which omits the interposed opaque sphere and reduces the problem of gradations of shade within the camera obscura to its essentials.  Preliminary drawings (figs. 932-941) on this theme are found on CA345rb (1505-1508) amidst discussions of species being everywhere in the air (cf. pp.    ) and how things cannot be seen without apertures (cf. pp.    ).  Among these ten drawings, only one is explained (fig. 941):

(figure)

Figs. 938-941:
Further gradations of shade in camera obscuras on CA345rb.

dACB /is a/ triangle, /which/ through the luminous base ab illuminates the angle c in the maximum degree of illumination.  Dfe /is a/ triangle /which/ has that much less light in angle f than the light c, to the extent that de, the base of f is less than ab the base of c.

On CA190rb (1505-1508) this theme of gradations of light/shade within a camera obscura is developed.  In the right-hand column he begins with a preliminary sketch (fig. 942), beneath which he draws a camera obscura with various gradations (fig. 943).  To this diagram he adds six letters.  These, however, are not explained.  Beneath the diagram he merely notes:  "That object will be darker which is seen by a greater sum of darkness."  He now draws two further diagrams showing gradations of shade in a camera obscura (figs. 944, 947) and in the passage that follows describes the one on the right under the heading:

How and where the dark object mixes...its derived shade with the derived light of the luminous body.

The derived light of the dark walls...lateral with the brightness of the window are those which with their various darknesses are mixed with the derived light of this window and with various darkness except for the maximal light c.

A precise description of the figure now follows:

This is proved:  and let da be the primitive shade, which sees all and makes the point e dark with its derived shade, as is demonstrated by the triangle aed of which the angle e sees all the dark base da and the point v is seen by the darkness as, part of ad and since the whole is more than the part, it will be darker than v which sees only a part.  Applying the above conclusion to the figure, t.../this/ will be less dark than v, because the base of the triangle f is part of the base of the triangle t and...c is the limit of the derived shade and maximal beginning of the maximally illuminated part.

Here the right-hand column ends.  In the upper left-hand column he drafts two further diagrams (figs. 945-946) beneath which he drafts an explanation of the left-hand figure:

The simple light...absees all in the point m and is not...in any other part of the space hs, as the rectitude of the sides...of which the triangle aem is composed, which are in contact with the limits of the aperture fg.  L lacks a quarter of the light ab.  Therefore it is seen by the remainder of the light bc.  K lacks half of the light ar.  Therefore it is seen by the other half and 1 is only seen by a quarter of the light ab, that is by de and h is seen by the limit of the light...e is the beginning of the maximal shade...er.

h sees the weak limit of the light and sees...the maximum darkness of the maximum shade such that in this h one sees entirely shade.

Here his manner of referring to different fractions of light and shade strikes us as familiar.  We have encountered it on more than one occasion (see above pp.    ).  His references to maximal light and shade we have also encountered elsewhere (CA258va, CA230rb, CA345rb).  But if the initial thoughts remain similar, their applications are, nonetheless, quite different. This diagram in the upper left-hand margin is probably a draft for the left-hand diagram (fig. 947) in the right-hand column, which he describes after he has crossed out his draft:


Why the derived light that passes through an aperture into a dark place does not make percussion of uniform brightness.

Let ab be the primitive light of a window.  Let rs be the aperture where the derived light penetrates the dark place xtov.  Let oc be the percussion of the derived light on the dark wall ov or the pavement of this place.  I say that in such a percussion...oc...made by the luminous ray...will not be illuminated by uniform brightness.  And this is proved by the 4th which states:  that thing will be more illuminated which over an equal distance is seen by a greater quantity...of luminous body.  Therefore, being in the percussion of the luminous ray oc, the part c seen by all the luminous source ab, it is necessary that the point c will be maximally luminous and the more illuminated than the point e which is seen by db, part of this luminous body and likewise...the point g will be less luminous than t because it is illuminated by fb, part of db and similarly m will be less luminous than g because it is seen by ub part of fb, whence it follows that the point o is the limit of such...an illuminated /object/ and is...the beginning...of maximal darkness of the maximal derived shade because the point o, besides being the limit of the luminous object ab, as has been demonstrated, sees the entire umbrous body bp, etc.

It is proved how the point o receives in itself the percussion of the maximal shade, part of the darkness of the maximal shade.

(figure)

Figs. 948-950:
Gradations of light and shade in camera obscuras and the eye on CA190vb.

HEre the text breaks off and he gives instructions to turn the "page" to CA190vb (1505-1508) which opens:


O mathematicians throw light on such error.

Spirit has no voice because where there is voice there is body and where there is body there is occupation of place which impedes the eye from seeing the things positioned beyond such a place. Therefore such a body fills of itself all the surrounding air, that is with its species.

This is reminiscent of a passage on CA345 (see above pp.   ), which also occurs in connection with a camera obscura passage. The lower part of CA190vb contains various diagrams relating to the inversion of images within the eye (figs.   ) to be discussed later in section three.  Amidst these diagrams he draws another preliminary sketch of a camera obscura with its gradations of shade (fig. 948), beneath which he draws two more elaborate versions (figs. 949-950), the latter of which appears intended to serve as an imitation eye.  Alongside this figure he adds a text which is interrupted:

The images of objects are of two natures of which the first...receives the true image of the real thing, the 2nd...retains the same but with confused boundaries of their shape and the first passes with parallel lines onto the surfaces of plane mirrors and the second passes through the apertures of thin walls in a dark place where it enters but...

Here the transition from physics of light and shade in a camera obscura to problems of vision and perception remains implicit.

(figure)

Figs. 951-952:
Gradations in a camera obscura and an eye on D10v.

13.
Camera Obscuras and The Eye 

On D10v (1508) this analogy is taken one step further.  Here towards the centre of the right-hand column he draws a camera obscura with various gradations of shade (fig. 951).  Above this he writes:  "first."  Above this, in turn he draws an eye in which various rays are being inverted at the pupil (fig. 952).  This figure is headed:  "second."  Between these two figures he adds a brief marginal note: “The boundaries of bodies are little known because such boundaries are made in surfaces reduced to lines which being indivisible are imperceptible.” Lower down the same right-hand column this perceptual problem is pursued:

But the extremities of things drawn (because they are joined to the background where they are drawn, where they figure) are not subjected to this lack, and for this reason paintings that are close to the eye have to be painted with boundaries which are less known than the boundaries of these things that are distant and this you will recognize perceptibly in judging the upper boundary of an object near the eye and then removed from it.

Here the bridge between Leonardo's physics of light and shade and his physiology of vision is manifest.  Indeed it is clear how his camera obscura studies which make him aware of differing gradations of light and shade influence both his theories of perception and painting. Leonardo returns to these themes briefly on CA195va (c. 1510) which, as has been noted, is another of those folios on which the camera obscura-eye analogy is explicit (see above pp.    ). In the lower left-hand portion of this sheet is a rough sketch (fig. 953) of a camera obscura with five gradations.  In the lower centre is a slightly more developed version (fig. 954) with seven gradations and near the bottom is an example with nine gradations (fig. 955).  Each of these three possibilities is duly recorded in a brief note:  "Make five or 9...or 7 spaces in ir in order that the white no stands in the middle."  Beneath this is a further passage which partly explains the bottom diagram (fig. 955):

(figure)

ad sees...rm and the extremity of the light a sees r and it illuminates it little because in the extremities of the light there is little light but in n is seen all the light ad, simple light and yet it is enough light...m...sees ad, light and dc, shadow, begins...will corrupt.../the/ light....

Even if this text is interrupted, the accompanying diagrams remain of considerable interest because they reveal that Leonardo is trying to quantify gradations of shade.  He wants, as far as possible, to measure what had previously been a purely subjective problem and thereby he brings the field of optics one step closer to its modern position as a branch of mathematical physics.

14.
Conclusions

Although it is generally known that Leonardo worked with the camera obscura and compared the inversion of images in this instrument with those of the eye, scholars often refer to these facts as if they were only mentioned in passing in the notebooks. Our comprehensive study of the topic has shown that Leonardo devoted no less than 270 diagrams to the theme of camera obscuras and that these interests grow in part out of the astronomical tradition. He uses the camera obscura to demonstrate not only the inversion of images, but also that images passing through an aperture do not interfere with one another, that images are all in all and all in every part, that pinhole apertures produce different intensities of light and shade and that inverted images demonstrate a contrary motion.


Mediaeval optical writers had given considerable attention to the images of round light sources passing through triangular and other complex apertures.  Leonardo studies the problem systematically in the case of triangular, square, octangular, slit-shaped and cross-shaped apertures.  He demonstrates that whether the shape of the projection resembles the aperture or light source depends on the relative distance of these factors.  He does not attempt to arrive at a formula for these relationships but he does give some quantitative references to his experiments.


In addition he studies situations with 1, 2, 3, 4, 8, 16, 24 and 32 pinhole apertures.  He also studies the effects of light, which passes through apertures of different sizes and encounters various interposed objects.  Such experiences lead him to new studies of gradations of shade which prompt further analogies with problems of visual perception: why, for instance, the eye cannot perceive clearly the boundaries of nearby objects.


The great importance of these extensive studies of the camera obscura is that they bring various questions concerning the nature of light and shade and vision into the experimental domain of physics.  Optics is no longer a problem for philosophical discussion:  it is now a domain which requires scientific demonstration.  In the section that follows we shall see how this mentality also leads Leonardo to make physical models of the eye.  If the answers he finds are not always correct, the new kinds of answers he seeks are nonetheless important.

PART THREE
THE EYE AND VISION
Chapter One. Anatomy and Physiology of the Eye  

1. Introduction      2.Vision as the Chief Sense     3. Eyelids and Eyelashes   

4. Cornea     5.
Aquaeous Humour      6. Iris     7. Pupil     8.
Uvea

9. Crystalline Humour     10.Vitreous Humour    11.
Retina     12.Orbit

13. Optic Foramen      14. Second or Optic Nerve     15. Optic Chiasma

16. Optic Tract     17. Third or Motor Ocnli Nerve      18. Ophthalmic Nerve

19. Ventricles     20. Visual Power      21. Conclusions

1. Introduction

Leonardo considers vision as the most important of the senses and therefore devotes considerable attention to the eye and its properties.  From the outset he is explicit in doubting the verbal claims of the Ancients, preferring instead the visual evidence of experiment.  On CA119va (1492), for instance, he notes:


Beginning of Perspective


That is of the function of the eye

Now consider, /O/ reader, what we can believe of our ancients, who wanted to define what a thing is soul and life, things /which cannot be/ proved /while/ those things which can be clearly known and proved at any hour have been ignored and falsely believed for so many centuries.  The eye experience so clearly as its function.... And yet it has been /described/ innumerable times by countless authors in one way, while I find by experience that it is in another.

This fresh approach to authority which rejects verbal claims and insists on visual demonstrations helps explain why his notebooks have no lists of tunics of the eye as found in Galen, Witelo, Bacon, Pecham or Mondinus.  It also explains why many of the questions he raises concerning vision in a long list on CA360rc (c. 1490) are primarily physical and not philosophical (see Chart 19). Even so Leonardo's approach is not as straightforward as one might at first assume.  In his anatomical notes he records his intention to study the eye carefully.  Hence on W19037v (K/P 81v, 1489-1510), while outlining the contents of his book he notes:  "And then perspective through the function of the eye and of hearing, you would say, of music and describe the other senses."  In a note on /ca345vb he writes a reminder: “Write in your anatomy what proportion all the diameters of all the spheres of the eyes have and what distance the crystalline lens has from them.” Elsewhere on W12641r (K119/39/r, 1508-1510) he gives even more exact instructions:

In my anatomy of the eye, in order to see well inside without pouring out its humour one should put the entire eye in egg white and have it boiled such that you can cut the egg and the eye transversly in such a way that the half below does not pour out anything.

Notwithstanding these plans there is no conclusive evidence that he actually made a careful anatomy of the interior of the eyeball.  Indeed, his most detailed diagrams of the interior bear striking resemblance to the diagrams of Alhazen, Bacon or Pecham (e. g. fig. 963, cf. figs. 957-962). At the same time, his anatomy of other parts of the visual process such as the orbit, optic chiasma, nerves and ventricles is very painstaking.

One reason for this discrepancy between such careful studies in some parts and negligence of others is that the visual process in the eyeball only gradually emerged as a problem for him.  In the early period he considered both intromission and extromission theories.  He also believed that the visual power was situated at a point in the pupil.  Questions of image formation were thus not relevant.  Gradually he discovered that there was not one point in the pupil to which images converged, but that all points could serve this purpose.

(figure)

Figs. 957-958:
Drawings of the eye in Manuscripts of Bacon's Perspectiva.

(figure)

Figs. 959-961:
Drawings of the eye in manuscripts of Pecham's Perspectiva communis.

(figure)

Figs. 962-963:
Drawings of the eye from Alhazen's treatise and Leonardo's CA337ra.

Questions on CA360rc

Answers elsewhere in Notebooks

How and why many things that

are mirrored come to the eye

upside down.

Why a given thing that is

mirrored appears larger than

it is?

Why when a thing is mirrored

it appears smaller?

Which mirror is that which

shows things precisely /the

same size/?

Which mirror shows things out-

side itself?

How is the mirror the master

of painters?

Why does the eye go changing

from hour to hour, growing

larger and smaller?

Why does the pupil become

smaller the more light it has

in front of it and, conversely,

grow larger in the dark?

Why are the things seen by the

eye...small and appear large?

Why does a thing seen through

a slit by two eyes become

double and contrary:  that is,

the thing seen on the right

side goes to the left eye and

likewise that from the left

goes to the right?

Why does a building int he fog

appear larger?

Why does the eye not see perfectly

except in a straight line?

Why the pyramidal lines which

part from the eye make a

point at the thing seen?

Why the said pyramid, depart-

ing from the eyes and making

a point at a thing positioned

in the water, the lines are

bent on meeting the water and

do not maintain their straight-

ness?

Why the things seen only make

a pyramid in the eye?

How the two eyes make a pyramid

at the thing seen?

Which things the eyes can see 

even if only half?

Which things the eyes can never

see half?

Many lines near one another 

cannot be numbered and do not

touch line for line.

Cutting a pyramid all things

appear to be small although

they are large.

...things seen are all bent

although they appear.

...cut the pyramid to find

the things.

...eye bent.

...to put in a painting the

things seen.

...which parts from the thing

seen and leads...observes

straight lines when they pass

through two...in the air that

is thick and thin...to know

the size of the sun or some

other planet, because it

cannot be measured between

us.../without the/ action of

the air, that is thick and

thin.

Chart 19.  List of Questions raised on CA360rc and his answers elsewhere in the notebooks.  The page numbers indicate where they are discussed in these studies.

Through his studies of the camera obscura he stablished, moreover, that this point was physical and that image formation was also physical.  If the pupil acted in the manner of a camera obscura and inverted images within the eye, how was it that images are, nonetheless, seen right side up?  Image formation was not a problem of physics. Leonardo began looking for physical conditions to account for a second inversion.  He noted that spheres of water inverted the image.  The crystalline lens, he reasoned, was like a ball of water.  And just as he studied camera obscuras to simulate the pupil, he examined spheres of water to simulate the crystalline lens.


There remained a flaw in Leonardo's approach.  His models of the eye were based not on the structure of the eye itself, but on what logic led him to assume must be the structure of the eye, and this limited the value of his results.  More important than these results, however, was the shift in approach that he introduced.  The visual process which had traditionally been a purely philosophical problem was now a question of physics, involving model-making.

Our examination of Leonardo's notes on vision will open with his comments in praise of the eye.  His description and anatomy of individual parts will lead to physiology of parts of the eye, for example, how the eyelashes reflect, how the cornea mirrors and refracts, how the uvea reflects and so on.  His theories concerning extromission and extromission will then be examined.  An analysis of the experiments that led him to abandon his point explanation of vision will follow, and lead to consideration of his theories concerning double inversion of images within the eye.  In a subsequent chapter his notes on visual appearances and illusions will be listed and compared with those in Euclid's Optics.  A study of his notes on optimal and minimal conditions of vision will complete this section.

MODERN TERM
LEONARDO'S TERM
TIMES
  TIMES




MENTIONED  ILLUSTRATED

eyelid



palpebre


  15

eyelash



coperchio


  24

cornea (pupil)


luce



  70

cornea (pupil (?)

cornua



   2

pupil (cornea)


popil(1)a


 253

albuminoid humour/

omore/spera


  15

sphere



albuginea

crystalline humour/

omore/spera

 
  23

sphere



cristallina

vitreous humour/sphere 
omore/spera vitrea
 
 16

uvea, grape-like tunic

uvea



  15

visual power


virtu visiva

 
 70





potentia visiva


   5

imprinting power

virtu imprensiva

   2

orbit



   --


optic foramen


buso della chassa dell'






occhio

optic chiasma

   
--

optic nerves


nervi ottici

 
  21

ventricles


ventrichuli


senso commune

senso com(m)une

   25

imprensiva


imprensiva


   43

judgment


giudizio


    5





parte giudiziale

    1





virtu giudiziale

    1

memory


memoria

2. Vision as the Chief Sense

Leonardo considers the eye alternatively as a better sense (CU28, TPL27, 31), a nobler sense (CU31, 29, 40, 28 TPL14, 20, 21, 27, 31, C. 1492; 28, 34, c. 1500 Mad II 62r, 66v, 1503-1504) and as the noblest of the senses (A99v, BN 2038 19v, 1492).  The primacy of sight had been emphasized by both Aristotle1 and Cicero.2  Leonardo provides a series of fresh arguments to defend this claim. Some of his arguments are aesthetic. Vision, he claims is the more immediate (CU40, 42; TPL21, 23, 1492) and the more eternal sense (CU40, 42, 12, 39; TPL21, 23, 24, 29, 1492; CU13, TPL16, 1500-1505: W19101r, K/P 197v, c. 1510-1513 or 1515) and associated with divine proportion (CU28, TPL27, 1492), divine proportionality (CU41, TPL32, 1492) and divine harmony (TPL32).  Developing ideas also found in Aristotle3 and Cicero,4 Leonardo claims that the eye is a window of the soul.5


In addition he mentions scientific arguments why vision is the nobler sense and painting the nobler art.  The poet, he argues, copies words which are the works of man.  The painter copies the visible works of Nature which are the works of God (CU31, TPL14, 1492).  Painting goes to the senso commune via the same sense of sight as does the original object:  poetry does not (CU23, TPL15; CU40, TPl21; CU42, TPL23, c. 1492; CU17, TPL7, 1500-1505).  Painting is more useful and more communicable (CU17, TPL7, 1500-1505).  Painting has more conformity with the thing imitated (CU433, TPL411, c. 1492).  It imitates with more truth (CU31, TPL14, c. 1492), with more truth and certainty (CU17, TPL7, 1500-1505): with such truth as is possible in Nature (CU41, TPL32, c. 1492) indeed, with the first degree of certainty given its link with mathematics (Mad II 67r, 1503-1505).6 At the conclusion of his imaginary discussion between a poet and a painter on CU34, (TPL28, c. 1500) he launches into a long eulogy of the sense of sight:

Since we have concluded that poetry is in the highest degree of comprehension to the blind and that painting does the same for the deaf, we shall say:  painting is worth that much more than poetry to the extent that painting serves the better and more noble sense than does poetry.  Which nobility is proved to be treble the nobility of the other senses because it has been chosen to prefer losing hearing, smell and touch /together/ rather than the sense of sight.

A description of the range of sight follows:

Because he who loses sight loses the vision and the beauty of the universe and remains like one who is locked alive in a sepulchre where he has movement and life.  Now do you not see that the eye embraces the beauty of the whole world.  It is the head of astronomy.  It makes cosmography, it considers and corrects all the human arts, moves man to various parts of the world.  This is the beginning of mathematics; its sciences are most certain.  This has measured the altitudes and sizes of the stars.  This has found the elements and their sites.  This has led to the prediction of the future through the course of the stars.  This has generated architecture and perspective and divine painting.

Date

Passage

Term






Coperchio Coperchio di sopra






Coperchio di sotto

1492




    1


3

3

1503-1504
Mad II 25v

    1

1508

F37r





1



F29v


    1



D1v


    5


2

2



D2r





1





D9v


    2


1

1  (1)






   ___
     ___
     ___






   10


8

6       24






  Palpebra

1508

F30r


    2



F29v


    4



F29r


    3



D1v


    5



D4v


    1






  _____






   15

Chart 21.
List of Leonardo's terms of eyelids and eyelashes.

(figure)

Fig. 964:
Modern representation of the eye.

(figure)

Figs. 965-972:
Eyelids and eyelashes.  Figs. 965-966, W12434; fig. 967, W12435; fig. 968, W12436; figs. 969-970, CA353ra; figs. 971-972, CA301ra.

O most excellent thing above all the other things created by God.  What praises are there which can express your nobility.  Which people, which languages will be those which can thoroughly describe your true functions.

This is the window of the human body through which the soul mirrors and avails itself of the beauty of the world.  Through this the soul contents itself with the human prison and without this the human prison is its torment.  And through this, human ingenuity discovered fire, through which the eye acquired once more that which the darkness had at first taken from them.

But what is there that I should carry on in such a long and lofty discourse.  What is there that one would not do for it?  It moves men from east to west.  It has discovered navigation and with this /sense/ man surpasses nature because natural things are finite and the works which the eye commands to the hands are infinite as the painter demonstrates in the fictions of the infinite forms of animals and herbs, plants and sites.

3.
Eyelids and Eyelashes

On at least 24 occasions Leonardo uses the term coperchi to refer to both eyelids and eyelashes.  He also uses the term palpebre in this double sense at least 15 times.  (Chart 21).  On rare occasions, such as F30r, he refers specifically to the eyelashes as labri.  His rough drawings of eyelashes begin towards the mid-1480's (figs. 965-968, cf. 969-972).  Most of his more careful drawings of this part of the eye date from 192 and 1508 when he explores their function.

(figure)

3.1
Function

For Leonardo eyelashes function as mirrors that reflect images and produce the rays which appear to surround heavenly bodies.  Eyelashes thus play a role in his explanation of the optical process and help to account for certain astronomical illusions (see below pp.   ). His earliest extant drawings of this reflection at the eyelashes occur on CA141vbc (figs. 982-985, 1490).  These are without text.  On CA125rb (c. 1490-1492) he again draws reflecting eyelashes (fig. 978) which, as the caption explains, show: “
the reason why the rays of the cornea (luce) appear to the eye and why upside down and how the rays are generated in the thickness of the lashes of the eye.” On CA125va (fig. 980, c. 1490-1492) he describes an experiment in this connection:

If you take the eyelashes above /the eye/ and draw them downwards with the finger/s/, the stick nm, being dark and bordering on a clear and luminous background, will appear to make a movement contrary to that of the upper eyelashes and this is because distant similitudes, touching the eye at the same level, move by another motion contrary to this.

He explains how this contrary movement can be connected through a ball of glass corresponding to the sphere within the eye, and the reformulates his:


Experiment how, not moving the cornea (luce) from its site, the objects seen by this appear to move outside their place.

If you regard an object somewhat distant from you, which is lower than the eye and focus your two eyes on it and with one of the hands you open and hold firm the upper eyelashes and with the other you raise the lower eyelashes on high, always holding the pupils (luce) firmly on the object seen you will see this object divide into two, and the one /image/ stands firm /while/ the other moves in a contrary movement to that which you have done with the finger to the lower eyelid.

(figure)

The opinion of an adversary is now introduced and countered:

How the opinion is false of thsoe who say that this occurs because the pupil (lucec) moves from its position.

If you wish to see how the above mentioned effect does not occur becasue the pupil (luce) moves from its position, look carefully at the eye of one who undertakes a like experiment and consider carefully the space...of the white of the eye which is found between the area above the pupil (luce) and the upper eyelid, and while the viewer moves the lower lid from on high to below, you will never see a movement in the space which is between the pupil and the upper eyelid.

Two conclusions follows: “Hence the pupil (luce) does not move in its position.  How the above-mentioned things show that the pupil inverts that which it sees.” Directly beneath the drafts a rough diagram (fig. 977), which he crosses out and redraws (fig. 987) adding a caption: “
If you place a finger at abin such a way that the ray made in the eyelash below does not see the pyramid of the rays made by mn, it will be lacking to the eye.” He pursues his study of the role of eyelashes on BM115v (1492-1497) in a passage entitled:

(figure)


Of the light which appears in the eye in its friction.

The rays which appear to depart from luminous objects and come to the eye are caused by the eyelashes of these eyes and those below produce the rays above and those above produce those below and if you close one eye and move away the eyelashes in the other you will see this experience.

The role played by eyelashes is considered at length in both the Manuscript F and the Manuscript D.  On F37r (1508) he begins with a general proposition: “Many are the times that the simulacra...of a given luminous /body/ will be two or three times at the same time in a same eye.” In the right-hand margin he draws two diagrams (figs. 986-988).  These he marks a and b respectively and then explains in the text alongside:

They /i.e. the simulacra/ will be 2 times when...the eye is closed...somewhat, as excessive light causes a viewer to do and with the result that the top lid is somewhat lowered as figure a /shows/.  This produces two rays, one percussing in the thickness bathed by ? to the pupil; the other ray goes directly to this pupil.... There will be 3 in figure b:  one in the eyelashes above, one in those below and one in the middle of the pupil.

On F30r this discussion continues (fig. 990):

A luminous body sends three simulacra from itself to the eye, of which one goes directly to the pupil.../and/ the other 2 percuss hitting the convexity of the eyelids and from this there result contrary motions to the opposite lashes of the eye and from these lashes it rebounds in the eye where they are joined below and above with the first simulacrum c, or splendour stamped by the lashes in the form of rays and this the eye does when it is contracted, as he who takes aim at a target.

(figure)

Figs. 989-991
Reflecting eyelashes on CFA208vb, F30r, F29r.

An explanation of the diagram now follows:

This is proved by displacing the eye m, as wsa said, and you will see two congregations of rays around a luminous body positioned in front.  Of which one part goes upwards and the other below and if you interpose a finger between yourself and the luminous body, putting it somewhat below the luminous body and you raise the finger towards the light with a slow motion until you encounter the source of the light below and then you will note that such a luminous body will immediately lose all the rays above and if you make a contrary motion with the finger in between, /the eye and the object/ beginning above the light and with a slow movement lower the finger until it reaches the top of the light then you will see all the rays below lacking...and with this is pro-

Here the folio ends. The passage continues on F29v opposite:

-ven our proposition because if the luminous body is a and the first ray in the middle, ao, goes directly to the pupil of the eye.  The one below, am, percusses on the convexity of the eyelids and more /on the convexity/ of its lashes and produces more simulacra which are created and at once reflected on the brim...n, which constitutes the thickness of the eyelash and from there it rebounds in the pupil (luce) of the eye, with all the images created in the hairs of the eyelids which have a somewhat long shape and are separated and they go with the points upwards, becoming larger towards the extremities as true eyelids do.

Now to conclude our intent, I say that /if you place/ ts...between the origins below...the light and your eye you will out the ray am.  Whence by this, the ray will not impress itself in the convexity or curvature of the eyelashes below and for this /reason/ the ray above /which reflects/ at n will be lacking and consequently also in the eye because, lacking the cause of the images, m, /and n/, the effects of the rays m /and/ n will be lacking.  Hence it is as defined because in occupying the ray below, the rays above is lost entirely.

He now introduces the objection of an adversary:

Here the adversary says that to him it appears that such an image comes from the luminous body and passes through the eyelashes and impresses itself in the thickness that the lids of the eyelashes have and from there they bounce to the pupil and this image...is derayed because it is divided by the hairs through which it passes.

Here it is replied that it would, in such an object, occupy the image below and the rays above mn would not be lacking.


On F29r he provides further evidence against the adversary's proposal:

The same /applies to/ that which is below and this is against the experience proposed i.e. 29v and 28v/ and again one experiments that it is the hairs below which show the rays above to the pupil (luce) by taking a style and moving it slowly acorss the lids below the eye and, in accordance witht he motion that you make to these lids below, you will see made to the rays above and this is a clear sign and an experience born from reason.

A further demonstration follows:

Again, if you have such rays in the eye and you move the face to the right and to the left on the level, you will see the rays that are born from the lustres turning also and exchanging one another continually.

He adds detailed instructions concerning procedure:

And this light should stand at least 25 braccia distant from the eye in a dark place and you /should/ experiment slowly and with diligence.

And hold the eye narrow and raise and lower the face such that you see the rays above and below the light at the same time and bracing the head against the wall and holding yourself firm.

Below this he draws another diagram (fig. 991) showing rays coming from above and being reflected from the lower eyelash to the upper lid and into the eye.  A note on the apparent size of distant and nearby objects follows:

The rays of luminous bodies...appear large because no object...which sends its image to the eye...comes closer to the eye than such an object...impressed in the lid of the eye which touches the pupil and from there sends an image to the eye.

In the right-hand margin he pursues this theme with a diagram (fig. 999) and a further note:

The rays of luminous objects appear shorter when these objects stand closer to the eye, than when they stand further back because when the lids of the eye are half closed, as a person does who wants to see rays around this light and these lids embrace little space above and below this light and since the rays cannot open themselves by more than this space seen by the eye, it is necessary that in such a little space one sees...short rays and that over a long distance one sees long rays, as ab and cd show above.

He also considers these problems on three folios of Manuscript D.  On D1v, he begins with a general heading:  "Of the eye" and the subheading:  "Why the rays of luminous bodies make themselves larger to the extent that they are more remote from their source."  A general proposition follows:  "The rays of luminous bodies grow the more they are removed from their sources."  This he illustrates with a diagram in the upper right-hand margin (fig. 993, cf. 992) which he then explains in the text proper:

To prove this...let a be the luminous body the image of which impresses itself in the pupil of the eye of this viewer and such impressions, they say, are made in the pupil c.  And the same image also impresses itself in the thickness of the upper eyelid b and also in the lower eyelid o.  And from both the superior and inferior eyelid the second /and third/ images are reflected to the pupil, c, of the eye.  But at the pupil, receiver of the three images, subdivided by the images of the eyelids (which in such a case /are/ narrowed), it appears as if the image of the luminous body, impressed in the thickness of the eyelids are truly subdivided and such divisions are pyramidal because the intervals of the eyelids are also pyramidal.  And hence it appears to the pupil, the receiver of these three images, that the images which rebound to it from the eyelids are joined from above and below to the middle image, representative of the luminous body.  And it appears to this pupil that the image b is in an and the image o appears to be in am and that both images divide themsleves from the luminous image a.

(figure)

Figs. 992-993:  Illustrations of eyelids and refraction on D1v.

Consideration of attendant circumstances follows:

And since, in closing the lids of the eyelids, it is necessary that the watery fluid, which keeps the eyelids continually moist in the friction of the eye, that this humidity refills the angle generated in the contact which the eyelids make with the eyeball (luce) of the eye and the surface of this watery fluid is concave as is proved in the 4th  of the 8th of the waters where it is stated.../that/ the contact which water has with a bank that is wet, is always concave) (and if such a bank were dry then the surface of the water which borders on it will be convex).

Hence finding such an angle created by the contact which an eyelid has with...its eyeball, you will have the surface of the watery fluid filling this angle in a concave figure (and since every concave mirror inside the pyramidal concourse of its rays shows the image of its object upside down, it therefore follows that the weights or lids of the eyes, mirrored in such a concavity along with the image of the light will show these eyelids upside down, and this is the cause why the pupil, being within the concourse of the pyramidal rays of the concave mirror, (why the pupil) sees the radiant pyramids of the intervals of the eyelids upside down.

And this is the true cause of the rays of luminous bodies which dilate more to the extent that it appears that these are clsoer to the eye.

The folio ends with afterthoughts how the demonstration might be presented more clearly:


Now a demonstration such as this should be divided into parts to make it better known, placing first its conceptions and other prpositions necessary for a similar proof etc.

In the right-hand margin of D2r he outlines an experiment to show that rays surrounding bodies are due to an illusion within the eye:


If you wish to certify how the rays of luminous bodies are caused by the images of such bodies which impress themselves in the thickness of the eyelids where they are reflected to the pupil of such eyes, then open the eye to the extent that the pupil does not see these eyelids and you will see the lights without rays.

This idea he pursues on D9v beginning with a paragraph under the general heading:


Of the eye.

Why the rays of luminous bodies increase together with the space interposed between them and the eye.

The lengths of rays produced by luminous bodies grow together with the growth of the space which interposes itself between those bodies and the eye.  Here one needs to define first what the rays of luminous bodies are and whether they have their origin in the eye which observes those bodies or whether they truly originate in such luminous bodies, and concluding that they are born in the eye it is necessary to say why and how etc.

Leonardo's theory is that the rays which appear to surround stars and other heavenly bodies have their origin in the eye, as becomes clear from the following paragraph headed:


Why luminous bodies show their boundaries filled with straight luminous rays.

The rays that the boundaries of luminous bodies show do not have their origin in those bodies but have their origin in the thickness of the eyelids of the eyes of those regarding these bodies.  This is proved first in a persuasive fashion which teaches that an eye which is completely upon will not show such rays around the luminous bodies and if the image of a star or some other light passes to the eye through a minimal aperture made in a /piece of/ paper positioned in front of the eye, these luminous bodies will always be without rays.

Persuasive argument is followed by reasoned explanation:

But the true proof shows itself by the ninth of the perspective where it is stated (the angle of incidence is always equal to the angle of reflection and hence the rays that appear to extend from the luminous body to the contact of the eye which sees it, originate when the eye, nearly closed, looks through a small aperture made between the lids of the eyes.  The image of such a luminous body is mirrored in the thickness of the lids which terminate these eyelids and afterwards this impression is reflected to the pupil of the eye, which pupil takes in three images of a same luminous body, that is, two from the thicknesses of the lids which the eyelids have and one in the pupil...and since...these three images are very close to one another, they appear to the eye to be continuous and joined to the image of the pupil.

By way of support he uses an experiment also described in the Manuscript F:

(figure)

Figs. 994-998:
Eyelids and refraction on D9v.

And the proof which shows the experience and confirmation of our proposal is manifested in the raising and lowering of the face, holding the narrowed eye firmly on the luminous body.  This eye, when the face is raised will lose all the rays below this luminous body and this occurs because (the image of this body cannot impress itself in the lower eyelid of such an eye) where the luminous body does not see this, this /body/ cannot impress its image and where the incident ray does not percuss, it does not generate the reflected ray and for this /reason/ the pupil does not take it in.

And the same will occur when the face is lowered because then the thickness of the superior eyelid (of the eye) does not see, nor is it seen by such a luminous body, as a result of which, as was said, the image cannot...impress itself and consequently the eye cannot see that which it does not see, but sees this image in the eyelid below, which eyelid sees and is seen by the luminous body...and thus we have proved our intent, etc.

The passage ends with the opinion of an adversary:


The adversary says that a ray bends because it goes to the sense from the rare to the dense.

In the right-hand margin these various reflections of rays are illustrated and further described by captions.  Beneath the uppermost diagram (fig. 997) he writes:  "This eye sees the ray of the luminous body above."  The second diagram shows the opposite situation (fig. 998) as its caption indicates:  "This 2nd eye sees the luminous...rays of the luminous body below."  The next diagram (fig. 995) considers a further alternative:  "This 3rd eye sees...the superior and inferior rays, above and below the luminous rays."  Further diagrams, without captions follow (figs. 994, 996).  Here he is clearly exploring the limits of the visual field within which reflection from both eyelids is possible.

(chart)

Chart 22.
List of Leonardo's uses of the term "luce" (usually cornea).

(chart)

Chart 23.
List of Leonardo's use of the term popilla (usually pupil).

(figure)

Figs. 999-1001: Images of objects entering the eye on CA125va , F29r and I35r.

In Leonardo's interpretation eyelids and eyelashes function as mirrors that produce the rays which appear to surround heavenly bodies and as such account for certain illusions relating to astronomy (see below pp.    ).

2. Cornea

Leonardo tends to refer to the cornea as the luce.  On CA270rb (c. 1492), for instance, he mentions "the circle of the cornea (luce) which appears in the middle of the white of the eye...."  On CA85va (c. 1503-1404) he refers to the luce as "that smaller part of the sphere which is divided by the line st.” The accompanying diagram (fig.    ) leaves no doubt that the cornea is intended.  Even clearer is his description on K119/39/r (1504-1509): “the pupil of the eye is situated in the middle of the cornea (luce), which cornea (luce) stands in the form of a portion of a sphere which, in the middle of its base receives the pupil....” On some occasions diagrams with captions (figs.    ) leave no doubt that luce can mean cornea.


Nonetheless, the term luce, which occurs at least 70 times in the extant notes (Chart 22) remains problematic because it is also used in the sense of "pupil" or "a larger part of the eye."  On W19030v (K/P 72v, 1489-1510), for example, he mentions "the luce or the pupil."  On CA250va (c. 1490) he refers interchangeably to the space between the pupils (interpopille) and the space between the luce (inter luce) and on A100v (1492) he uses the term "little luce" as if he meant "little pupil."  On D3r, by contrast, he refers to the luce as being "the entire sphere labv" (fig.    ) which effectively embraces even the crystalline sphere.

(figure)

Figs. 1002-1007: Refraction in the eye.  Figs. 1002-1003, W12692r; figs. 1004-1005, BM221v; figs. 1006-1007, BM220r.

(figure)

Figs. 1008-1015: Concerning refraction of the eye.  Fig. 1008, CA42vab; figs. 1009-1010, CA222ra; figs. 1011-1012, CA144vb; figs. 1013-1015, W19150r, (K/P 118r).

On A77 (1492) he uses the term cornua but in such a way that it appears to mean "vitreous humour." He provides no detailed anatomical description of the cornea.  Nonetheless, he draws it on various occasions (figs.    ) and is interested in the role of the cornea in the refraction and reflection of rays.

4.1
Function

His first extant hints of refraction at the cornea are in two rough sketches on W12692r (figs. 1002-1003, 1487-1493).  On W12447v (K/P 33v, 1490-1493) he asks:


Whether images have their proper position in the eye or not?


Whether rays enter the eye /directly/ or whether they are bent at the entrance or not?

On CA141vb (figs. 1016-1019, 1490), a related sheet, he pursues this theme.  Accompanying a first diagram (fig. 1016) he adds the caption:  "This eye sees a ray departing from the light and it goes below."  Alongside a second diagram (fig. 1017) he writes: “This eye sees the light which is mirrored in b in the middle of 2 rays, one which goes from the cornea (luce) upwards and the other which goes from the cornea (luce) downwards.” He then draws a third diagram (fig. 1018) accompanying which he notes:


This sees a ray which parts from the cornea (luce) and goes upwards and 

this occurs because that which goes from the rare to the dense...

bends its straightness on entering the dense.

On CA144vb (figs. 1011-1012, 1490) this refraction at the cornea is again suggested and on CA222ra, cf. figs. 1009-1010, 1492) its necessity is asserted:

(figure)

Figs. 1016-1019: Refraction at the eye on CA141vb.

If the eye looks at the point c in front of if along a straight line it will see the movements made along the line of the ears at a distant position...at the points a and b.  Therefore it is necessary that the lines are bent.

Witelo, in his mediaeval optical treatise had made an implicit comparison between the arrows shot by archers and visual rays.7  On Forst II 69v (c. 1495) Leonardo adopts this comparison to illustrate refraction in the eye:  "I also believe that an arrow, /when/ it hits water obliquely, will bend as does a visual ray."  Immediately following he describes an experiment relating to this claim:

And you will make a test of this by taking a bow and taking a frame in which a /piece of/ paper is stretched out, which paper is on the water.  And having drawn on this paper without moving either the bow or the paper, remove the water and you will discover the arrow and with a thin thread you can see if the centre of the bow and the centre of the aperture made in a /piece/ of paper by the arrow are along the same line or not and in this fashion you will make your general rule.

He returns to this theme in two sketches on BM221v (figs. 1004-1005, 1500-1505) which he develops on BM220r (figs. 1006-1007, 1500-1505) when he compares the effects of linear perspective and visual perception (see Vol. 1, Part 3.3) and notes: “
if the jugment of the eye is inside, the straight lines of the species are bent on its surface, because they go from the rare to the dense.” He pursues this question of discrepancy between the size of objects in visual perception and linear perspective on D2r (1508) under the heading:


How the straightness of the concourse of the species is bent on entering the eye.

The straightness of the concourse of the rays made by them at the entrance of the eye is bent and this is why, at an equal distance, the eye sees an object as larger than given by the rules of perspective.

An example follows (fig.    ):

And the reason is that the eye receives on it the intersection of the species ab at op and the perspectivist /painter/ imagining that these rays are straight cuts the rays at r /and/ t and thus finds things produced by his perpsective considerably smaller than they are judged by the eye.

The objection of an adversary is then raised and dismissed, with the help of his visual ray - arrow analogy:

And if, by an adversary, it were said that the object ab appears larger than it is such that the thing which comes to the eye by the lines alf and bpf appears in space cd seen by the straight /lines/ foc and fpd.  This shows itself as being impossible for if you wish to draw an arrow with the power of the lateral rays foc, you would believe (give) you were shooting such /an/ arrow at the site c and you would shoot it at a.

In the Arabic tradition a device had been developed to measure the amount of refraction in passing from air to water.8  Leonardo adopts this as his own in a diagram on F33v (fig.    , 1508). He provides further demonstrations of refraction at the cornea in a series of sketches inw hich he explores the limits of the visual field on I35r (fig. 1001, 1497-1499), I46r (fig.    ) CA345vb (fig.     , c. 1505-1508); F40r, 34r, (figs.     , 1508); D1r, 8r (figs.      ,     ); K/P 115r, 118r (figs.      , 1508-1510); K118 /38/r (fig. 1020, 1509-1512); CA42va (fig. 1008, C. 1510) and CA385vc (figs.     , c. 1513).

(figure)

Fig. 1020:
Cornea on K118 /38/r.

On D2r (1508) he again broaches the problem of refraction at the cornea asking:

Whether the species of objects are taken by the visual power at the surface of the eye or whether they pass inside.

The glasses of old persons shwo us how the images of objects are fixed on the surfaces of such spectacles and from such surfaces they penetrate bending at the surface of the eye, from which surface it is possible that the eye sees the figures of the said objects.  And this is proved to be possible because such a surface is the common boundary between the air and the eye.

This explanation he develops on D7r (1508) under the heading:

How the pupil receives the images of things placed in front of the eyes only from the cornea and not from the object.

The glasses of spectacles show us how the images of objects stop at the surface of such lenses and then bend to penetrate from this surface to the surface of the eye, from which it is possible for the eye to see the shapes of the aforesaid objects.  This is again proven by means of the character of the intrinsic and extrinsic angles made by the rays of the species which penetrate the surface of the eye, that is, the extrinsic angles t and v.  And if the pupil were to be flat in itself and penetrated by the rays of the species in such a way that the intrinsic angles would be equal to the extrinsic ones then such angles could not be generated in the pupil of the eye, but as far from the pupil as the centre of the object is from its opposite extremities, i.e., in the intervals from a to f and from a to g which in thepupil would correspond to r to s and r to t.  Because if the species were to pass through the flat pupil, together with its surrounding parts and occupy the crystalline humour then the intrinsic and extrinsic angles would necessarily be right angles.

He is equally interested in the reflection of images from the surface of the cornea.  On CA309rb (c. 1490), for instance, he asks:


Why the eye when it sees things on its small surface these appear large to it?

This arises because the pupil is a concave mirror and it is also observed with the example of a ball of glass filled with water, that whatever one puts to the side or in front of it or beyond it appears larger.

His theory that the eyelids and the surface of the eye function as mirrors, lead him to study the properties of mirrors with respect to vision.  Hence on CA125rb (c. 1492), immediately following his discussion of eyelids/eyelashes (see above   ) he draws a sketch (fig. 1023) of reversal in a mirror which he then explains:

If the mirror ac takes the thing ab, it will appear inverted to him and likewise cd, and if you raise b on top it will lack its image at the bottom of the mirror at c and thus it happens with the eye that, when the eyelid is raised above, the ray below is lacking.

On CA141vc (1490-1492) he pursues this comparison between images in a mirror and at the surface of the eye:

No person will see a similitude of another person in the proper place where it refers itself because each object falls on...the mirror at equal angles and if the eye which sees the other in a mirror is not positioned along the line of the species, /then/it will not see it in the place where it falls and if it enters into the lines it will occulude the /image of the/ other person and impose itself on his image.

A diagram (fig. 1019) in the right-hand margin may have been to illustrate this. In a marginal note he considers a related example (fig. 1027):

If you touch the eye of another person on the mirror, it appears to the other /person/ that he touches yours.

Let no be the mirror, let b be the eye of your friend, let d be your eye.  The eye of your friend appears to you at a and to the friend it appears that yours is at c and the intersection of the lines is made at m and whoever touches m will touch the open eye of the other person.

This theme of images mirrored in the eye of another person is continued on A37v (1492), but now in another context, namely, to help visualize the apex of the visual pyramid which he believes ends in a point within the eye (- an opinion he will later reject):

As regards the point which comes to the eye it is understood with greater facility, for if you look into the eye of someone you will see there your similitude.  Whence if you imagine 2 lines departing from your ears and meeting at the ears of the image of yourself which see in the other eye, you will recognize clearly that there lines are restricted in such a ways that, going on a little beyond your image mirrored in that eye /these lines/ would touch at a point.

(figure)

Figs. 1021-1022: Demonstrations concerning cornea on F31v.

Well over a decade later he returns to these analogies between the surface of a mirror and the surface of the eye.  On CA190vb (1505-1508) he draws a reversal diagram (fig. 1024) beneath which he notes that "the image of the real object changes the right side to the left and the left to the right at the surfaces of mirrors."  Lower down, he draws the same reversal principle in connection with a curved surface (fig. 1025), which presumably represents the eye.  To the left of this he compares the reversal principle in mirrors with that of camera obscuras.

The image of objects are of two natures, one of which receives the true images of the real object; a 2nd...retains the same, but with confused boundaries of their shapes and the first passes with parallel lines within the surface of plane mirrors and the second passes through the (narrow) apertures of thin walls in a dark place into which it enters.

On F31v (1508) he returns to the question raised on CA141vc, concerning where one sees images mirrored on the surface of the eye (fig. 1022):

The sense does not see an image of an object in the same position on the surface of the eye as does the eye of a viewer of this image.

The sense b sees the image of an object a at position d and the eye of another viewer of this image positioned at esees the same image in another place, that is, at site c, as is proved by the 7th of the 2nd.

In the early period he had drawn an object ab in front of a mirror cd on CA125rb (fig. 1023) to explain the mirroring process of the cornea.  On D4r (1508) he redraws this diagram in the margin using the same lettering, (fig. 1026).  The elongation of the later figure appears to be accidental. Beneath it he writes a corrective notes:  "This figure ought to be square."  Alongside the diagram he explains:


 Why a mirror changes the sides of an image from right to left and from left to right.

The image of every object changes in the mirror with its right side facing the left of the mirrored object and similarly the left /facing/ the right.  This is proved to be of necessity because every natural action is made by Nature in the shortest way and time possible.

A specific case (fig. 1026) is now considered:

Let ab be a face which sends its image to the mirror cd and this face will have another face in the mirror facing it which will have its left eye c facing the right one and similarly the right eye d will be facing the left eye b.

He next introduces an adversary's opinion which he then dismisses:

And if it were stated by the adversary that the right eye of the adversary...were facing the right of the object, /then/ I would produce the lines from the right of the image to the right of the object and likewise from left to left, which lines are ad and cd, which are seen intersected, and it is proven that in all intersected lines the right extremity of the one...will /go/ to the opposite extremity of the left side of the other and such an effect is not made by the shortest line because the diameter of a square is always longer than its side and here ab is the diameter of a square abcd of which ac is one of the sides /such/ that in this way is concluded that which is necessasry for the proof of such an affect.

At the end of the passage this mirroring effect is compared to what occurs when one looks into the eyes of others:

And such an effect in the mirror is like one who looks at you with a left eye facing your right eye which, by a miracle, makes itself from left to right, as do the letters that are stamped in the wax in the cornelian.

These questions of images mirrored at the cornea help explain his interest in the correspondence between the original arrangement of objects and their arrangement at or in the cornea.  On F31v (1508), for instance, he notes:

The spaces...between the images of the stars on the surface of the eye have the same proportion as the spaces which the stars in the sky have interposed between them.

Even though the images of the stars are all in all the surface of the eye and all in every part of this, and even though each image is superimposed on each of the other images, as appears to another eye which looks at it as at the surface of another mirror, it is nonetheless true that as far as the inside of the pupil is concerned, whenever the coming of an image of a star from the outside is occluded, this image will not proceed to impress itself on another part of the eye but will remain without impression in this eye because the site to which it is directed is impeded by the said occulusion.

This he illustrates with a cursory marginal sketch (fig. 1021), in which he draws the eye as a half-moon.  Above this he draws two stars as half circles.  The star on the left sends its rays to the eye.  The rays of the star on the right, impeded by a rectangular object, do not reach the eye. On D2r (1508) he pursues this problem under the headings:


Of the eye


Whether the idola or image has a fixed position on the eye or not.


The images of immobile objects have fixed positions on immobile eyes.

To demonstrate this he draws a diagram (fig. 1028) which he explains in the text alongside:

Let the object be ab /sic:  a1o1/ which,...by the 7th /proposition/, sends its raysat a/-1a/ by the shortest possible way to the pupil a o and the opposite extremity of the object oo/1/ does the same.  Hence the image of the extremity a/1/ does not impress itself at itself at the site o of the pupil, nor does o/1/ impress itself at a.

He now poses the question anew:

Whether objects send their images to the eye with the mmbers proportioned as they are in themselves.

Objects do not send images to the eye...with the parts proportioned as they are in this object.  This is proved by the ninth and how, among objects of equal size, the more remote shows itself as smaller.

In the margin he draws two diagrams (figs. 1029-1030) the lower of which he describes in the text that follows.

Hence let a be the  eye and let its object be bcd.  By the said 9th, I state that the parts d /and/ b of this object will show themselves as smaller than the part c because they are more remote from the eye than c as is proved by the definition of the circle /of which/ acnm is a sector and bd exceeds the distance that there is from the periphery of the sector to the said eye.

He pursues this question of the proportions of images at the eye on D10r under the heading:


On the proportions which the positions of the images have which are impressed on the eye.

The proportion which the positions of objects spread throughout the countryside opposite the eye have, is never identical to the proportion (of) of these images spread out over this eye if these objects are not equidistant from the curvature of the eye.

He now draws a "1st" illustration which he describes in the text that follows:

This is proved.  And let the surface of the eye be ae/g/c and let the objects spread throughout the countryside opposite be desrf.  I state that t, e, s /and/ f, being objects /which are/ equidistant from the surface of the eye, will be sown on this surface of the eye in the same proportion as they are sown in this landscape (m) and this is proved by the 9th of this which states /similar triangles, equally cut, with an intersection equidistant from their bases have sections in the same proportion amongst themselves as (are) the bases of these triangles have amongst themselves.

But if intersections are not equidistant from their bases then the sections will not observe the same proportion as that of these bases.  It follows that the triangle her, because its intersection og is not equidistant from the base er, that the section og is not in the same proportion to er as the intersection an (made at the same distance from the angle h) to the base of triangle de which is half the base er.

(figure)

Figs. 1028-1031: Concerning images entering the eye.  Figs. 1028-1031, D2r; fig. 1032, CA141vb.

On D10r he pursues this question:


Of the proportions which the positions of the images have which are impressed on the eye.

The proportion which the positions of objects spread throughout the countryside opposite the eye have, is never identical to the proportion...of these images spread out over this eye if these objects are not equidistant from the curvature of the eye.

A "1st" illustration (fig. 1034) and description follow:

This is proved.  And let the surface of the eye be ae/g/c and let the objects spread throughout the countryside opposite be desrf.  I state that t, e, s /and/ f, being objects equidistant from the surface of the eye, will be sown on this surface of the eye in the same proportion as they are sown in this landscape...and this is proved by the 9th of this which states (similar triangles, equally cut, with an intersection equidistant from their bases have sections in the same proportions amongst themselves as...the bases of these triangles have amongst themselves.

He goes on to describe a second case (fig. 1033, cf. 1035):

But if intersections are not equidistant from their bases then the sections will not observe the same proportion as that of these bases. It follows that the triangle (her, because its intersections og is not equidistant from the base er, that the section og is not in the same proportion to er as the intersection an (made at the same distance from the angle h) to the base of its triangle de which is half the base er.

(figure)

Figs. 1032-1034: Images at the surface of the eye.  Figs. 1033-1034, D10r; fig. 1035, CA141vb.

On E15v (1513-1514) he returns once more to this theme:

When we look at the...sky full of stars without looking at one star more than another then the sky is seen seeded with stars and they are proportioned in the eye as in the sky and thus their spaces are similar.

5. Aqueous Humour

In the early period Leonardo has no specific term for the acqueous humour.  On CA270rb (c. 1490), for instance, he refers to it simply as "that water which is in the cornea" (luce).  On D2r (1508) he refers to the aqueous humour as the albugineous humour - albeit this term can also mean vitreous humour.  In the extant notes there is no record of his studying either the properties or the functions of this humour.

6. Iris

He has no specific term for the iris although he draws it clearly on at least three occasions (see title page to part three).

7. Pupil

Leonardo's term for the pupil tends to be popil(1)a which he uses at least 253 times in the extant notes, (Chart 23).  His use of the term is complex, however.  On CA309rb (c. 1480), for instance, he describes it as "a concave mirror."  On D1r (1508), when he refers to "why Nature made the popilla convex, that is, elevated as part of a ball," popilla appears to mean "cornea" and could even mean "eye." His alternative term for pupil is luce9, which is no less complex, luce tends to mean cornea (see above p.     ) and can be synonymous with eye (eg. F32r).  Hence the terms popilla and luce are both ambiguous and have a range of meanigns including pupil, cornea, and eye.10

7.1 Function

In some early notes he describes the pupil as if it were merely an aperture directly linked with the optic nerves (eg. A77, BM171v, fig.    ).  In other notes (eg. CA125rb), he explores the analogy between pupil and camera obscura, which leads him, on the one hand, to study camera obscuras with apertures of various shapes (see above p.    ) and, on the other hand, pupils of various kinds, round, slit-like, etc. (e.g. CA262rd, Mad II2 25r, G44v). In the early period he is interested in pupil size because it provides him with an explanation why distant objects are seen unclearly, as on A100v (BN 2038 20v, 1492) where he analyses:


Why faces in the distance appear dark.

We see clearly that all the images of evident things that there are from objects large as well as small, enter the sense by the little pupil (luce) of the eye.  If the images of the size of heaven and of earth pass through such a small entrance, amongst such things, the face of a man being practically nothing through the distance which diminishes it, occupies so little of this pupil that it remains incomprehensible and having to pass from the surface to the imprensiva through a dark medium, that is, the hollow nerve which appears dark.  Another reason cannot be alleged in any other way:  if this point is black which stands in the pupil, and since it is filled with a transparent humour like that of the air, and has the function of an aperture made in a board and looking at it, it appears black and the things seen through the clear and obscure air are confused in darkness.

As his studies progress he becomes convinced that there is a direct connection between pupil size and the apparent size of objects.  To confirm this he describes no less than five practical and two theoretical demonstrations, some of which recur in an extended passage on pupils on Mad II 25r-27r.  He also examines differences between pupils by day and at night and makes comparative studies of pupils in human beings, owls, cats and lions.  He refers to the pupils of various owls (common, horned or long-eared, tawny, barn and little), panthers, leopards, wolves, lynxes and Spanish cats.  On several occasions he compares the relative size of pupils with the sizes of the imprensiva.

Each of these aspects of his pupil studies will be considered in turn.  In a later section it will be shown that he has an ulterior motive for being so interested in this connection between pupil size and apparent size:  it has fundamental consequences for his studies of astronomy (see below pp.     ).  This helps explain why Leonardo writes more about the pupil than any other part of the eye.

7.2 Demonstrations of the Pupil

In order to confirm that changes in pupil size determine apparent size Leonardo devises five practical experiments involving:

1.
looking at a star through an aperture;

2.
looking at a candle;

3.
sudden exposure to daylight;

4.
sudden exposure to darkness, and

5.
looking through a peashooter.

In addition he describes two theoretical demonstrations.  Each of these will be discussed in turn.

(figure)

Figs. 1036-1037: Images entering the pupil on F36v.


Why a thing seems larger when seen by a larger pupil.

That thing will appear greater in light and in size which will be seen by a larger pupil.  This can be experimented with our eyes,...if you make an...aperture as small as can be in a piece of paper and bring it as close to the eye as possible and you look at a star through this.  Which /eye/ can only function with the little part of the pupil which sees this star with much space of the sky around it, /and/ it sees it as so small that hardly anything can be smaller and if you make such an aperture close to the extremity of the paper you will at the same time be able to see the same star with the other eye and it will appear large to you and thus in the said time you will see with two eyes a /single/ star 2 times of which the one is minimal and the other is large.  You can also see the entire body of the sun and with little brightness because to the extent /that/ its magnitude diminishes to that extent does its brightness diminish as was proposed above.  And from this it arises that great lights see little of the ray because excessive lights impede the sight.

In the Manuscript F he uses this experiment to develop his claims concerning pupil size.  On F36v (fig. 1036), for instance, he draws a light source at m  passing through an aperture op in a sheet of paper ac to the eye at n.  Alongside he explains:

If some luminous body be seen through a minimal aperture made in a /sheet of/ paper...brought as close to the eye as possible, the luminous body..., even if it be seen entirely, will appear that much smaller than usual by the extent to which this aperture is of a smaller quantity.

(figure)

Figs. 1038-1040:
Demonstrations concerning pupils.  Figs. 1038-1039,




F33r; fig. 1040, F32v.

7.2.i
Star through an Aperture

On C6v (1490-1491) he describes how a candle 400 braccia from the eye appears much larger than it is until a small stick is placed in front of it (see below p.    ).  This experience he develops on A64v (1492) into a:


Test to see the true size of luminous bodies.

If you wish to see the true size of these luminous bodies, take a thin board and make an aperture the size of a small point of lace and place it as close to the eye as you can in such a way that, looking at the aforementioned light through this aperture, you see enough space of air around it and thus removing and /re/placing this board from and to your eye quickly you will see this light grow and diminish quickly.

He returns to this demonstration on CA351vb (c. 1495-1497?) under the heading:


Of the eye and light.

If you look at a luminous body in the far distance through a small aperture, it will appear to you to diminish and if you look at it from close by, it will not make it alter at all, that is, if you look at this light one or two braccia away from the named aperture, and it will not make a change /in this case either/ looking through this aperture or outside it.

In the above demonstrations connections between size of aperture, pupil and apparent size remain implicit.  On D5r (1508) he makes these connections explicit in a passage with the marginal heading: “This occurs because /a/ lesser power has less potential power than /a/ greater...and through this coming...” Here his train of thought breaks off, but on F33r he pursues the problem (see above p.    ) beginning with a diagram (fig. 1039) which is a:

Demonstration how the percussion of solar rays penetrating through apertures are more luminous in the centre than from the sides and the reason for this effect.

In the centre, m is the most luminous because here it sees the entire body of the sun as the lines mf and mg show which touch the sides a and b of the aperture.  And or sees half the sun and cd sees no part of the sun.  Hence it is very dark.

In the lower margin he redraws the diagram (fig. 1038) and in the text opposite he continues his explanation:

Now let us say that ab is the minimal aperture that I have made in the paper through which I look at a star or some other luminous source and that cd is my pupil.  Now in order to observe this star through the aperture ab, its /the star's/ image descends in its entirety to m and is small and if this aperture were not interposed between the eye and the star, I would see the whole star with the entire pupil cd as at first and it appears larger to me because I see it with a greater power because, in such a view the entire pupil will be brought into use as is seen by the 2 lines fc /and/ gd.

This amounts to a geometrical demonstration of his claim that the size of the pupil's aperture determines apparent size.

(figure)

Figs. 1041-1044: Further demonstrations concerning images entering a pupil.  Figs. 1041-1043, F32v; fig. 1044, F32r.

On F32v, the folio opposite, he redraws this diagram (fig. 1040 cf. figs. 1038-1039) and sums up his claim in a marginal note:

The entire pupil of the eye which, with each of these circles from the greatest to the least...diminishing infinitely, can see the entire body of this star but will see it as smaller to the extent that it sees it with a smaller portion of the pupil (luce).

Not content with this demonstration involving one star, he drafts a sketch in the lower right margin (fig. 1043) involving three stars.  This he redraws at the top centre (fig. 1041) beneath which he asks:

Why in looking at...the sky one sees various stars with great brightness...and looking at them through a minimal aperture in a small /sheet of/ paper placed in contact with the eye you again see the same amount of stars but diminished /in size/.

His answer follows:

This is defined with the nearby positioned figure above.  Let us, therefore, say that the size of the pupil is all the greater circle kl into which come the impressions from the 3 stars a, b /and c.  I say that the eye or the pupil (luce) kl receives them through the lines dkel, fkgl and hkil.  But if this eye cannot use more than the part nm as a result of having to look at such stars through the aperture in the /sheet of/ paper, /then/ even in the part nm it will see the images of these 3 stars but they will be seen as smaller to the extent that nm is smaller than kl and these 3 stars will be seen by the 6 lines dnem, fngm and hnim.

The accompanying diagram (fig. 1041) appears to show the three stars superimposed on one another.  Aware of this ambiguity he drafts a further diagram (fig. 1042) in the upper left-hand corner, with the caption:  "the images are not sueprimposed one upon the other."  This he restates at the top of F32r: “The images of opaque bodies are not superimposeed upon one another, the eye that judges them remaining without motion.” In the margin beneath this he redraws the diagram drafted on the verso (fig. 1044, cf. figs. 10421-1043) and explains: “In the same mirror or pupil...is the image of all objects positioned in front of it and each of these objects is all in all the surface of the mirror and all in each minimal part of this.” This "all in all" demonstration, (see above p.    ) reduces the problem of image formation in the eye to a physical model which can be analysed with geometrical principles. He adds how this can be tested experimentally:

This is experimented with the motion of the eye which will see the moon with all the stars in this mirror...and imprints itself on its surface and if you then move a little with the eye it can imprint itself elsewhere on such a mirror and many will see one imprinted upon the other and...you could do this likewise innumerable times.

Having compared the pupil with an aperture in a sheet of paper and with a mirror, he now suggests that one can use an aperture in a sheet of paper combined with a mirror to simulate effects in the eye: tracing out the size of stars on the mirror and then, by moving both aperture and mirror, simulate the effects of the eye's motion, each time tracing anew the configuration of the stars seen. He is not content with his diagram, however, and therefore redraws it (fig. 1045) with the caption "this figure is better than the other."  In the main body of the text, a full explanation follows:

(figure)

Figs. 1045-1048:
Demonstrations concerning images entering the pupil. Fig. 1045, F32v; fig. 1046, F28r; fig. 1047, F32v; fig. 1048, F28r.

...with the entire pupil (luce) of the eye ab I see the entire heaven/s/ ef with 3 stars within nmo even though many other stars of the heavens could be seen as is shown by the two lines at /and/ bs.  But these do not concern our discussion.  Hence I say that the portion ef of the sky is seen by the entire pupil ab and if one sees such heavens through the...small aperture of the perforated paper it will send its image with the three stars to the part cd of the eye and it will appear that much less to the extent that cd is less than ab.

He is still not satisfied. On F28r he writes: "it is proved here that the visual power is spread throughout the entire pupil of the eye."  In the margin he again draws three stars surrounded by a circle pq (fig. 1046), the images of which pass through an aperture ord onto the pupil abcnmo.  Below this he develops a diagram he had drawn previously on F33r (fig. 1048, cf. fig. 1039).  At the bottom, a further draft (fig. 1047).  None of these are explained, however. On TPL628 (1508-1510) he uses his aperture demonstration to explain why the moon appears dull by day and bright by night.  His first reason is that colours are better seen when they are in greater contrast to one another (see below pp.     )  and then adds:

the second /reason/ is that the pupil is larger by night than by day as has been shown and a larger pupil sees a luminous body with greater quantity and more excellent brightness than the lesser pupil as is shown by him who looks at the stars through a little aperture made in a /piece of/ paper.

On TP477b he mentions the experiment again:

(figure)

Figs. 1049-1050: Experiments concerning pupil size on I19v and L14r.


Precept


The eye which will have a larger pupil will see objects as having a larger size.

This is shown in looking at a celestial body through a small aperture made with a needle in a /piece of/ paper which, not being able to act on more than small part of this cornea (luce), this body appears to diminish by so much of its size as the part of cornea (luce) which sees it is less than the whole.

7.2.ii
Candle

His second demonstration of the link between pupil size and apparent size begins with a general statement at I19v (1497):

Experiment of the increase and diminution of the pupil with the motion of the sun or some other luminous body.

(When the sky is darker the stars will show themselves as larger) and if you illumine the medium these stars will show themselves as smaller and such an alteration originates only from the pupil which increases and diminishes depending on the brightness of the medium which is found between the eye and the luminous body.

A specific experiment follows (fig. 1049):

Let an experiment be made with a candle placed over the hand at the same time as you look at a given star.  Then lower this candle little by little until it is close to the line which comes from the star to the eye and then you will see the star diminish so much that you will practically lose sight of it.

On I20r, the folio opposite, he pursues the theme:  "The pupil of the eye standing in the air, in every degree of motion made by the sun changes degrees of magnitude," and its converse:  "And in every degree of magnitude /of the pupil/ the objects /which are/ seen change to different sizes."  Not content, he crosses this out and reformulates it:

And in every degree of magnitude...a same thing /which is/ seen will show itself of different sizes although of ten the comparison of surrounding things will not allow one to discern such alteration of a single object at which one looks.

A decade later he develops these ideas further on D5v (1508):

The pupil of the eye will change to as many sizes as are the varieties of brightness and darkness of the objects which are represented in front of it.

In this case Nature has made provision for the visual power, when it is offended by excessive light to contract the pupil of the eye and when it is offended by various darknesses to increase this pupil (luce) like the mouth of a purse.  And here Nature acts like one who has too much light in his home, who half closes a window or more, or less, depending on necessity and when night comes he opens the window entirely in order to see better the light within his house.  And here Nature uses a continuous equation with a continuous tempering and equalizing...with the increase of the pupil...or its diminution in proportion to the aforementioned darkness or brightness which continuously represent themselves in front of it /the pupil/.  And you will see this experience in animals...of the night such as cats, long-eared owls, tawny owls and the like which have the pupil small at midday and very large at night.  And all the terrestial animals of air and water do the same but the nocturnal animals /do so/ to a greater extent beyond comparison.

At this point he describes his candle experiment:

And if you wish to experiment with a man hold the pupil of the eye fixed, holding a lighted candle somewhat removed and have it /this pupil/ look at this light as you gradually bring it closer /to the pupil/ and you will see that the closer this light approaches, the more it diminishes.

He summarizes these ideas in two marginal ntoes:

On the expansion and contraction of the pupil of the eye from day to night and more in nocturnal animals than in others of the day.

On the eyes of nocturnal animals the pupils of which expand greatly more at night beyond comparison with those /animals/ of the day.

7.2.iii.
Sudden Exposure to Daylight

On C16r (1490-1491) this candle experiment recurs in connection with the problem of the eye's sudden exposure to light.


On the eye.

The eye /which is/ used to the darkness, which suddenly sees the light is hurt, whence it immediately choses itself, being unable to endure this light.  And this occurs because the pupil, wishing to recognize any object in the accustomed darknesses increases in size, using all its force /in order/ to send to the imprensiva the image of the umbrous bodies.  And the light suddenly entering within, has the effect that too great a quantity of the pupil, previously in darkness, is hurt by the oncoming brightness, directly contrary to the darkness to which the eye was accustomed and habituated and these /darknesses/ seek to maintain their being there and not without detriment to the eye they part from their site.

Again it could be said that the pain which the eye /in/ darkness receives through the sudden light occurs through the sudden contraction of the pupil which is not without the sudden contact and friction with the sensitive parts of the eye.

And if you wish to see an experience of this, observe and consider wellt he size of the pupil of one who is looking at a dark place and then have a candle placed inf ront of it which is quickly brought nearer the eye and you will immediately see a diminution of its pupil.

On CA125vb (c. 1490-1492) he again drafts a note how the eye is hurt when suddenly exposed to an intense light, and adds:

...if you wish to see the experience, arrange that a nocturnal animal has the sun on only one of its eyes and you will see how much less is the pupil in the eye seen by the sun than in the one which does not see it.

This he crosses out and on CA125ra (c. 1490-1492) takes up the theme again:

I find by experience that the blackness or near blackness, the rough and raw colour that appears within the pupil does not serve any other function than to increase or decrease the size of this pupil:  to increase /it/ when the eye looks at a dark place; to decrease /it/ in looking at the light or at a luminous object.

On H88 /40/r (1494) he cites both the case of sudden exposure to light and the experiment with an aperture:


That pupil will be larger which will see the things of larger shape.

This is shown in seeing luminous bodies and maximally celestial ones when the eye emerges from the darkness and suddenly looks at these bodies.  They appear larger and then they diminish and if you look at these bodies through a little aperture you will see them smaller because a smaller part of this /pupil/ will be adopted in this operation.

He restates these ideas in the form of brief precepts on H91/43/v (1494):

That eye which emerges from the shadows will suddenly see a luminous body which will appear considerably larger to it at the first glance than in continuing to look.


The luminous body will appear larger and more luminous to two eyes than to one.

That luminous body will show itself of a smaller size, which is seen by the eye through a smaller aperture.


That luminous body of a long shape will show itself as rounder as it is further from the eye.

On W19030v (K/P 72v, 1489-1510) he again cites both the demonstration of bringing a light closer to the eye and the sudden exposure of an eye to daylight (see below p.    ): “that part of the black appears darker which is closer to the white and likewise /that part/ will appear less dark which is further from this white.” On CU459 (TPL491, c. 1492) he expresses this idea as a rule:


Precept C

Among things equally dark and equally distant, that object will show itself to be darker, which borders on a whiter background.

On CA397rb (1497-1499) he begins to formulate a note:  "Who looks at the black object on a white background" and then stops short. In the period 1505-1510 he considers these questions afresh on CU151 (TPL204) headed:

On the colours which are shown to vary from their essence through the comparison of their backgrounds.

No boundary of uniform colour will show itself to be equal if it does not terminate in a background of a colour similar to itself.

This is seen manifestly when black terminates with white and white with black, each colour appears more noble in the confines of its contrary than it does at its centre.

He considers this intensifying effect of contrasting colours again on CU154 (TPL231):


On the nature of the colours of backgrounds on which white borders.

A white object will show itself /as/ whiter which is seen against a darker background and will show itself darker which is in a whiter background and this the gleaming (fioccare) of snow has taught.  When we see it against the background of the air it appears dark and when we see it against a background of some open window, through which one sees the darkness of the shadow of this house, then this snow iwll show itself as very white.

On CU184 (TPL238c, 1505-1510) he gives another example of the effects of contrasting colours in a passage entitled:


On the nature of comparisons

Black vestments make the skin of human faces appear whiter than they are and white vestments make the skin appear dark and yellow vestments make them appear coloured and red vestments show them pale.

He therefore urges that contrasting backgrounds are more appropriate, as on CU148 (TPL229, 1505-1510):


Of the backgrounds that are more appropriate for shadows and lights.

Among backgrounds that are appropriate for illuminated or shaded boundaries of any colour, those will be more distinct from one another which are more varied, that is, that a dark colour should not terminate in another dark colour, but one that is very different, that is, white or participating of white and similarly a white colour should never terminate on a white background, but, as far as possible, in a dark /background/ or /one/ partaking of dark.

While he generally recommends that white should always border on dark and conversely, on CU150 (TPL230, 1505-1510) he considers a situation where this is not the case:


How one should act when white terminates on white or dark on dark.

When the colour of a white object comes to terminate in a white object, then the whites will either the white or not and if they are equal then that which is closer will become somewhat dark/er/ at the boundary which it makes with this white and if this background is less white than the colour that borders in it then the bordering colour will stand out of itself from the /colour/ different from it without other help from a dark background.

On TPL206 (1505-1510) he suggests that a colour seen against a background of the same colour appears more beautiful:


What part of a same colour will show itself as more beautiful in /a/ painting

Here one wishes to note what part of a same colour will show itself as more beautiful in Nature, whether it is that which has lustre or that which has the light or that of the middling shade or that which is dark or indeed that which is transparent.

Here one must determine which colour it is of which it is asked, because different colours have their beauty in different parts of themselves.  And this shows that black has its beauty in the shadows and white in the light and azure and green and tan in the middling shade and yellow and red in the light and gold in reflection and lacquer in the middling shadow.

This idea he restates on TPl217c (1505-1510):


What part of the surface of bodies will show itself of a more beautiful colour?

The surface of that opaque body will show itself of a more perfect colour, which can have as a near object a colour similar to it.

Meanwhile, his experiments with camera obscuras had made him aware that the usual rules of contrast do not always hold. On CA195va (1508-1510) for example, he explains:

Why black bordering on white does not show itself as blacker than where it borders on black, nor does white show itself as whiter in bordering on black than on white, as do the species which pass through an aperture or the boundary of some obstacle.

Nonetheless such cases remain the exception and he continues to favour situations where contrasting colours are positioned opposite one another.  On CU183 (TPL190a, 1505-1510), for instance, he expresses this in terms of a rule:

Now note that if you wish to make an excellent darkness make it through a comparison with an excellent whiteness and likewise you make an excellent whiteness with maximal darkness and a pale colour will make red appear a more fiery rose and this rule will be more distinct in its proper place.

A second rule follows:

There remains a second rule which does not try to make the colours in themselves of the most supreme beauty that they naturally are, but that company /of another colour/ renders grateful the one and the other, as does green to red and red to green such that the one renders the other graceful reciprocally as does green with blue and here is a second rule, generating from ungraceful company, as blue with yellow which whitens or with white and the like which will be discussed in their /proper/ place.

He restates these precepts on CU145 (TPL232, 1505-1510):


On the boundaries of objects

Among objects of equal brightness that will show itself of lesser brightness which will be seen in a background of greater brightness and that will appear whiter which borders on a space which is darker.

And the skin will appear paler in a red background and the pale /colour/ will appear reddish, being seen in a yellow background and similarly the colours will be judged to be what they are on the basis of the backgrounds which surround them.

On CU153 (TPL252, 1508-1510), he returns to these ideas:


Backgrounds

On the backgrounds of figures, that is, the bright in the dark and the dark in the white background.

Of white with black or black with white, the one appears more powerful through the other and likewise the contrary, the one always shows itself more powerful.

He reformulates this on CU751 (TPL769, 1508-1510):

Why the boundaries of opaque bodies sometimes show themselves as brighter or darker than they are.

The boundaries of shaded bodies show themselves /as/ brighter or darker than they are to the point that the background which surrounds them is darker or brighter than the colour of that body which borders on them.

In the late period he returns to this theme on CA184vc (1516-1517) in a passage entitled:


Of colours

Of colours of equal brightness that will show itself brighter which is of a darker background.  And black will show itself as darker than it is in a background of greater brightness.

And red will show itself more fiery than it is in a background that is more yellow and thus will do all the colours surrounded by their directly contrary colours.

Other passages concerning this theme have been cited elsewhere (see vol. one, part three.1).

7.2.iv.
Sudden Exposure to Darkness

In addition he considers a converse demonstration, namely, when the eye suddenly leaves the daylight in order to enter an enclosed space, as, for example, on Forst II, 2 158v (c. 1495) under the heading:


Of perspective.

The eye, which departs from the white illuminated by the sun and goes into a place of less light, everything appears tenebrous to it.  And this occurs because the eye which stands in this illuminated white /daylight/ contracts its pupils in such a way that if they were at first a /given/ visual quantity, they would lack more than 3/4 of their quantity and lacking quantity, they lack power.

At this point he introduces and answers a potential objection:

Although you could say to me: a little bird would see much less and through his small pupils the white would appear black.  From this side I would reply to you that here one attends to the proportion of that part of the brain devoted to the visual power and not to some other thing.

This objection answered, he continues with his train of thought:

Or to turn: this our pupil expands and contracts depending on the brightness or darkness of its object and because it makes this expansion and contraction over a certain time, it does not see at once when it departs from the light and goes into the darkness and likewise /when it goes/ from the darkness to the light.  And this thing has already deceived me when depicting an eye and /it was/ from this that I learned it.

On L41v (1497, 1502-1503) he describes how a person sees a dark place from the outside (see below p.     ):


On Painting.

The eye that stands in the luminous air and looks at a dark place, this site iwll show itself of much greater darkness than it is.

This occurs only because the eye that stands in the air diminishes its pupil the more that the air which is mirrored there is more luminous and to the extent that this pupil diminishes more, the less luminous will the thing seen by it show itself.

He then mentions what happens when this person enters a dark place:

But when the eye enters some umbrous place the darkness of this umbrous place at once appears to diminish.

This occurs because the more the pupil (luce) enters into dark air, the more its size grows, which growth has the result that the great darkness appears to diminish.

He develops this description of a person entering a dark place on Mad II 70v (1503-1505), opening with a general statement and a question:


The pupil of the eye expands and contracts with slowness in seeing dark or luminous things.

Why does the eye positioned in a luminous place see darkness within each house where, /when/ the eye is later inside, it appears to be fairly luminous?

To which he replies:

That which is asked originates because the pupil, being positioned in the luminous air, being offended by excess light, withdraws and diminishes its quantity in such a way that it can support the brightness of the air, which brightness diminishes to the eye along with the diminution of the said pupil.

And from this it follows that looking with this disposition of eye at the aforesaid houses, these appear to it to be dark because, if the strongly luminous air produces little light, the things 
which are illuminated by the air will come to show themselves as dark to such an eye.

He returns to this demonstration once more on D7v (1508):

Every enclosed space appears darker in seeing it from outside than if one were inside and this occurs because the eye which stands outside in the air, its pupil contracts strongly and he who stands in a dark place, this pupil will make itself larger and with the smaller pupil the power diminishes and thus this power increases with the increase of its pupil and to the pupil of weak power every little obscurity appears dark to it and if it increases in power, ever great darkness will appear illumined to it.

7.2.v
Peashooter

He mentions a fifth demonstration to confirm the link between pupil size and apparent size on L14r-13r (fig. 1050, 1497, 1502-1503):

To the extent that the light diminishes, to that extent does the pupil of the eye seen by this pupil increase.

Hence the eye which looks through a peashooter has a larger pupil than the other and it sees the object as larger and more clearly than does the other eye.

One makes a test of this by looking at a white line on a black background with two eyes of which one looks through the peashooter and the other through the luminous air.

The test here described relates in turn to his subsequent experiments concerning the role of backgrounds in perception (see below p.    ).

7.3 Theoretical demonstrations

In addition to these five practical experiments he also pursues the connection between pupil size and apparent size in more theoretical terms as, for instance on D7r (1508) under the heading (fig. 1051):

(figure)

Figs. 1051-1052: Pupil studies on D7r and D4r.


How a larger pupil sees a larger object.

(To the extent that the pupil of the eye will be larger in shape, to this extent will the objects seen appear larger).  This is proved because the pupil is entirely disposed with a same potential in seeing.  Let us say that r is the pupil of the eye which receives the object g through a pyramid opposite and this pyramid measures the size in the section o on the little staff ab.  Later go increases the pupil to the entire diameter mf.  Now the object g will no longer make a pyramid but its species will come to this pupil by parallel lines and will be intersected by the same little staff ab and thus the image of the object g has grown in accordance with the growth of this pupil.

On D4r (1508) he draws the pupil in relation to the cornea in the form of a cross-section (fig. 1052) accompanying which he offers a further theoretical demonstration:

If the cornea (luce) of the eye has its pupil which expands and contracts depending on the excess or lack of brightness which is placed in front of it, it is necessary that every other object...shows itself as greater or smaller to this pupil and let this be shown:  let the cornea be hg and let its large pupil be am which sees the object qu on the convex side of the cornea at rq.  Then let a be the diminished pupil and thus the object qu will be shown diminished on the convexity of the cornea in the space ps.

7.4 Madrid chapter

In the Madrid Codex he develops his ideas on pupils in a series of paragraphs which amount to a chapter on the problem. This opens, on Mad II 25r, with a discussion of pupils of different shapes:

It does not injure the eye to have a pupil which is more squared or long than round, since each has the power to receive the species of objects positioned opposite.  And /in order to see/ that it is true that such a form is not injurious, let an object be observed within the lids of the eyelids, practiclaly closed which will resist as it were the shape of the pupil in the above drawn shapes and does not vary in persepctive.

A paragraph devoted to the case of cats follows:

The cat, in seeing and hearing has the first senses found among animals.  And odour is practically the same as the aforementioned senses.  And where it lacks visual power, it depends on hearing which always stands with /a/ ready ear, like a funnel, /prepared/ to receive the impressions of the vibrations made in the air, and sends them to the common sense along a broad way.

He then turns to the human eye: “The eye of a man placed in the great light of the air or some other luminous body contracts the pupils and makes it of lesser power whence places of lesser light will appear tenebrous to it.” On Mad II 25v he compared the amount of light seen by one and two eyes respectively (see below p.    ), which leads to a comparison between small and large light sources:

A small and powerful light illumines a place in equal distance as much as a very large, weak one; the latter of which will be weaker than the former to the extent that the former is greater.

Hence the minimal light of the night, being in great quantity, will make itself equal to a small and little potent quantity of daylight.

(figure)

Figs. 1053-1055:
Pupils by day and night on Mad. II 25v.


No place in nocturnal times, is totally deprived of light, but it appears dark to diurnel animals.

In the final paragraph he returns to the theme of changing pupil size: “Every pupil continually changes in diverse sizes,  in diverse qualities of light or darkness, but above all the others, the owl makes the greatest change.” In the right-hand margin he illustrates these changes in size of owls' pupils.  In a first diagram he draws (fig. 1053) two tiny pupils marked b and c, connected with a large circle a which he describes in the caption:  "a is the imprensiva in seeing luminous objects."  Directly below he writes:  "a is the imprensiva of the owl."


This is followed by a second diagram (fig. 1054) in which the imprensiva a is dwarfed in comparison with the enormous size of the pupils in which are inscribed the words "nocturnal pupil."  Finally, he makes a comparative diagram (fig. 1055) in which each of the pupils is drawn as three successively larger circles, marked a, b and c with the caption alongside:  "a is the light of the sun; b is the daylight; c is the nocturnal light that the long-eared owl receives."  Beneath this diagram is a further marginal note on human eyes: “
Men overcome by excess light practically close the eyes, cutting off part of the pupil with the lids of the eyelids of the eyes, because by this means it is diminished as much as it can be.” On Mad II 26r there are notes on painting.  On 26v he returns to the connection between pupil size and light intensity, under the heading:


Of perspective.

The cornea (luce) of that eye which will have a greater pupil will see objects as larger.  And this object will make itself larger to the extent that it is in a darker place and it will make itself smaller in places of greater light.

He interjects a note why this is indirectly important for painting: “Even though this case is not to be enumerated among the precepts of painting, I nonetheless do not wish to exclude it because it is necessary for speculators.” A general claim follows:

I therefore say that (every object of the eye is all in all and all in every part of the aforesaid pupil).  When the aforesaid object is very luminous, the pupil, not being able to support it, makes itself so much smaller that the images of such a luminous object come to the pupil no less diminished in brightness than in size.  Through which diminution the sense can support the brightness opposite it.

By way of demonstration he cites his experiment of looking at a star through an aperture.

The example of that which has been said above is demonstrated and made manifest when one of the largest stars is seen through a small aperture made in a /piece of/ paper near the pupil of the eye, you will see such a star considerably diminished.  And this occurs because all the pupil will not adopt itself in such vision but will adopt itself that much less than the whole to the extent that the star appears diminished, by that which it first appeared.  And it is not because such an aperture intersects at the eye any part of the star seen, since, in addition to the quantity of the species seen, a great portion of the sky which surrounds it passes through this aperture.

Immediately following he offers a second demonstration involving the candle experiment:

Again this can be demonstrated in another way with a second example, which helps to confirm the same conclusion, and this is that there is placed opposite the eye the light of a candle and behind this candlelight, or if you wish, at the boundaries beyond this, let the said star be seen.  Now this star appears smaller to the extent that the pupil of the excess light opposite is diminished.

At the bottom of Mad II 26v he outlines a third experiment:

Again if the eye on leaving a dark place suddenly encounters some brightness..., it will be seen at once that this brightness diminishes in light and size to the extent that the pupil makes itself smaller.

On Mad II 27r, the folio opposite, he gives a more detailed account of his candle demonstration:

And if you wish to see a better and more palpable demonstration of what has been said place and raise the hand in front of the light of the candle opposite.  And hold the eye firm on one of the larger stars and it will appear to you /that/ this star suddenly increases and suddenly diminishes.  The increase occurs when you cover the light /of the candle/.  The diminution occurs when the light is uncovered.  And this occurs because, in covering the light, the pupil is enlarged and in uncovering this light, the pupil diminishes.  And hence from what has been said, everything seen by this pupil diminishes its species together with the diminution of the aforesaid pupil.  All the pupils of the eyes grow together with the brightness of the day and likewise they diminish as this brightness diminishes.

He now returns to the case of pupils in nocturnal animals:

You see in nocturnal animals that they are endowed by Nature with a very large pupil which grows and diminishes in accordance with the brightness placed opposite.  And not being able to diminish to such an extent by day that it is sufficient to support anything illuminated by the diurnal splendour, they are forced to live in dark places during this time.  And at night their pupil multiplies to such a size that every great darkness appears to them to be a place that is strongly illumined.

Some pupils of owls are, in turn, compared with those of men:

If one considers the size of the pupil of an owl at nighttime in proportion to the pupil of a man it will be found that this pupil of a long eared owl will be more than 40 times that of a man.  And if beyond this there be considered the proportion of one and the other pupil, in comparison to their imprensivas, you will find that the imprensiva of man is more than 40 times that of the owl.

In the margin he pursues this comparison between size of pupil and imprensiva:

The small imprensiva and the large pupil render the same objects 4 times larger than to double the imprensiva and a pupil half as large.

Among equal imprensivas and pupils, equal objects render themselves equal to these.  Unequal imprensivas in equal pupils, render equal objects strongly unequal.

Beneath this he draws a rough sketch of a small pupil and large imprensiva (fig. 1056) and with this his excursus on pupils ends.

7.5 Comparative Studies of Pupils in Man and Animals

The comparisons between pupils in owls and men in the Madrid passages just cited reflect a theme that fascinates Leonardo.  Perhaps the earliest extant note on the problem is on H86/38/r (1494): 

All things seen appear larger at midnight than at midday and larger in the morning than at midday.

This happens because the pupil of the eye is considerably smaller at midday than at any other time.

To the extent that the eye or pupil of the long eared owl has a greater proportion than the animal of man, to this extent does it see more light by night than does a man.  Whence at midday it does not see a thing if it does not diminish its pupil and similarly it sees things larger at night than by day.

On CA262rd (1506-1508), on a folio where he also discusses camera abscuras (see above p.    ), he begins with variations in the human pupil:


If the...darkness of the night is 100 degrees of darkness than in the evening and the eye of a man doubles /the size/ of its pupil, this darkness diminishes by half to this eye because, having doubled half of its visual power, there now remain for it 50 degrees of obscurity of darkness.

This he compares with the case of an owl:

figure)

Figs. 1056-1061: Pupils of different shapes and sizes.  Fig. 1056, Mad II 27r; fig. 1057, Mad II 25r; figs. 1058-1059, CA262rd; fig. 1060, BM64v; fig. 1061, G44v.

And if the eye of a long-eared owl increases its pupil one hundredfold in the aforesaid darkness, the visual power increases one hundredfold, which are 100 degrees of visual power /which have been/ gained and because equal things do not exceed one another, the bird sees a hundredfold more in darkness with its pupil, than by day with its pupil diminished by 99/100.

An objection is now raised and dismissed:

And if you said that such animals do not see light by day and therefore remain closed, it is replied that the bird only closes it by day in order to liberate itself from the concourse of the birds which, in a great multitude always surround it with great noise, and often they would be dead if they did not hide in the grottoes and caverns of the high rocks.

In the right-hand margin he draws both a small pupil of a man and the potentially large pupil of an owl (fig. 1059) which he identifies and beneath which he adds a caption:


 The pupil c is its size during the daytime, that is, in the greatest brightness of the day.

Ac is how it grows in the greatest darkness of the night and thus it goes increasing /or decreasing/ to a greater or lesser quantity depending on the greater or lesser obscurity of the light.

In the second portion of the text on CA262rd he considers the pupils of the leonine species and problems of pupils of different shapes:

Among nocturnal animals only the leonine species increases and decreases its pupil, varying in shape, such that when it is in its ultimate diminution it is of a long shape; when it is midway, it is of an oval shape and when it is at its ultimate size, it is of a circular shape.

(figure)

Figs. 1062-1063: Inversion in a slit-like pupil on CA262rd.

In the margin he draws a slit pupil in the shape of a thin rectangle (fig. 1058).  In the main text he then considers the consequences of such a pupil for the visual process:

It is to be doubted whether, when this pupil is of a long shape, whether round or spherical things appear long or round.

It is proved that as many are the distances from the spherical object, so many are the varieties in which the shape of this spherical object transforms itself to the eye.

To illustrate this he draws a small marginal diagram (fig. 1062) followed by a larger one which intrudes on the text space (fig. 1063).  Around this he explains:

It is true that, after the concourse of the pyramidal rays joining ar at o, ... they pass to nm and switch the sides of the shadow of this spherical body because t, the lower part of this body becomes /the/ upper and s the upper part of this body becomes the lower at n.

In this context the reason for his studies with slit-shaped camera obscuras becomes clear (see above p.    ). Despite all these studies he remains unsatisfied.  On CA360RC (1508-1510), for instance, he asks anew:  "Why the pupil becomes smaller the more light it has in front of it and similarly, in the opposite /situation/, expands in the dark?".  On W19042r (K/P 42r , 1489-1510), he offers an answer, beginning with two claims about nocturnal animals:

The pupil of nocturnal animals goes varying from a large to a larger quantity depending on the great or greater darkness of the night.

The pupil of these nocturnal animals again varies from smaller to smaller depending on the great or greater brightness of the day.

This leads to comments concerning images being "all in all the eye."

From that which has been said it is concluded that these nocturnal animals are always with an equal potential of visual power in all the varieties of brightness or darkness which can happen in times of day or night.


The visual power is all in all the pupil and all in every part.


It follows that half of the pupil sees the object integrally as if it were entire.

He now returns to his connection between pupil size and the apparent size of objects:

To the extent that the pupil is of greater quantity to that extent will it see its object of greater size and clarity and likewise, conversely:  to the extent that it will be less, to this extent will it see the object as smaller and more obscure.

It follows that, closing one eye, the visual power is diminished by half and this test is made with luminous bodies such as the sun, moon and stars and also a light or fire.

In his final example on this folio he considers an experiment comparing effects of monocular and binocular vision (see below p.    ). He pursues his comparative studies of senses in man and animals on W19030v (K/P 72v, 1489-1510):

I have found in the composition of the human body that, as in all compositions of animals, it is of blunter and grosser sentiments.  Hence it is composed of instruments which are less ingenious and of places less capable of receiving the power of the senses.  I have seen in the leonine species /how/ the sense of smell has part of the substance of the brains and descends to the nostrils, capable receptacle/s/ for the sense of smell which enters through a great number of cartiligenous pores with enough ways to reach the aforementioned brain.

A comparison of eyes in lions and men follows:

The eyes of the leonine species have a large part of their head as their receptacle and the optical nerves are joined directly with the brain; the contrary of which is seen in men, because the receptacles of the eyes are a small part of the head and the optic nerves are thin and long and weak and by means of a weak operation one sees day with them and night worse.  And the above mentioned animals see better by night than by day and the sign is seen becasue they prey by night and sleep by day as the nocturnal animals do also.

This leads to a comparison of their pupils:

The luce or pupil of the homan eye, in its expansion and contraction, increases and decreases by half its size.  And in the nocturnal animals it dminishes and increases it by more than a hundred times and this is seen in the eye of the long-eared owl, a nocturnal bird, when one brings a lighted torch near to its eye and more, if you have it look at the sun.  Then you will see the pupil, which at first occupied the entire eye, dminish to the size of a grain of millet and in this diminution it bears comparison with the pupil of a man and things clear and lustrous appear to it /to be/ of the same colour, as they appear at that time to a man and the more so, the more the brain of this animal is less than the brain of a man.  Whence it happens that, incresaing this pupil a hundred times more than that of a man in nighttime, it sees a hundred times more light than man, in such a way that the visual power is not then overcome by the nocturnal darkness and the pupil of man, which only doubles its quantity, sees little light, is like the bat, which does not fly in times of too much darkness.

On D5v he continues this discussion, beginning with two chapter headings in the margin: “Why nocturnal animals see more by night than by day?  On the eye of man in comparison with his brain.” Opposite this is an introductory paragraph:

There occurs the discourse of the eyes of nocturnal animals, which see better by night than by day. And this occurs because the size of their eyes is larger than the whole of their brain and /this occurs/ maximally in long-eared owls, tawny owls, barn owls, little owls, common owls and the like which does not happen in man who has a larger brain than any other terrestial animal incomparison to his eyes and he sees little light after day/time/.

The folio ends with the instruction "turn the page" to 5r.  Here the comparison between man and nocturnal animals is reformulated:

There follows on the eye of nocturnal animals which see more by night than by day and this in large part occurs as was said above.  Because there is a much greater difference in the increase and decrease of their pupils than in diurnal animals.  For if the pupil of a man doubles the size of his pupil at night, that is to say, /it is/ four times that /which it is/ by day, the diameter of the pupil of the horned owl or long-eared owl increases 10 times /over/ that by day, which is to say, a total of 100 times the pupil of the daytime.

A comparison of imprensivas follows:

Moreover, the ventricle placed in the brain of man, called the imprensiva...is more than ten times the size of the entire eye of man, of which the pupil where vision is caused is less than a thousandth part of this eye.  And in the long-eared owl the nocturnal pupil is considerably larger than the ventricle of the imprensiva positioned in its brain.  Whence man has a greater proportion of imprensiva relative to his pupil (luce) - the imprensiva being ten thousand times more...than the pupil - than the horned owl in which /the imprensiva/ is practically equal /to the pupil/.  And this imprensiva of man, in comparison tot hat of the long-eared owl is like a large room which has light through a little aperture in comparison with a little room completely open, such that in the large room night comes at noon and in the little, open one, day comes at midnight, the weather not being cloudy and with this one will show more powerful causes through the anatomy of the eyes and impressive of the two animals, that is, of man and the horned-owl.

This discussion is again summarized by two marginal notes:

On the great variety that nocturnal animals make from their largest pupil of the eye at night to the smallest pupil by day.

Proportion of the ventricle of the imprensiva, positioned int he brain of animals, with their pupil.

On BM Arundel 64v (1509) he explores how a bird's eye and pupil opens and closes (fig. 1060):

Abn is the lower lid which clsoes the eye from below upwards with an opaque lid; cnd closes the eye inside from behind a transparent lid.


It closes from below because it descends from above.

When the eye of birds closes itself with its two lids it first closes the secundina which closes from the tear duct to the rear of the eye and the first closes itself from below above and these two intersecting motions first occupy the tear duct, because as we have already seen, they are secured in front and below and the part above only serves for the dangers of predatory birds which descend from above below.  And first they cover the tunic near the tail end, for if the enemy comes /from/ behind, he has the opportunity of fleeing in front and again he holds the tunic called secundina which is transparent, for if he did not have this shield,...he could not hold his eyes open against the wind which percusses his eye in the fury of his swift flying.  And his pupil grows and diminishes in seeing a lesser or greater light, that is, brightness.

He takes up the theme of comparative pupil sizes anew on G44r (c. 1510-1515) in a passage headed:

(figure)

Figs. 1064-1067: Inversion of the pupil on CA190vb.


On the eyes of animals.

The eyes of all animals have their pupils which expand and contract of themselves depending on...the greater or lesser light of the sun or other bright body.  But in birds this makes a greater distance and maximally in the nocturnal ones such as long-eared owls, barn owls and tawny owls which are a type of small owl.  In these the pupil grows in such a way that it practically occupies all of the eye and diminishes to the size of a grain of millet and always maintains a circular shape.  But the leonine species such as panthers, leopards, lions, wolves, lynxs and spanish cats and other similar /animals/ diminish their pupil from a perfect circle to a disangular figure, that is this.  And his is shown in the margin.

In the margin he draws (fig. 1061) two sets of three pupils marked omn and caa respectivally, the first set representing the pupils of owls, the latter, pupils in the leonine species.  Above these he writes a marginal note:

Make an anatomy of various eyes and look at which are the muscles that open and close the aforementioned pupils of the eye of animals.

In the main text he compares these with human pupils:

But man, having weaker sight than any other animal is less offended by excessive light and expands less in dark places.  But among the eyes of the above mentioned nocturnal animals, the long-eared owl, a horned bird, which, in the species of nocturnal birds, augments its visual power so much that in the minimal nocturnal light (which we would call darkness), it sees well enough with more vigour than we in the splendour of midday, in which such birds are hidden in dark places and if perchance

Having reached the end of the folio he continues in the lower half of the right-hand margin: “they are constrained to go out into the illuminated air of the sun and they diminish the pupil by so much that the visual power diminishes together with the quantity of such light.” A late diagram on CA243va (c. 1513) which, as Pedretti has s hown, is connected with W12443r (figs. 1068-1069) further illustrates connections between the pupil and camera oscura (cf. figs. 1064-1067).

7.6 Towards Quantification

Throughout the above mentioned notes Leonardo is tending towards a quantitative approach to the problem.  Hence on Mad II 25 he alludes to how a man's pupil expands twofold at night, whereas, in a long-eared owl, the pupil expands one hundredfold.  On CA262rd he also uses these ratios, once more on W19030v (K/P 72v, 1489-1510) and again, in modified form, on D5r (1508) where he claims that a man's pupil expands twofold but its power fourfold, whereas the pupil of a long-eared owl expands tenfold and its power hundredfold. 
On D5r his love of successive ratios leads him astray. He claims, for instance, that the imprensiva is 10 times the size of the eye and the eye, in turn 100 times the size of the pupil, which would mean that the imprensiva is 10,000 times larger than the pupil:  clearly an exaggeration.

 
Leonardo's problem is that although his thoughts are coherent, he is disorganized in presenting them.  This weakness prevents him from retrieving efficiently what he has already done and building on his earlier efforts.  As a result the quantitative urge comes and goes without resulting in ever more accurate observations and clearly organized tables.

(figure)

Figs. 1068-1069: Inversion int he eye on CA243va and W12443r.

7.7  Rules

In the end he contents himself with a series of general rules concerning the relations of pupil size, apparent size and apaprent brightness.  The earliest hint of such a rule can be traced back to Forst III 36r (1490-1493) under the heading:


What thing is better seen.

Among walls of equal size and quality which are seen beyond the extremities of an opaque object placed in front of it, that part of this wall will appear more illumined which is seen by a greater amount of pupil.

 This rule concerning size he expresses more clearly on Mad II 127v (1503-1505):


On painting, that is, on the eye.

The sizes of things seen appear as many as are the sizes of the pupils to which these things are represented.

At this point he is still apologetic concerning its relevance for painting and adds (see above p.     ):

Even if these speculations be superfluous for practitioners, it did not appear to me that they were to be excluded because they often give admiration to ingenious speculators.

By 1508, on F37r, he carefully numbers his rules:

First:
that pupil which will be less in a same quantity of eye will see the object smaller and darker.

Second: among objects of equal distance, the smaller sends a smaller angle to the eye and the larger a larger.

By 1513-1514, on E17v, these ideas emerge in a series of six propositions under the heading:

Painting.

First: The pupil of the eye diminishes its quantity by the extent to which the luminous body increases which impresses itself in it.

Second: The pupil of the eye increases to the extent that the brightness of the day - or other light which impresses itself in it diminishes.

Third: The eye sees and understands the objects which stand as its objects /of sight/ the more intensively, to the extent that the pupil dilates itself more and this we prove through nocturnal animals such as cats and other flying creatures such as the long-eared bat and the like, the pupils of which undergo a very great variation from large to small in the darkness or light.

Fourth:
The eye placed in the illuminated air sees darkness inside the windows of illuminated houses.

Fifth: All colours positioned in dark places appear to be of equal darkness among one another.

Sixth: But all colours positioned in luminous places will never vary from their essence.

(figure)

Figs. 1070-1072: Eye as a concave mirror.  Figs. 1070-1071, Forst. III 24r; fig. 1072, Forst. III 56r.

His pupil studies had begun as a strictly optical problem.  In the late period they have become integrated within his concept of painting.

8. Uvea

In terms of modern anatomy the uvea or grape-like tunic is the pars iridics retinea directly behind the iris.  Leonardo's conception of the uvea is different, namely, as a reflecting sphere surrounding the vitreous body - which he calls the albugineous humour - and concentric with the crystalline sphere, (D7v, 1508).  He mentions the term uvea at least 16 times and illustrates it no less than seven times (figs. 1072-1076, Chart 24).  From these diagrams it is clear that the position of the uvea in his interpretation corresponds roughly to the actual site of the retina.

8.1 Function of the Uvea

In various diagrams he depicts the uvea as if it were a mirror which serves to reflect rays either towards the crystalline sphere, as on Forst III 24r (figs. 1070-1071, c. 1490-1493), Forst III 56r (fig. 1072, 1490-1493) and K119/39/ (fig. 1079, 1504-1509) or directly towards the optic nerves, as on D10r (fig. 1076, 1508). He is interested in the possibility that the uvea may be more than merely a mirror.  On DA190vb (1505-1508), for instance, he asks, "whether the image (eidola) is in the concavity of the uvea or truly in the crystalline sphere and not in the uvea."  On this same folio he records his intention to "make such an eye and of glass as a natural one" (fig. 1074) and makes another drawing (fig. 1075) in which he notes that "a sees the surface of its sphere nSt tinged by the darkness of the uvea."

(figure)

Figs. 1073-1076: Reflection from the uvea.  Fig. 1073, CA210va; figs. 1074-1075, CA190vb; fig. 1076, D10r.

Chart 24: List of Leonardo's uses of the terms uvea, spera (omore) cristallina, vitrea, albuginea, orbit, optic foramen and optic chiasma.

(figure)

Figs. 1077-1081: Eye as a concave mirror.  Figs. 1077-1078, CA237ra; fig. 1079, K119/39/v; figs. 1080-1081, D7v.


On D7v (figs. 1080-1081) he explores further the role played by the uvea while discussing the possibility that the visual power is situated in the crystalline humour:

And if such a power...is in the centre of the crystalline humour it takes the species with their surface and they are referred from the surface of the cornea (luce) where the objects are mirrored...or they are reflected from the surface of the uvea which is boundary and container of the albugineous humour /i.e. the vitreous body/, which has opacity behind the...transparency of the albugineous humour, as when the capacity of lead is placed behind the transparency of glass in order that things can be better mirrored at the surface of such glass.  But if...the visual power is at the centre of the crystalline then all the things which are given to it fromt he surface of the cornea (luce) of the eye will appear to it in the true site where they are and they will not switch sides from right to left and they appear larger as is proved in perspective.  And if such a crystalline sphere takes those species reflected from the concavity of the uvea, this iwll take them right side up...even though the uvea is a concave mirror and it will take them right side up because the centre of the crystalline sphere is concentric with the centre of the sphere of the uvea....  And it is true that the species passing to this uvea, which are outside the eye pass to this uvea through the centre of the crystalline sphere and, joined to the uvea, they are reversed and those which pass to this uvea without passing through such a /crystalline/ humour.

On D10r (1508) he explains why he rejected the possibility that the uvea might be the seat of the visual power, under the heading:


Doubt concerning the impression of the images (eidola) in the eye.

There was a doubt concerning the situation of the image (eidolum) in the eye, that is, if it appears in the concavity of the uvea p or in the convexity of the crystalline sphere n.  But soon I confirmed that if it were impressed in the concavity of the uvea that such an image (eidolum) whould not be reflected to the power since its angle of incidence would not be equal to the angle of reflection.

This leads to his own theory concerning what actually happens in the eye:

And therefore it can be judged that such an image (idolum) from c coming to the pupil through the line cx and entering the pupil through the line xm, percusses the crystalline sphere and can rebound to p /in the/ concavity of the uvea and can also pass to the crystalline sphere through the line nrt and this t is to be understood as the front of the optic nerve st which penetrates somewhat into the crystalline sphere and thus c sends its image to t which it could not do if it impressed itself in the concavity of the uvea at the site p.

Ultimately the uvea may reflect images but that is all.

9. Crystalline Humour

He refers to the crystalline humour at least 6 times and to the crystalline sphere no less than 16 times.  In his early notes he tends to equate the crystalline humour with the aqueous humour.  This he suggests on CA85va (1503-1504) and illustrates on CA204rb (1490-1492) where he points out that the crystalline humour occupies the "quarter bef" (fig.   ).  Similarly on A78 (1492) he refers to the "subtle humour called crystalline that stands in the cornea (luce). Later he conceives of the crystalline lens as a sphere at the centre of both the vitreous body and the eye.  From Galen11 through to Pecham,12 various authors (cf. figs. 957-962) had situated the crystalline lens at the centre of the eye.  Leonardo clearly intended to study the rpecise position of the crystalline more carefully.  On CA345vb (c. 1508), for instance, he notes:

Write in your anatomy what proportions the diameters of all the spheres of the eye have and what distance the crystalline lens has from them.

In the extant notes there is no record of his having carried out this plan.  He does, however, provide a series of illustrations showing the crystalline sphere in the centre of the eye on K/P 118v (W19150v, fig.    , 1508-1510); Manuscript D2v, 3v, 7v, 8r and 10r (figs.    , 1508).  On D8r he begins writing "crystalline," crosses this out and replaces it with "vitreous."  On both D8r and 3v crystalline and vitreous are synonymous.

9.1 Function of the Crystalline Humour

He assumes that the crystalline lens is like a sphere of water which refracts images at its surface and then inverts them.  He describes the general properties of such spheres of water and gives instructions concerning their construction.  There is no record of his making quantitative records of the refractive properties of such spheres of water (see below pp.    ). In a majority of cases (figs.    ) he assumes that an inversion of images occurs at the centre of the crystalline sphere.  In Manuscript D he explores alternatives.  On D3r, for instance, he draws (fig.    ) two rays being refracted at the front of the crystalline sphere, passing through it along parallel lines and being refracted inwards on re-entering the vitreous humour.  On D3r, he also considers the possibility that images could pass through the crystalline without any refraction.  On four other occasions, D3v, 8r, 8v and 10v (figs.     ) he considers an alternative that the crystalline sphere might refract images at both its front and back surfaces without actually inverting them.  On each occasion he represents this refraction in slightly different terms. On D5r he also explains why he believes that the crystalline lens is capable of varying its density:

the crystalline humour...which is positioned inside the pupil condenses itself in the face of...lucid things and rarifies itself in facing dark things and it is shown that this is true by closing an eye, because the species of things which remain /as after images/ are seen as dark and the dark objects show themselves as bright and this happens more in weak eyes than in strong ones and of this I shall speak more fully...in its /proper/ place.

10. Vitreous Humour or Body 

In the early extant notes he has no term for the vitreous humour. In the Manuscript D (1508) he refers at least three times to an albugineous sphere and no less than 8 times to an albugineous humour.  In most cases (figs.    ) this albugineous humour is synonymous with what would today be termed the vitreous humour or vitreous body. In the Manuscript D he also refers at least once to an omore vitrea and no less than 15 times to a spera vitrea.  On D8r, he begins by writing "crystalline," crosses this out and writes "vitrea."  Diagrams on D8r, 3r, and 3v (figs.     ) confirm that, in his mind, spera vitrea, is synonymous with crystalline sphere and not the vitreous humour in the modern sense.

10.1 Function

In the early notes the role played by the vitreous humour in the visual process is neither discussed nor illustrated.  In the Manuscript D he shows (figs.    ) rays passing directly from the aqueous humour in the cornea, through the pupil and into the vitreous humour without any refraction.  On D3v, 8r, 8v and 10v (figs. ) he draws the rays as being refracted in passing from the vitreous to the crystalline, then refracted anew in passing from the crystalline back into the vitreous humour and intersecting a second time in the vitreous humour before entering the optic nerve.  Hence the vitreous humour becomes the place where images are re-inverted in order to reach the brain right side up.

11. Retina

In Leonardo's models of the eye the uvea takes the place of the retina.  But its function remains very different.  The uvea as he conceives it merely reflects images like a mirror:  it does not record images in the way the retina is now known to do.

(figure)

Figs. 1082-1084: Orbit and optic foramen on K/P 32v, 42v, 71v.

12. Orbit

He refers to the orbit or eye-socket as the case of the eye (cassa dell'occhio) on at least three occasions.  In addition he draws it both frontally and from the side a number of times (figs. 1082-1091, Chart 24).  On W19058v (K/P 42v, 1489-1510) he includes both the superior and inferior orbital fissures and indicates the superorbital and infraorbital foramina (fig. 1083).  He does not discuss the orbit's function.

13. Optic Foramen

On W19059v (K/P 40r, 1489-1510) he refers to the optic foramen as the "aperture of the case of the eye" (buso della chassa dell'ochio).  Although he has no technical term for the foramen, he shows it clearly in a number of his anatomical drawings (figs. 1092, 1093, Chart 24).

14. Second or Optic Nerve 

In his extant notes he refers to optic nerves at least 21 times (Chart 24).  A majority of these obviously refer to the second nerve.  In his drawings he indicates the path of this second or optic nerve at least 11 times (e.g. figs. 1113-1119).  On W19057r (IK/P 43r, 1489-1510), he shows the optic nerves (fig. 1092) protruding from the optic foramina. The precise origin of the optic nerve remains a problem for him.  In his early drawings on W12627r, 12626r (K/P 4r, 6r, figs. 1100, 1101, 1485-1487), and BM711v (fig.    , 1492) he represents this nerve as originating directly behind the pupil.  Later, probably as a result of having studied Pecham13 (fig.    ), he shows it as beginning behind the crystalline sphere (figs. 1104-1105).  By 1508 he tends to show the optic nerve as originating directly what we would term the retina (figs. 1117-1119).

(figure)

Figs. 1085-1091: Lateral views of the orbit foramen.  Fig. 1085, K/P 2r; ;figs. 1086-1087, K/P 3r; fig. 1088, K/P 4r; fig. 1089, K/P 6r; figs. 1090-1091, K/P 40r.

(figure)

Figs. 1092-1094: Lateral views of the orbit and optic foramen, with optic nerves crossing at optic chiasma.  Fig. 1092, K/P 42r; figs. 1093-1094, K/P 43r.

14.2
Function

He makes some comparative studies of optic nerves.  On W19030v (K/P 72v, 1489-1510), for instance, he notes that in the leonine species "the optic nerves are immediately joined to the brain" and he contrasts these with man whose:

optic nerves are thin, long and weak.  As a result one observes that they work weakly by day and worse by night and the aforesaid animals see better by night than by day.  And a sign of this is that they hunt their prey at night and sleep in the day as do nocturnal birds also.

On W19052r (K/P 55r, 1489-1510) he notes that the function of the optic nerves is to serve the visual power.  On D3v, 7v and 8r (1508) he locates the visual power at the entrance of the optic nerves.  Precisely how images are conveyed through the optic nerves to the senso commune and the imprensiva he does not explain.

15. Optic Chiasma

He does not have a specific term to describe the optic chiasma.  Four early drawings (figs. 1082, 1100-1102) confirm that he was initially unaware of its existence.  Following his anatomical studies in the period 1506-1508, he indicates the position of the optic chiasma clearlty (figs. 1104-1105, 1113-1119).  In the extant notes he makes no conjectures concerning its function.

(figure)

Figs. 1095-1096: Lateral views of the orbit and optic foramen on K/P 43.

16. Optic Tract 

He also has no term for the optic tract, but in the period after 1505 he draws it on at least nine occasions (figs. 1104-1105, 1113-1119).

17. Third or Motor Oculi Nerve

His interest in the third or motor oculi nerve is first recorded in a note on W19059v (K/P 40v, 1489-1510):

What nerve is the cause of movement of the eye and makes the movement of one eye draw the other?


Of closing the eyelids


Of raising the eyelids


Of lowering the eyelids


Of shutting the eyes


Of opening the eyes.

On W19052r (K/P 55r, 1489-1510) he draws this nerve, (also called the oculomotor nerve), clearly (figs. 1104-1105).  On W19116-7r (K/P 115r, 1508-1510) he makes a further note:

Search for the motor nerves of the eyes from all aspects and consider if the principal ones are 4, or more or less, because in all the infinite motions 4 nerves do all, because, as soon as you leave the jurisdiction of one of these 4 nerves, you acquire favour and aid from a second nerve and thus it continues.

18. Ophthalmic Nerve or First Division of the Fifth or Trifacial Nerve (n. trigeminus)

He has no specific term for this nerve, also known today as the ophthalmic division of the trigeminal nerve, but, nonetheless, draws it on both the Weimar sheet (fig. 1117) and W19052r (K/P 55r, figs. 1104-1105, 1489-1510).  In the extant notes he does not discuss the function of this nerve.

(figure)

Figs. 1097-1099: Traditional versions of the three ventricles.  Fig. 1097, Albertus Magnus, Philosophiae pauperra, 1493, fol. C4v; fig. 1098, Gregor Reisch, Margarita philosophica fig. 1099, Leonardo, W12603r.

Chart 25: List of Leonardo's uses of the terms ventricolo, imprensiva, senso comune, memoria, giudizio and virtu visiva.

(figure)

Figs. 1100-1103: Early drawings of eyes, nerves and ventricles on K/P 4r, 6r, 32r and Forst. III 28r.

19. Ventricles

Mediaeval authors such as Albertus Magnus assumed that the ventricles were circular cavities14 (fig. 1097), Gregor Reisch also assumed this in his Margarita philosophica15 (fig. 1098).  Leonardo's early drawings (figs. 1099-1102) stand clearly within this tradition.  Sometime between 1506 and 1508, however, he injects wax into the ventricles and thus arrives at a much more accurate impression of their shape (figs. 1106-1110). He only rarely uses the general term ventricle (e.g. D5r, 1508), but has his own terms for the lateral, third and fourth ventricles respectively.

19.1
Lateral Ventricle

In an early drawing on W12626r (K/P 6r, fig. 1101, 1485-1487) he indicates the lateral ventricle as seat of both the intellect and the imprensiva.  For him the imprensiva is where the images are impressed.  He uses the term imprensiva at least 43 times and illustrates it 9 times (e.g. figs. 1109-1112, Chart 25). He does not discuss the function of the imprensiva in detail.  Nonetheless, on Mad II 24r and 25v, he notes that two eyes affect an imprensiva twice as much as does one eye, and one Mad II 27r he considers the effects of relative sizes of imprensiva and pupil, claiming that the imprensiva in man is 40 times the size of an owl's imprensiva, (see above p.    ).  These comparisons he pursues on D5r (1508) where he claims that the imprensiva in man "is more than ten times the size of the entire eye of man and the pupil in which sight has its origin is less than a thousandth part of the eye, whereas the pupil of the long-eared owl, at night, is considerably larger than the ventricle of the imprensiva situated in its brain."

(figure)

Figs. 1104-1105: Ocular orbits, nerves and chiasma on K/P 55r.

19.2
Third Ventricle

On W12626r (K/P 6r, 1485-1487) he shows the third ventricle as seat of both the will (volunta') and the senso comune.  He uses the term senso comune at least 24 times (Chart 25).  In his anatomical studies he sets out to define precisely where the senso comune is situated.  On W19058r (K/P 42r, fig. 1093, 1489-1510), for instance, he notes:

The confluence of all the senses has below it in a perpendicular line the uvula where one tastes food at a distance of two fingers and it is directly above the wind pipe of the lung and above the orifice of the heart by the space of one foot.  And it has the junction of the bones of the head /bregma/ half a head above it; and in front of it on a horizontal line is the lacrimator of the eye /nasolacrimal duct/ at one-third of a head.  And being it is the nape of the nect at two-thirds of a head.  And at the sides the two temporal pulses at equal distance and height.

On W19057r (K/P 43r, fig. 1094, 1489-1510), he locates the senso comune clearly with a drawing and the caption:  "where the line am is intersected by the line cb there the meeting of all the senses is made."

19.2.i.
Function

On CA90rb (c. 1490) he discusses the function of the senso comune and its relation to both the imprensiva and the memory:

The senso comune is that which judges the things given to it by the other senses.  The ancient speculators concluded that that part of the judgment which is given to man, is caused by an instrument, to which the other 5 refer via the imprensiva and to this instrument they have given the name senso comune and they say that this sense is situated in the middle of the head between the imprensiva and the memory.  And they use this name senso comune only because it is the common judge of the other 5 senses, that is, sight, hearing, touch, taste and smell,  The common sense moves via the imprensiva which moves through the similitudes of things given to it by the superficial instruments, that is, the senses which are positioned in the middle between the exterior objects and the imprensiva and similarly the senses are moved through objects.  Surrounding objects send their similitudes to the senses and the senses transfer them to the imprensiva.  The imprensiva sends them to the senso comune and from this they are established in the memory and are retained more or less in accordance with the importance and power of the thing given.  That sense is more speedy in its function which is closer to the imprensiva and the eye /which is/ superior to and leader of the others is the only one of which we shall treat....

(figure)

Figs. 1106-1108: Ventricles in ground plan on K/P 104r.

He pursues this discussion on W19019r (K/P 39r, 1489-1510) under the heading:


How the 5 senses are functions of the soul.

The soul appears to reside in the judicial part and the judicial part appears to shere all the senses come together, which is called senso comune and it is not all in all the body as many believed, but all in this part.  For if it were all in the whole and all in each part it would not have been necessary to make the instruments of the senses converge to one and the same concourse in one place only.  On the contrary it would have sufficed for the eye to perform its sensory function on its surface and not transmit the similtudes of things seen by way of the optic nerves to the senso comune, because the soul, for the aforesaid reason, would be unable to comprehend them on the surface of the eye.

(figure)

Figs. 1109-1112: Ventricles of the brain based on wax injection experiments.  Figs. 1109-1110, K/P 104r; fig. 1111, K/P 127r; fig. 1112, CA212vb.

From these passages it is clear that the third ventricle, which Leonardo terms the senso comune is also the seat of the judgment.  At an earlier date he had been non-committal concerning the precise location of the judgment.  On BM220v (1500-1505), for instance, he had noted:

If the judgment of the eye is inside it, the straight lines of the species are bent on its surface because they go from rare to dense.

Among Mediaeval writers such as Nemesius and Macrobius there had developed a view that the senses are reliable,16 and that only the judgment was deceptive.  This attitude also emerges in Leonardo's later notes.  On TPL65a (1505-1510), for example, he points out that: “There is nothing which deceives us more than our judgment either in giving a bad opinion of our works or in judging as good the things of our enemies or our friends.” On CA154rb (1508-1510, cf. 154rc) he openly contrasts the reliability of  of experience, i.e. the senses, with the deceptiveness of judgment:

Experience is never deceived, but only your judgments are deceived, promising from such an effect that which is not caused in our experiments.

On CA29va (1509-1510) he goes on to compare the deceptions of judgment with deceptions of vision:

(figure)

Figs. 1113-1118: Eyes, optic nerves, chiasma and three ventricles in context.  Fig. 1113, K/P 113r; figs. 1114-1115, K/P 103r; fig. 1116, K/P 113r; fig. 1117, K/P 54-55 (Weimar); fig. 1118, K/P 103r.

(figure)

Fig. 1119: Eyes and brain on K/P 54-55 (Weimar).

Our judgment does not judge things made at various distances of time in their usual and  proper distances because many things which happened many years ago appear near and close to the present and many things close (to the present) appear old, together with the age of our (summer) youth.  And so too does the eye with distant things which, being illuminated by the sun appear close to the eye and many nearby things appear distant.

19.3
Fourth Ventricle

On at least 6 occasions he designates the fourth ventricle as the seat of memory (Chart 25, e.g. figs. 1110, 1117).

20. Visual Power

Leonardo mentions the term visual power (virtu visiva) at least 66 times and an alternate form, (potentia visiva) no less than four times.  Its precise nature at first remains ambiguous:  is it active int he manner of the ancient theory17 which held something active enamates from the eye or is it passive like a screen or film which records images? At the outset in 1492 Leonardo assumes that the visual power is situated in a point on or within the pupil.  Various experiments (see above    ) persuade him that this power is not only in one point but "all in all and all in every part" of the pupil.  At the same time, his general conception of physics leads him, on D1r, to argue:


Why Nature did not make the visual power equal in power in all its parts.

Nature did not distribute power equally in the visual power, but gave this power increasingly greater power towards its centre and this was done in order not to break the law given to all other powers in which strength progressively increases towards their centres.  And this is seen in the percussion of any body, in the suspension of the arm of balances where the poise diminishes in gravity as it approaches its fulchrum, it is seen in columns, walls and pilasters; it is seen in heat and in all the other natural powers.

Meanwhile, in the period 1505-1508 he explores further alternatives:  that the visual power might be situated in the crystalline sphere, in the uvea or at the beginning of the second or optic nerve (Chart 25).  He decides finally that it must be situated at the beginning of the optic nerve, and that the visual power is not something which emanates from the eye, but rather something which passively waits for images to come to it.  Precisely how it conveys the information of those images to the brain, he does not explain.

21. Conclusions 

With respect to the eye Leonardo wishes to reject the authority of previous authors and base his claims strictly on experience (CA119va).  This is not to say, however, that he ignores earlier sources entirely.  We know that he studied Pecham's Optics directly (see above p.   ) and hence it can hardly be a coincidence that there are very close parallels between Pecham's notions that the optic nerve protrudes into the crystalline lens and Leonardo's opinions. A detailed analysis of each part of the visual process discussed or illustrated by Leonardo, reveals how his attention paid to different parts varied enormously (see Chart 20).  In rare cases such as the "orbit" or "optic chiasma" he has no term for a part although he illustrates them beautifully.  In most cases he mentions a term less than 25 times.  He uses the term senso comune 25 times, imprensiva, 43 times; and both virtu visiva and luce 70 times.  By far, his most frequently used term is popilla (253 times).


It was noted that the meaning of both luce and popilla remain ambiguous.  Both terms embrace a series of connotations which range from pupil, through cornea to the eye in general.  The reason for their surprising importance in the notebooks is because Leonardo believes that variations in pupil size play a key role in all estimates of apparent size.Although Leonardo pleas for an experimental approach to vision, it is important to note that he is only able to carry this out in stages.  By 1490 he has analysed the orbit and optic foramen.  (This provided no difficulty because skulls were relatively easy to come by.)  In the period 1506-1508 he makes his experimental demonstrations concerning the optic chiasma and optic nerves, as well as the ventricles.


By 1504-1509, he also interested in dissecting the interior of the eyeball itself.  But this he appears never to have accomplished.  Was it from lack of time?  Or was he not allowed?  We know that he had trouble with permission to do anatomy in the late period (CA182v).  One thing is fairly certain.  In the early period, when there may have been more opportunity for anatomical study, Leonardo had little interest in the structure of the inner eye.  Only gradually did he recognize that the nature of the visual process behind the pupil was a problem.  And it may well be that by the time he saw the problem fully, the opportunities for studying it were no longer fully there. How he came to see that the visual process was a problem is the subject of the next chapter.

Part Three Chapter Two. The Visual Process

1. Introduction      2. Extromission Theory    3. Intromission Theory    4. Point Theory

5. Possibility of Intersection     6. Intersection and Divergence beyond the Point

7. Small Objects in front of Eye    8. Apertures and Contrary Movement of Objects

9. Single or Double Inversion     10. Models     11. Conclusions

1. Introduction

In Antiquity, questions whether vision occurs through rays emanating from the eye, extromission, images coming to the eye, intromission, or some combination of the two had remained a matter for philosophical debate.1  Such questions were outside the scope of optics.  As Hero of Alexandria explains in his Definitions:

Optics does not deal with physical questions and does not study whether given rays flowing ut from the eyes go forth to the boundaries of objects or whether images that are detached go forth from corporeal objects /and/ enter the eye along a rectilinear path or whether the intervening air is stretched or contracted by the ray-like pneuma from the eye.2

Among the mediaeval Arabic writers on optics this attitude changed.  Alhazen, writing in the early eleventh century, advanced demonstrations to show that vision occurs through a passive intromission of images.3 This became the dominant interpretation but alternative theories continued to hold their ground.  Albertus Maganus, in his commentary on Aristotle's De sensu, notes no less than four explanations, each of which he ascribes to an ancient author:


a.  emanation of visual rays (Empedocles);


b.  emanation of visual rays which meet incoming rays (Plato);


c.  intromission involving corporeal images (Democritus);


d.  intromission involving spiritual images (Aristotle).4

In addition Albertus Magnus alludes to, but rejects, a "somewhat new" theory claiming that vision involves a simultaneous extromission and intromission of rays.  In the fifteenth and sixteenth centuries these competing explanations were perpetuated in the many commentated editions of Aristotle.

At the same time Renaissance thinkers transformed their mediaeval sources. Alhazen had been one of the staunchest supporters of an intromission theory of vision.  His sixteenth century editor, Risner, inserted a chapter (I:24) entitled:  "Vision appears to be made by uvauy av, that is, rays that are simultaneously received and emitted."  Through Risner, Alhazen could be seen to support a view he himself would have rejected.


Even the landmark demonstrations of Kepler (1604) and Scheiner (1619) did not settle conclusively this debate concerning the visual process.  In the mid-seventeenth century thre are still numerous debates in the universities on the question whether vision occurs through extromission or intromission.6  This context helps us to understand why Leonardo should consider alternative theories of vision in a manner that seems incompatible or even contradictory to a modern mind.

2. Extromission Theory 

On W19147-8v (K/P 22v, 1489-1490) Leonardo refers to combined extromission - intromission theory:

I state that the eye carries with it infinite lines that are attached to or united with the incoming ones which part from the objects seen.

He pursues this theory on CA138rb (c. 1490):

Hence the eye sends into the air its similitudes to all the objects which are opposite it and in itself receives them, that is, on its surface, whence...the senso comune takes them and considers them and those which please it, it sends to the memory.

Whence I judge that the spiritual power of the species of the eye are produced going to the object, with the species of the object /going/ to the eye.

On CA270vc (c. 1490) he explores this combined extromission - intromission theory at length in a scholastic fashion with a series of arguments and counter arguments, beginning with a general statement:

I hold that the visual power extends itself by visual rays to the surface of non-transparent bodies and that the power of these bodies extends to the visual power.  And every similar body fills all the air in front with its similtidues.  Each body of itself and all together does the same and not only does it fill it with...similitudes of form but also with their similitude of the visual power.

He now gives an:


Example.

You see the sun when it finds itself at the centre of our hemisphere and the species of its form are in all the parts where it shows itself.  You see the species of its splendour in all these same places and in addition there is joined the similitude of the power of heat and all these powers descend from its cause by radiant lines born in its body and bounded in opaque bodies without diminution of itself.

The North star continually stays with the similitudes of its power extended and incorporated, not only in rare bodies but also in dense, transparent and opaque bodies and it nonetheless does not diminish in its figure.

One of the chief criticisms levelled against emanation theories of vision had been that the emanating object would gradually exhaust its resources.  Leonardo's examples are clearly intended to counter this objection or as he himself puts it, these examples are:


To confute:

...those mathematicians who say that the eye does not have visual power which extends beyond itself, for if it were so, it would not be without a great diminution in the use of the visual power and that if the eye were as large as...the body of the earth, it would accordingly be consumed in regarding the stars and for this reason they assign the eye as receiving and not sending anything forth from it.

A further illustration follows to challenge those who exclusively hold an intromission theory:


Example:

O what will these say of the musk which always holds a great quantity of air filled in its odour and if one carries it a thousand miles and with that thickness of air, it will occupy without diminution of itself:

What will these say:  that the sound of a ball made on contact of the clapper, which daily fills the countryside with its sound on its own, should consume this bell?  Certainly it appears to me that such men are...but enough /of this/.

He goes on to cite other cases which are almost certainly copied from an as yet unidentified mediaeval source:


Examples.

Is not that snake called the lamia seen the whole day by rustics which /snake/ attracts to itself as a magnet attracts iron with its fixed gaze, the nightingale, which with its lamenting song runs to its death.


Moreover, it is said that the wolf has power in its gaze to make men have hoarse voices.

Of the basilisk it is said to have the power of depriving every vital thing of life with its sight.


The ostrich /and/ spider is said to hatch its egg with its sight.


Maidens are said to have the power in their eyes to attract the love of men.

The fishes called Linno, some call it after St Ermo, which is found off the coast of Sardinia, is it not seen at night by fishermen, with its eyes in the manner of 2 candles, illuminating a great quantity of water and all those fish which are found in this splendour immediately come to the surface of the water, on their backs and dead.

He continues with this theme of extromission on CA270vb:

How the radiant lines carry the visual power with them as far as their repercussion.  Our soul (anima) or senso comune which philosophers assert is resident in the centre of the head...maintains its spiritual parts a long distance away from itself and this is seen clearly in the lines of the visual rays which, on terminating at the object, immediately give the quality of the form of their /inter/ruption to their cause.

Again in the sense of touch wh ich derives /from/ this senso comune, does one not see it extending with its power to the points of the fingers, which fingers, the moment they have touched the object, the sense immediately judges whether it is warm or cold, whether it is hard or soft, whether it is sharp or smooth?

Having presented cases in support of extrmoission, Leonardo considers cases in support of intromission beginning with two examples involving a camera obscura:


How bodies...send...their form and colour and power outside themselves.

When the sun during an eclipse, remains in the form of /a/ lunar /crescent/, take a thin plate of iron and make a small aperture in it and turn the face of this plate towards the sun holding a sheet of paper at a distance of half a braccia behind this and you will see...the similitude of the sun on this paper in the shape of a lunar /crescent/ similar to its cause in form and colour.


Second example.

Again this plate of iron will do the same at night with the body of the moon and also with the stars.  But from the plate of iron to the /sheet of/ paper there ought not to be any opening other than the little aperture and within the form of a square box, of which the face below and above and the 2 transverse /ones/ to the side are of solid wood and the /one in/ front has a plate /of iron/ and the one behind has a thin and white paper or parchment glued to the edges of the wood.

As noted earlier (see above p.    ) he illustrates such a box camera obscura on A20v (fig. 679, 1492). On CA270vb he also provides a:


Third Example.


Again, having a tallow candle which produces an elongated flame and placing it in front of the said aperture, the said light will appear on the paper opposite in an elongated shape and similar to the form of its cause but inverted.

This principle he illustrates on CA125vb (see above p.     and fig. 694). In the final passage on CA270vb and the opening paragraph of CA270rb he returns to the theme of how objects can emanate images without exhausting themselves:


Quality of the sun.

The sun has body, figure, motion, splendour, heat and generative power, which things all depart from it without its diminution.

If you take a light and place this in a lantern tinted green or other transparent colours you will see by experience that all those things which are illuminated by this light appear of this colour of the lantern.

Again you may have seen in churches the light that appears in themt hrough the windows of /stained/ glass appears the colour of the glass of these windows.

And if this does not suffice for you, look at the setting sun when, through the vapours, it appears red /and/ tinges red all the clouds which take their light from this sun.

He now gives his reason for citing these examples:


Opinions.

All these examples are made to prove how, all, or to be precise, many things exist which...together with the similitude of their form send the species of their power without injury to themselves....  This same can occur with the power of the eye.

A scholastic type of discussion ensues with arguments in support of intromission:


Contrary opinions.

Again he who wished to say that the eye is not suited /to do/ other than receive similitudes of things without sending /out/ any power in return in the manner of the ear, this could be proved with the example of that aperture in a window which renders behind it the similitudes of the bodies that are as an object /in front of/ it.  Hence one could say that the eye does likewise.

An objection from the extromission camp follows:


Confutation.

If the alleged aperture, without sending anything outside itself other than its form, without visual power, renders the species of the object to colour and shape, and renders them interted, and the eye does the same, then everything should appear inverted to it.

But in the next paragraph this objection is, in turn, dismissed such that the discussion ends in favour of the intromission theory:

Proof /to the/ contrary.

The circle of the pupil (luce) which appears in the centre of the white of the eye is of such a nature that it apprehends objects and this same circle has in it a point which appears black which is a perforated nerve which goes inside to the intrinsic power which is full of the power of the imprensiva and judgment which passes to the senso comune.  Now the objects opposite the eye act with the rays of their species like many archers who wish to shoot through the bore of a light gun, in that he among the archers who is in a straight line with direction of the aperture of the light gun is more likely to touch the bottom of the aperture with the arrow.  Hence objects opposite the eye will be passed to the sense in greater quantity to the extent that they are more in line with the perforated nerve.

The water in the cornea (luce) around the black centre of the eye acts like hounds in a chase who are the cause of flushing the (wild) game and then the greyhounds capture it.

So also with this because it is a humour which derives from the power of the imprensiva and sees many things but does not seize them.  But all at once the central beam turns, which is in line with the sense and seizes the species and it confines those which please it in the prison of the memory.

Hence Leonardo's only extended discussion of an extromission theory, ends with a defence of an intromission theory.  His later notes leave no doubt that he favours a strict intromission theory of vision.

3. Intromission Theory 

From the time of Pliny8 supporters of the extromission theory had cited the example of nocturnal animals such as cats to support their claims.  On CA90rb (c. 1490) Leonardo challenges such examples in order to establish a strict intromission theory:


On the nature of vision.

I say that vision is enacted in all animals by means of light and if anyone cites against this the vision of nocturnal animals, I shall say that this is equally subject to a similar nature, since it is clearly understood that the senses, receiving the similitudes of things, do not send forth any power from themselves.  But through a mediation of the air which is between the object and the sense, it incorporates the species of things in itself and draws them to it by the contact it has with the sense.

Whether objects send spiritual powers to the ear and nose either by sound or by odour.  This is unnecessary unless there is no light.  The forms of objects will not enter through the air by similitudes if they are not luminous.  It being thus the eye cannot receive from that air that which it does not have and that which /does not/ touch its surface.

If you wish to speak of the many animals which prey by night, I reply that when the little light which suffices for the nature of their eyes is lacking, that these help themselves with the power of hearing or smell, which /senses/ are not impeded by darkness and in which /power/ they far surpass man.

If you take heed of a cat, leaping among many jars and crocks by day, you will see that these remain intact and if you do the same by night, /the cat/ will break a number.  Nocturnal birds do not fly unless a full or a partial moon is shining.  Instead they feed between the setting of the sun and the complete darkness of night.

No object can be comprehended without illumination and shade.  Illumination and shade are caused by light.

A standard argument cited against extromission theories had been a time factor.  If something is emitted from the eyes it would take time to reach the object and return to the eye.9  Yet we see objects without a time lag.  Leonardo uses this objection on A81r (1492) to argue for a strict intromission theory:

It is impossible that the eye sends visual power outside itself through visual rays because in opening this first part, which would have to go from this beginning to the exit and to go the object, it could not do so without time.  This being so, it could not in a month reach the height of the sun, if the eye wished to see it.  And if it were joined it would be necessary that it continue the entire way that exists from there and that it always enlarged itself with the result that, between the sun and the eye, there would be composed a base and apex of a pyramid.  Being thus it would not be enough even if the eye were a million worlds, that all this power is not consumed and if, for instance, this power had to pass through the air, as does odour, the winds would take it from its path and carry it to another place.  And yet we see the body of the sun with the same spped as we see a distance of one braccio and it is not altered by the blowing of the winds or any other accident.

In his arguments for intromission Alhazen had cited the example of after images.10  Leonardo uses this example on CA204ra (c. 1490):

Looking at the sun or some other luminous object and then closing the eyes, you will see it similarly at the back of the eye for a long space of time.  This is a sign that species enter within.

On CA204rb (c. 1490) he cites another demonstration to prove that the eye sees through intromission:

The ultimate experience giving a true opinion that a thing comes to the eye and not the eye to the thing, will be this.

It is clearly comprehended that when a single thing is seen by 2 concordant eyes, these eyes will refer it inside the head, to a single point as appears at mnop.  But if you push one of the eyes with a finger you will see the one object that is seen convert itself into 2.  You, who do not move the object, but move your eye, do not move the object seen, but move the similitude of that which is in your eye (when you move the eye).  And if the eye sent forth visual power from itself, it could never happen that by moving the eye one would cause many rays such that the object appears to move /its/ position in accordance with how you move the object; whereas when I read, the letters seen appear to move their position in accordance with how one moves the eye.

On A78 (1492) he notes: “Since effects often show the nature of their causes, I shall describe the nature of the eye with these and in what manner it receives within itself the species of objects.” In the passage that follows he uses the experiment of a pushed eyeball to illustrate refractive properties of vision (see below p.     ). Filarete, in the section of his architectural treatise devoted to perspective, had made an analogy between eye and magnets.11  Leonardo uses the same analogy on CA109va (c. 1490):  "The air, the moment it is illuminated fills itself with infinite species of which the eye makes itself a magnet."  He develops this analogy on A27r (1492) under the heading of:


Perspective.

The moment the air is illumined it fills itself with infinite species which are caused by various bodies and colours that are in front of it with respect to which the eye acts as a magnet and compass.

In addition there are various passages where an intromission theory is implicitly assumed.  On A36v (1492), for instance, he points out "All things send their similitudes to the eye through pyramids.  On CU23 (TPL15, c. 1492), while comparing poetry and painting he again alludes to the intromission principle:

The imagination does not see with that excellence which the eye sees, because the eye receives the species or similitudes of the objects and gives them to the imprensiva and from this imprensiva to the senso comune and there it is judged.

Another passage devoted to the comparison of poetry and painting, on CU21 (TPL2, 1500-1505) again alludes to intromission:

Why poetry places its things in the imagination of letters and painting gives them in reality outside the eye, which eye receives the similitudes not differently than if they were natural while poetry gives them without these similitudes and they do not pass to the imprensiva through the visual power as /does/ painting.

Further allusions to intromission occur in his anatomical writings.  On W19019r (K/P 39r, c. 1489-1510), for instance, he points out:

How the sense gives to the mind and not the mind to the sense and where the sense of the mind is deficient, the mind lacks in this life the notice of the function of this sense as is evident in a /person/ born mute or blind.

On W19047v (K/P 48v, c. 1489-1510) he refers again to intromission:

If the spirit has articulate sound and if the spirit can be heard, what is hearing and seeing and how does the wave of a voice go through the air and how do the species of an object go to the eye.

The theme is broached anew on W19045v (K/P 50v, c. 1489-1510):

And if you wished to say that it is the function of the eye to receive all the species of the infinite shapes and colours of objects positioned opposite it and /of/ smell...and the ear...we would say that the tongue also feels infinite tastes.

On W19038v (K/P 80v, c. 1489-1510) intromission is again alluded to briefly:  "the object moves the sense." The intromission question is broached at greater length on CA345vb (fig.    , 1505-1508):


Whether or not a spirit can see bodies, not having to /do other/ than receive their species.

Let the visual power be at e, through which objects a /and/ b make their shapes recognizable through the lines ac and be.  I state that /in the case of/ a man, the crystalline sphere n would suffice to send the received species to the spirit e.  But necessity requires an /to be/ in a dark place.

On CA345rb (c. 1508) he restates this idea as an assertion:  "One does not see anything which does not send its species through the air." Seen as a whole these passages leave no doubt concerning Leonardo's position.  In the early period he is aware of and cites various arguments in favour of the extromission theory of vision.  But these he rejects and champions instead the intromission theory.


It is easy to claim that images come to the eye.  But what happens when they reach it and how do they pass from its surface to the brain?12  Leonardo has at least three basic solutions to this problem.  He begins with an idea that the images converge to a single point and are there comprehended somehow by the visual power.  At a second stage he considers the possibility that images converge to a point, intersect and then diverge again.  This idea he at first dismisses because it would imply that images end up inverted within the eye.  At at third stage he accepts that images are inverted at the pupil and asserts that they are inverted a second time by the crystalline lens.  In his late notes he devises two clear demonstrations against the single point theory.  We shall consider each of these stages in turn.

4. Point Theory (Stage One)

In five passages Leonardo adopts the traditional theory that images converge to a point in the eye.  Four of these passages are in Manuscript A (1492). A first reference occurs on A3r.  Having defined "perspective," "pyramidal lines" and "point," he notes that "this point is that which, situated in the eye, receives all the points of pyramids in itself."  On A10r he reformulates his basic definition of perspective and pursues the notion of a point in the eye:

By pyramidal lines I mean those which part from the superficial edges of bodies and lead to a single point by a distant concourse.  Which point, in this case, I shall show to be situated in the eye, universal judge of all bodies.

Point, I say, is that which cannot be divided in any part.  Now since this point situated in the eye is indivisible, no object will be seen by the eye unless it is greater than this point.  This being the case it is necessary that the lines which come from the body to the point are pyramidal.

An objection is now mentioned:

And if someone wished to prove that the visual power does not consist in this point, but rather in that black point seen in the middle of the pupil, one could reply to this person that a small object such as a grain of millet or panic grass or some other thing would never diminish and that thing which was larger than this point could never be seen entirely, as becomes apparent in the proof below.

This proof begins with a diagram illustrating his opponent's argument (fig.    ) which Leonardo then explains:

Let a be the visual power, let be be the concourse of the lines coming to the eye.  Let c /and/ d be grains of millet within this concourse.

You see the reason why these never diminish with distance and /why/ the body mn cannot be com
prehended entirely by these.  Hence it is necessary that the eye has in it a single indivisible point to which converge all the points of pyramids departing from bodies, as appears below.

He now draws his pyramidal solution to the problem (fig.    ) which he explains in the text below:


Let ab be the eye.  Its centre touches the point mentioned above.  If the line ef is to enter as an image through such a small aperture of the eye, it must be confessed that a small thing cannot enter into a smaller th ing unless it diminishes and if it diminishes it is fitting that one attributes /this to/ a pyramid.

The visual pyramid thus accounts for how large objects enter a small eye. On A36v this theme continues.  He notes that the vanishing point will never be higher than the eye:

because the eye has in it this point to which are directed and to which converge all the pyramids carrying species of objects to the eye and this point always directs itself with the point of diminution /i.e. the vanishing point/ which appears at the limit of things seen.

On A37v he pursues the problem:

As regards the point which comes to the eye this can be understood with greater facility, for if you look into another person's eye, you will see your image.  Hence if you imagine 2 lines parting from your single point of all the images coming to the eye.

But here he is citing an idea from Euclid's Optics (see above pp.     ).  He himself had, in the meantime abandoned the point theory.

5. Possibility of Intersection (Stage Two) 

By 1492 the term point has taken on another meaning for Leonardo. It is now potentially the point where lines of a converging pyramid intersect before diverging anew in intverted form.  But if the iamges are inverted, why should the eye see them right side up? This difficulty troubles him and his first response on A77 91492) is to reject the point theory in a passage entitle:


In the visual power the species are now reduced to percuss at a point.

And if you wished that they passed this point, one would need to confess that an intersection occurs which, by its nature, turns everything seen upside down.  However, since things are only seen right side up, there is no point of intersection.

Having rejected the theory on logical grounds, he provides a demonstration to prove that images cannot terminate at a single point:

And this is proven as follows:  take a piece of straw and place it in front of the eye at a space of half a braccio and there judge it.  Then if you move it back, the more you remove it, the more it diminishes, until it goes to nothing.

And if you draw it from this /distance of/ half a braccio towards the eye, the more you approach it, the more it will diminish.  And if you touch the eye with it, you will lose it entirely through its diminution.  If the eye saw with a point, this could not happen.  Instead, the more you draw it near, the more it would increase.

Directly beneath he draws a diagram (fig.    ) and then explains why a piece of straw is experienced in this way:

Ad is the whole power of sight.  Ik is a spherical body less than the pupil.  Half of the pupil (luce) ab sees beyond this body to the points e /and/ g.  The other half of the pupil sees beyond the space fh.  Hence this pupil sees what is beyond the body or straw ik.

And by this /means/ one proves that the eye does not see through a point, but, through the concourse of the pyramids, creates a point at the centre of the pupil (luce) which does not belong to the function of the visual power.  The above mentioned body will produce a darkness in the place eh similar to fog and this is because this part of the pupil cannot see gh and likewise cd cannot see the space ef and the point in the middle does not see the space fg.

He now interjects an opposing opinion and refutes it:

The visual power can be in the body in the middle or and it can be at the triangle mn further back. No, because the pyramid mn which leaves the spherical body would invert all the species upside down, beyond it.

Here it is logic that persuades him that there should be no intersection of images within the eye and this logic prevents his approaching the problem of image formation int erms of physics.

6. Intersection and Divergence Beyond the Point (Stage Three) 

Even so, by 1490, he has begun to consider seriously an alternative that images intersect, diverge, only to converge and intersect again.  Two analogies persuade him to accept this possibility:  one between the pupil and the camera obscura; a second between the crystalline lens and a sphere of water.  This he illustrates on CA222va in three diagrams (figs.     ), accompanying which he notes:

(figure)

Fig. 1120: Camera obscura demonstration which confirms how images converge to a point and then diverge anew on K/P 118r.

If the eye does not make a point, no minimal thing will ever diminish over any distance, and if it makes a point this is indivisible and in the indivisible part no species can be comprehended, since they are confused with one another and if the objects are seen well without confusion..., and every minimal object diminishes with distance, then it is necessary that the lines of the species make an intersection at a point and having passed this begin to diverge /again/.

Here he accepts that images converge at a point, but now intends it in the sense of point of intersection.  Similarly on Forster III 29v (1493) he states that "similitudes of bodies intersect in a point."  The accompanying diagram (fig. 689) makes it clear, however, that the images subsequently diverge.

This more complex meaning of point is also found in later passages.  Hence one reason for his extended eulogy of the point on CA345vb (see above pp.     ) is because images "can be reborn in such a small space and recompose in their dilation."  And on W19149-52r *K/P 118r, 1508-1510) although he asks:  "How do we conclude that the surface is reduced to a point?", the accompanying diagram (fig. 1120) reveals that the images diverge immediately beyond.  Thus, after 1492, when he refers to images coming to a point, he frequently means something very different than in his early notes.

This new concept of double inversion of images within the eye is illustrated in a number of diagrams.  ON BM171v (1122, c. 1492) he is exploring the idea.  On CA337ra (figs. 1144-1145, c. 1492*) his analogies between both pupil and camera obscura and crystalline lens and sphere are explicitly shown.  These analogies underlie his later drawings on CA345vb (fig. 1150, c. 1508), K/P 118 (figs. 1154-1156, 1508-1510) and a series of alternatives considered on D2v, 3r, 3v, 8r, 8v, and 10v (figs. 1172-1178)

*Pedretti, 1979, claims c. 1490.  Since Leonardo explicitly denies the possibility of inversion on A77, (1492) it is unlikely that he would have made careful demonstrations of such inversion prior to this.

Two experiences prompt this view.  One is the camera obscura (see above pp.     ).  A second is refraction which leads him on BM221v (1500-1505) to claim that: “The concourse of lines created by the species of objects positioned in front of the eye do not converge to a point within this eye along straight lines.” In addition he develops two demonstrations to counter the point theory.

7. Small Objects in Front of the Eye:A First Demonstration Against the Point Theory (Stage Four a)

As early as 1490, on CA250va, Leonardo is exploring the how objects smaller than the eye are perceived, (see below pp.     ):

Every transparent object between a /and/ e which is not a point but all the pupil is equal in its visual power, but not equal in strength because that part which is more distant from its centre, discerns things less.  The visual power, being equally diffused throughout the pupil, no object of less quantity than it...positioned close to it, can occupy any part of a distant object.

In defence of this claim a demonstration (fig.    ) follows:

You will make the test as follows:  let us say that cp is the /eye/; let f be the object less /than the pupil/ positioned in front; let ae be the distant object; draw the line oe to the opposite /side/ f and similarly the line nb.  You see that the half pupil on sees all of b and similarly the other half sees ac and by this is demonstrated that if the point n only saw the first object f, this /object/ would occupy the entire part bc of the second object at the eye.

This leads him to conclude:

Hence it is confirmed /that/ all the species of objects enter the eye upside down.  After f you see b /which was/ above as being below at n and e /which was/ below /cor/respond/ing/ to c above.

He reformulates this demonstration in terms of an attack (fig.     ) on the point theory:

Proof how perspective, function of the eye, does not reduce itself to a point.  The reason is this.  If you place an object somewhat smaller than the pupil near the eye, you will see every object behind this occlusion as if the occluding object were transparent.  Let us say that the pupil is op and that the point imagined by the perspectivists is n.  Now if you position the quantity f opposite it, you do not see that the place bc is occluded by this f, whence the experience.

He returns to this theme on K125/45/r (after 1504).  Here he is content merely to draw the diagram (fig.    ) and note that objects smaller than the pupil do not occlude objects beyond them.  On CA237ra (c. 1500) he had redrawn the basic diagram (fig.    ) and implicitly attacked the point theory:


The species of an object less than the eye do not converge pyramidally in this eye.


...The visual power is diffused with equal power in all the "pupil" of the eye...whence...the visual faculty is in all the "pupil" and all in every part of this.

He attacks the point theory briefly on F28v (1507) (see below pp.  and then at greater length on D6v (1508) where he begins with a general statement:


Of the human eye.

The pupil of the eye has visual power all in all and all in every part and the object opposite the eye smaller than the pupil will not occlude any distant object at the eye.  And even if it /i.e. the object/ be dense, it functions as a transparent object.

An adversary's claim is now introduced and countered:

Here the adversary says that the visual power is reduced to a point and from this it follows that every object positioned in front of the pupil which is larger than the point, will occupy the attention /of the eye/.  I say that according to him, and if it were true that the visual power is reduced to a point, the convexity of the eye...which, with its parts, is turned towards a great part of the universe opposite it, would not be of such curvature if these /parts/ were not equidistant from this point and /these parts/ were not interesected at an equal distance from this point on its surface /such/ that each of these would correspond to the same real proportions in the intersections of the angles with the proportions of the similitudes of the bodies corresponding to this part.

The attack continues with an appeal to experience:

To such /an adversary/ one demonstrates an experiment and then the necessity of such an experience and first for the experiment let there be placed in front of the pupil a quantity of an average sewing needle and let it be as close as possible and you will see that the information /notitia) about any object placed at any distance behind this (pupil) needle will be impeded.  What I say is entirely in conformity with experience and necessity produces it, for if such a visual power reduced itself to a point, /then/ every minimal object placed in front of such a visual power would occlude information (notitia) about a large part of the sky, for if a large part of the sky sends the sepcies of its stars to the pupil, an object positioned nearby and equal to half of its diameter would occupy (a great part) nearly half of this sky.  Whence Nature, because nothing is lacking to the eyes of animals has arranged...that this pupil has the least number of impediments...and the least number that is possible, by which the visual power would /otherwise/ be very greatly impeded for, as was said, every minimal object positioned in front would produce a great occlusion.

Another example follows:

Again experience shows that chequered cloths made of thick horse hairs do not occlude anything beyond them and occlude less the more they approach the eye.  Now if the visual power were in apoint the more these horse hairs approached, the larger would be the space that they would...occlude.

However, since experience does the contrary it is true that the visual power is diffused through all the pupil and every part in itself will function and sees beyond such horse hair, encompassing it, and seeing beyond the piece of their thickness and by necessity it causes pyramids close to the said hairs.

He illustrates these situations in the right-hand margin.  In the upper diagram (fig.    ) he shows how a small object in front of the eye does not occlude objects behind it.  The caption:  "author," identifies this as his position.  In the next diagram he shows how a small object occludes things beyond it if one assumes a point theory of convergence.  The caption:  "adversary" identifies this as the competing point of view. On E15v (c. 1513-1514) he returns once more to this demonstration:


On the eyes.

Among bodies smaller than the pupil of the eye, the one which is closer will be less known by this pupil.  And with this experience we have learned that the visual power does not reduce itself to a point because if the etc...

Here the text stops and we are told to "read in the margin," where the passage continues:

Here follows what was lacking below.  But the species of objects which concur to the pupil of the eye are spread out over this pupil in the same way in which they are spread out in the air. And the proof of this is taught when we look at the starry sky without fixing the eye on one star more than on another, for then the sky is seen seeded with stars and they are proportioned in the eye as they are in the sky and their spaces are similar.

8. Apertures and Contrary Movement of Objects: A Second Demonstration Against the Point Theory (Stage Four b)

Meanwhile, he had been developing a second demonstration against the point theory involving apertures and the contrary movement of objects.  At first he merely sketches the problem in passing on CA112ra (1505-1508).  Then he becomes puzzled by the phenomenon as is clear from a note on CA222vc (fig.   , c. 1506-1508):

It is said that if the motion from n to m appears contrary to that from g to f, (and) it follows also that the motion from f to g should appear contrary in the eye, that is, from m to m and this is not confirmed by experience.  Hence another proof is needed.

He pursues this problem in the Manuscript K.  On K127/47/v he begins by considering a stationary situation (fig.    ):

It is possible that a (sole) same pupil sees a same object two times (in two places) at the same time.

The inferior part b of the pupil ab sees the object c occluding d and the superior part a of the same pupil sees the same object c occlude the surface gf beyond the aperture e in the position g.  Hence the object c is seen at the same time at d /and/ g and this is what I wished to demonstrate.

On K127/47/r he introduces the factor of motion into the discussion: “It is also possible that a same pupil sees a same object at a same (object) time make 2 contrary movements without alteration of this pupil.” Beneath this he draws a diagram (fig.    ) which he explains:

That which is proposed above is seen by a pupil when it...sees the air through a small aperture made in a /piece of/ paper by the point of a needle, and holding it close to the eye and interposing a very thin /piece of/ straw between the eye and the aperture which, when you move it /i.e. the straw/ from right to left the eye will see it in its true motion and its true position where it is in truth...and beyond this aperture it will see it more...contrary...to its true mo/tion/ such that it sees the true and deceptive movement separate from one another at the same time.

This explanation continues on K126/46/(v):

And the reason is that, /since/ all vision is made by straight lines, /and/ the medium is uniform, the part a of the pupil sees o...beyond the aperture at s and it would be impossible, with such an aperture, to see it through abq at q and /along/ a non-straight line....  Hence let o be lowered to np.  /Then/ one will see o at r and if o is lowered to m, then o will appear to the lower part of the eye c, which will have jumped to the extremity q.

On K125/45/v he provides further details concerning the experiment:


In cases of motion...of the object between the eye and the aperture of the paper you need to make the perforations with very minute apertures and draw the thing that moves which is slender as the point of a needle and in moving let it touch your eye brows and let the paper be moved to a distance 1/4 braccio from the eye and through the apertures one sees the air.

On K126/46/r, he adds: “But if the motion of the object be above the perforated paper then the eye will see the true motion of the object.” Beneath this he adds a diagram (fig.     ) and a text "let us say that a moves through abc: which then breaks off. On D2v he returns to this problem:


Of the human eye.

How the sepcies of some bodies which pass to the eye through some aperture impress themselves upside down on its pupil and the sense sees them upright.

The pupil of the eye which, by means of a minimal round aperture receives the species of bodies positioned behind this aperture...always receives them upside down and the visual power always sees them as right side up as they are and this occurs because the said species...pass through the centre of the crystalline sphere positioned in the centre of the eye...and in this centre they unite at a point and then dilate at the opposite surface of this sphere, not departing from their straightness and at such a surface the species are directed in accordance with the object where they are caused and from there they are taken up by the imprensiva and sent to senso comune where they are judged.

This process he illustrates in the upper right-hand margin (fig. 1142) and then describes in the text:

Let this be proved...as follows.  And let the pupil be an of the eye kh and let the tiny round aperture be p /which is/ made in the paper with the thin point of a style.  And let the object positioned in front of this aperture be mb.  I say that the superior part of this object cannot come to the superior /part/ of the pupil of the eye along the straight line ma because at v its transit is impeded through the interposition of the paper.  But this upper extremity m passes along a straight course through the aperture to the inferior part n of the pupil or, if you wish, of the crystalline sphere, and from there it directs its course to the centre of this sphere and is raised to the superior part of the opposite side and from there passes to the senso comune as I have said.

Beneath the first diagram in the right-hand margin Leonardo redraws a detail (fig. 1143) followed by a caption "crystalline sphere placed in the centre of the eye" and a marginal note: “Here it is presupposed that the pupil has visual power in every part of it side and this is so in effect and without this every demonstration is ruined.” Below this he draws an other diagram (fig.    ) which he numbers "2e" and then describes in the accompanying text headed: 

Here below is demonstrated the experience from which originates the certainty of such a new investigation.

The gd be the eye of which the pupil ap sees the object tc through the aperture q (made in the paper rs).  I say that if you...move the style lq from above to below the pupil near this pupil along the line kh which appears beyond this aperture q, that such a motion of the style will be contrary to its true motion and the reason is that touching the style is the line ac /which/ touches both the highest...line, which is on this side of the aperture q, and the lowest which is beyond this aperture.  And thus continuing the descent on this /near/ side of the aperture in front of the pupil with your style, you mark the contrary beyond this aperture, because if you descend on this /near/ side with the fronts of the lines amnop all will rise beyond at the ends of the lines cyxvt.  Hence the style which touches the line ac occludes the site c and if you descend to the line n with such a style you occlude the site y beyond the aperture and thus it continues to the end of the motion.

On D4v, this experiment is used to attack the point theory.  Under the heading:  "Eye of man" he begins with a claim:

That it is true that every part of the pupil has visual power and that this power is not reduced to a point as the perspectivists would wish, that is, that all the species of objects come to the eye through pyramids and...are reduced to an angle in which the judgment of the thing seen is made.  Here experience shows that the contrary is true.

A draft description of his needle experiment follows:

And this is experimented as follows.  LEt an aperture about the size of a millet seed be made by a large needle in a /piece of/ paper and let this paper be positioned opposite the pupil of the eye at a space of 1/3 or 1/4 of a braccio and through this aperture rlook at the air pq.  Then interpose this needle or some other similar straw between the pupil of your eye and the said aperture of the paper.  But makde /sure/ that such a needle is close to the eye...in such a way that it touches the points of its eyelids.  Then move this needle up and down and to the right and left in front of your pupil and in the air beyond this aperture you will see clearly that the similitudes...of this needle make all the contrary movements to those which you make with the needle /in the space/ between the eye...and the said aperture.

Why this should happen the explains:

The cuae of that which was said above occurs because the visual power is spread throughout all the pupil of the eye and in every point of this one recognizes the images of the objects positioned opposite this eye which, if it were not so, the experience would not occur.

He now reformulates this experiment (fig.   ) in greater detail:

Let this be proven as follows.  Let the circle st be placed for the pupil of the eye.  Let the paper, 1/3 braccio distant from the eye, be abcd in which there is made an aperture r, the size of a millet seed.  Let n be the size of a needle placed as close as possible to the eye, which /needle/ moves in front of this aperture r from n to m in slow motion.  Now you will see the image of this needle move in the air beyond this aperture from q to p, that is, in contrary motion, and this occurs because, in the beginning of such movement, /while/ the needle...is above at n, its image passes through the aperture r and occludes the air in the part below at q and when the needle descends from n to m, its image in the air rises from q to p and the intersection of the straight lines of such a species or, if you wish to say, the shadow of such a needle, will always be made at g, and thus every motion made by any aspect beyond such an aperture is switched such that, if the visual power were not in us you would not see the image of this needle at q and if it were not at t you would not see it at p and the same is understood /to be the case/ in every part of such a pupil.

In the right-hand margin he draws three diagrams:  one (fig.    ) which merely shows the inversion principle of all apertures; a second (fig.    ) which illustrates the experiment just described and a third (fig.    ) which shows the adversary's claim outlined in the marginal note beneath:

The adversary states that such vision is made in an angle, that is, in a point, and that this point will do the same.  And if you experiment with what happens to the needle with the aperture of the paper and if you do not posit otherwise and say, let the point r be in the pupil vx/and/ let chgl be the paper in which is made the aperture t.  Let the needle which descends to n be a and its similitude will be seen to move beyond this aperture also and it will move from uf and rise to m.  To him one replies that he has not held in mind the 9th* of the first in which it is stated that all vision occuring in the eye through a same medium made along a straight line to the needle a opposite the point r will occlude the point m through the straight line rm.  And when it will have descended from a /to/ n it will have occluded the point f along the straight line rf.  Hence we have concluded what we proposed.

This demonstration against the point theory helps him to account for the unclear boundaries of nearby objects (see below pp.       ).

9. Single or Double Inversion in the Eye

If vision does not occur through images coming to a point, how is it that the eye sees?  Among Leonardo's earliest explanations of this problem is a passage on CA85va (fig.     , 1503-1504), where he asks:


In what way the eye sees the things placed in front of it?

Let us posit that this ball drawn above is the ball of the eye(s) and that the lesser part of the ball, divided by the lines st, is the cornea (luce) and that all the things mirrored on the middle of the said cornea immediately run and go to the pupil, passing through a certain crystalline /i.e. aqueous/ humour which does not occlude things in the pupil which are demonstrated to the cornea and this pupil, receiving things from the cornea immediately refers them and sends them to the intellect along the line ab.

Accurate vision, he claims, is only possible along the central line of sight:

And you know that the pupil does not send anything perfectly to the intellect or the senso comune except when the things given it by the cornea (luce) are directed along the line ab as you see the line ca does.  And although the lines mfg are seen by the pupil, these are not considered, because they are not drected along the line ab.

He supports this claim with a demonstration familiar to the optical tradition:

And the proof is this:  if this eye which /is/ above would like to enumerate letters placed in front of it, it will be fitting that the eye turns from letter to letter, because it would not discern it, if it did not direct it along the line ab, as does the line ca, and the p, all things seen come to the eye by pyramidal lines and the point of the said pyramid makes its terminus and end in the centre of the pupil as drawn above.

Here Leonardo appears to accept a theory that images concerge to a point but at the same time emphasizes the role of a central ray (see below pp.     ).  If the central ray along is held responsible for vision, then it is not necessary to consider the inversion of images and there is no problem of explaining why the eye should see inverted images as being right side up.

(figure)

Figs. 1121-1124: Early theories concerning inversion of images in the eye on BM171v.

By 1492, however, he is exploring an alternative, namely, that images are inverted twice within the eye.  Two analogies underlie this new theory.  He notes that both a camera obscura and a sphere of water invert images.  By anlogy, he assumes that images are inverted by the pupil, reinverted by the crystalline lens and are therefore seen in an upright position. The explanation furnished by these two analogies is basically simple.  Even so Leonardo is not content with a de fgacto answer.  He is continually changing his mind about precisely where in the eye the two inversions take place.  For this reason it is necessary to examine in detail his various notes concerning double inversion within the eye.


On BM171v (1492), for instance, he draws a sketch how light is inverted in passing through an aperture (fig. 1121) and directly beneath he illustrates an analogous inversion (fig. 1122) when images pass through the aperture of the eye.  In the text opposite he discusses the camera obscura principle:

All the images of objects which pass through a window from the open air to the air confined by a wall are seen in an opposite position and that thing which will move from east to west in the open air will appear of contrary movement as a shadow on the illumined wall of the confined air.

What happens to images once they have been inverted by a pupil, which functions as a camera obscura, remains a problem for him.  In his diagram (fig. 1122) he shows how the rays diverge and then, for no apparent reason, begin converging again until they interesect a second time at the posterior border of the eyeball, before entering the imprensiva. In a third diagram (fig. 1123) he draws a tube-like nerve which extends to the pupil.  This idea he develops in a fourth diagram (fig. 1124) in which the nerve is expanded to show a series of inversions caused by continual refelction.  The nerve continues beyond the eyeball and connects with a container marked imprensiva. Although the location of the imprensiva is clearly marked in the diagram, Leonardo's text confirms that he is troubled concerning its precise whereabouts:


What is seen.

If the imprensiva were outside the eye it would be necessary that straight lines do not occur.  For although b comes to eye f along a straight line and although it goes from f to d, nonetheless, the line which goes to the imprensiva remains straight and oblique.  Therefore it is necessary that the imprensiva is in the eye.  The nerve which parts from the eye and goes to the brain is similar to perforated nerves which, with infinite strands, interweave the skins of bodies and by their cavity, it is carried to the senso comune.

In the course of 1492 he studies more carefully physical models which could account for the double inversion that he beleives occurs in the eye.  Hence on CA125vb he explores both the inverting properties of a camera obscura (fig. 694) and spheres of water (figs. 1126-1132).  On CA125va this theme is pursued.  In the upper right-hand corner he again draws a sphere of water (fig. 1139) beneath which he explains:

(figure)

Figs. 1137-1143: Inversion of images in spheres of water and in the crystalline lens.  Figs. 1137-1139, CA125va; figs. 1140-1141, CA133va; figs. 1142-1143, D2v.

Here the images of ab, pasing through the centre n are inverted at cd and the shadow goes directly from ua to c and from b to d and having passed s it will turn upside down to rt and let p be the light.

In the lower right-hand column of CA125va (1492) he contracts the perception of far off and nearby objects:

The eye therefore sees far off objects as right side up and the aperture of the pupil, through the intersection of the species made in it, turns them upside down, whence the eye sees them as right side up from afar and those from nearby, touching the pyramid of the intersection appear in contrary motion.

Alongside this passage he draws a diagram (fig. 1138) showing a first inversion behind the pupil and a second inversion behind the sphere of the crystalline lens. On CA222va (c. 1490[P] but probably 1492) this theme is pursued.  He mentions how all lines come to a point in the eye and then diverge again (see above p.     ), adding:

and being thus, if the imprensiva were in this divergence, every object would appear upside down.  Not appearing thus, it is necessary that the said species pass through a spherical and transparent body which again inverts behind it, in a contrary way to that which was given in front of it which, by its nature, all the things which are given to it from one side, it turns them from the opposite side, upside down, and if the imprensiva is here, then you can see the objects well.  Now place the mind inside the eye and you will see /how/ necessity, the master of all things, is well provisioned /and/ you will see that the eye has within it the instruments necessary for its function.

(figure)

Figs. 1144-1145: Model and model eye on CA337ra.

(figure)

Figs. 1146-1150: Inversion in the eye on CA345vb.

Beneath this passage, in the right-hand margin he draws a rough sketch (fig. 1151) showing double inversion of images produced ;by a pupil acting as a camera obscura and a crystalline lens as a sphere of water.  In the lower right-hand corner he redraws the diagram (fig. 1152) and then once more (fig. 1153), accompanied by a brief text:

That species of an object which falls on the surface of the eye between equal angles, will be well seen as b.


And that which falls between angles which are less equal, is less seen, as ac.

On CA337ra (fig. 1144, c. 1490) he develops his analogies between both pupil and camera obscura and between crystalline lens and a sphere of water.  Here the drawing is so precise that it has the appearance of an actual model.  Had he actually placed his eye in front of a ball of water in a camera obscura, however, he would have experienced only a single and not a double inversion of images.13 In the upper part of CA337ra (c. 1490) he integrates his double inversion principle within a schematic adaptation of the eye (fig. 1145).


On CA345vb (c. 1508), where he also discusses the camera obscura (see above pp.     ), he returns to this problem of double inversion in the eye.  Under the heading:  "Whether or not the spirit can see bodies, having only to receive their species" he again draws the crystalline lens in the form of a sphere of water (fig. 1150) beneath which he explains:

Let the visual power be at e through which the objects ab make known their figures mediating the lines ac and be.  I say that for a man the crystalline sphere n would suffice to send the received species to the spirit e, but necessity requires that an is in a dark place.

(figure)

Figs. 1151-156: Theory of double inversion in the eye.  Figs. 1151- 1153, CA222va; figs. 1154-1156, K/P 118r.

To the left of this passage he sketches three further visual hypotheses concerning the path of rays within the eye (figs. 1147-1149).  In a first sketch (fig. 1148) some of the rays are inverted just beyond the pupil and then stop short at the crystalline lens.  Other rays pass directly through the eye without inversion.  In a second sketch (fig. 1147) directly beneath this he again shows some of the rays as being inverted while others penetrate the eye without inversion.  A third sketch is more developed (fig. 1149).  Here he shows how some rays come from an object, are refracted by the cornea, pass through the pupil, are inverted, refracted a second time at the crystalline lens and then converge to a point.  In addition he draws other lines directly from the object to this point of convergence in the eye, probably to contrast the geometry of the situation with the realities of refraction.  A note directly beneath this sketch confirms that Leonardo intends to study this problem mroe carefully in terms of anatomy:

Write in your anatomy what proportion all the diameters of all the sphere of the eye have and what distance the crystalline sphere has from them.

He pursues the question of double inversion in the eye on W19150v (K/P 118v, 1508-1510):

Necessity has provided that all the species of bodies positioned in front of the eye intersect in two places, of which one intersection is generated inside the pupil, the other inside the crystalline sphere.  Which, if it did not do so, the eye could not see so great a number of things as it sees.  This is proved because all intersecting things generate such an intersection in a point.  Since nothing is shown of bodies except for their surfaces, the boundaries of these are lines, by the converse of the definition of surfaces and every minimal part of a line is equal to a point, because niminal is said to be that thing, than which nothing can be less and this definition is the same as the definition of a point.


Hence it is possible that the entire circumference of a circle sends its cimilitudes to its intersection as is shown by the fourth of this which states that all the minimal parts of species penetrate one another without occupation of one another.

(figure)

Figs. 1157-1161: Sketches concerning vision on CA222ra.

In the right-hand margin he writes "These demonstrations are as an example of the eye," and sketches a first inversion caused by the pupil (fig. 1154).  Below this he makes a more detailed drawing (fig. 1155) showing how an object ab is first inverted by the pupil at c and then by the crystalline sphere at q in order to appear right side up at rs.  A summary text follows:

He species of so minimal an object penetrates the eye but that it is turned upside down and in penetrating the crystalline sphere it is again turned upside down and thus the species are returned right side up within the eye, as was the object outside the eye.

Below this he draws another rough sketch (fig. 1156) of double inversion within the eye, and three sketches which appear to show the refractive properties of a flat (fig. 1014), convex (fig. 1015) and concave surface (fig. 1013) respectively.  He also illustrates the inversion principle within a camera obscura (fig. 705, see above pp.     ).

10. Models

As early as 1490 Leonardo had become concerned with producing physical models of the eye.  On CA222ra, for instance, (figs. 1157-1161) he notes:

(figure)

Figs. 1162-1164: Models of the eye.  Figs. 1162-1163, CA297va; fig. 1164, CA141rbc.

If you take a hemisphere of glass and put your face inside it and close it well at the conjunction of the face, and fill it with thin (sottile) water, you will see all those things which are seen from the surface of this ball in such a way that you could see behind the shoulders.

A diagram on CA141rbc (fig. 1164, c. 1490) might well show a model eye.  By 1508 he returns to the problem.  On CA190vb, for instance, he drafts two diagrams of the eye (figs. 1074-1075) accompanying which he notes:


"Make such an eye large and of glass like a natural one."

In the Manuscript D he goes further.  In a marginal note on D2v (1508) he recommends: 

Let there be found an instrument that makes the same effect by necessity and thus you will have found the true interior shape of the eye.

Preliminary instructions concerning such an instrument are given on D7v in the lower right-hand margin (fig. 1165):

Make spherical ampullas like this and then out them as one cuts glass with hot iron /held/ in a vice and make them into hemispherical shells like this and then make your spectacles (ochiali) filled with water like this and fill one only full of water.

(figure)

Figs. 1165-1169: Models of the eye.  Figs. 1165-1168, D7v; fig. 1169, D3v.

In the upper portion of this margin heoutlines further possibilities:

Break a decanter of glass and from the convexity and concavity you will make a mask filled with water and you will see that which is promised below and it will serve.

This he illustrates in a diagram (fig. 1168) showing a man with his face immersed in such a mask with water.  He also notes:  "And if you wish to see with a single eye make it with the body of a small or large ampulla, etc."  To illustrate this alternative he draws two further diagrams.  In the first of these (fig. 1166) an eye is immersed in "tepid water" and as the caption explains:  "Here the air makes itself a concave mirror."  In the second diagram (fig. 1167) the form of the ampalla is reversed.  As the caption explains:  "here the air makes itself a convex mirror." The idea of a mask of water, mentioned on D7v is developed on D3v (fig. 1169) under the heading:


To make an experiment how the visual power will function as instrument of the eye.

In order to make an experiment on the way /that/ the visual power receives the species of objects from the eye, its instrument...let there be made a glass sphere five-eights of a braccio in diameter and then let so much be cut from one side that one can place the head in it /up/ to the ears.  Then, inside, at the bottom let there be placed a floor of wood a third of a braccio which has as its centre an aperture...four times as large as...the pupil of the eye or approximately so, which makes no difference.

Moreover, let there be made a sphere with thin (sottile) water,...a sixth of a braccio in diameter.  And having made this, fill everything with tepid and clear water and put your face in this water and look at the sphere and observe and you will see /that/ this instrument sends the species of st to the eye as the eye sends them to the visual power.

He illustrates this model in the right-hand margin (fig. 1169) and beneath it adds the caption:  "Tinge the larger glass /sphere/ on the outside and you will make the uvea." In his model he requires that the pupil be "an aperture...four times as large as is the pupil" but then adds "or approximately which makes no difference."  The model is clearly intended to simulate only the inversion he assumes occurs in the crystalline lens.  Hence he sees no contradiction between the single inversion shown in this diagram and the double inversion in the drawing of the eye alongside (figs. 1169, 1171).


While fascinated by models, he does not insist that they should give a perfect simulation of reality.  This separates his attempts from the model eyes of seventeenth century individuals such as Scheiner and for the experimental method codified by Galileo, Huygens and Newton.  Even so Leonardo's efforts are of great significance because they shift questions of the visual process, from the realms of abstract philosophical debate to the domain of concrete physical problems which can be reconstructed through models and simulated experimentally.  For this reason it is useful to trace the development of his ideas in detail. Directly beneath his model eye on D3v he draws a conceptual version (fig. 1171) which he carefully letters and then describes in the text alongside:

Here it is posited that the visual power is at the extremity of the optic nerves of which hm is one.  Hence let us say that the visual power m cannot see an object a to the left of this left side unless...the ray...of the species of such an object pass through the centre of the two spheres, that is the sphere of the cornea (luce) dke and the sphere of the vitreous humour /i.e. the crystalline lens/ xytv and thus the path of the ray will be /along/ ae /to/ r /and then/ to vzx.  Hence the visual power m will see an object a on the left being represented at x and thus the instrument of the eye cannot render such an object on the left to its same position except by way of...two intersections which pass through the axis of the eye as is demonstrated.

By now he is convinced that double inversion is the only means of accounting for the visual process. Beneath his diagram (fig. 1171) he adds a marginal note pertaining to anatomy:

The pupil is black...because the uvea which is black is mirrored in the crystalline sphere which is in the centre of the albugineous sphere /i.e. the vitreous body/ and also appears blacker because the light of the air cannot illuminate...the albugineous sphere through so small an aperture as that of the pupil of the eye.

He is still not content with his model of the eye and in the lower right-hand corner draws further diagrams (figs. 1170, 1172).  In a first draft (fig. 1170) he increases the size of the crystalline lens relative to the sphere of the eyeball.  In his second draft (fig. 1172) he carefully marks each of the parts with letters but then makes no reference to these in the text that follows:

(figure)

Figs. 1170-1172: Theories concerning the visual process on D3v.

The vitreous sphere /i.e. the crystalline lens/ is positioned in the centre of the eye in order to direct the species intersecting behind the aperture of the pupil such that those on the right return to the right and /those on/ the left return to the left after the second intersection which they make at the centre of this vitreous sphere /i.e. crystalline lens/.

In the examples considered thus for Leonardo has assumed that a first intersection occurs at the pupil and a second intersection at the centre of the crystalline sphere - which he sometimes terms vitreous body. In a larger diagram near the centre of D3v (fig. 1175) he considers a new alternative.  As in previous cases a first intersection at c is caused by a pupil which functions as a camera obscura.  The rays ov and or then diverge until they arrive at the crystalline lens where they are refracted to a converging path.  On emerging from the lens at p and q, the degree of convergence is again increased due to refraction and the rays cross a second time at n just prior to impinging on the sides of the optic nerve at h and k. To the left of this diagram he adds a short note:

Experience shows that pq is 1/3 of tv and since pq receives that which is given it* by tv, to the extent that tv is restricted, to this extent the angle /at/ o becomes smaller.

(* reading li e dato instead of lietato.

Beneath this diagram on D3v a further explanation follows:


How the species give themselves to the visual power by two intersections of necessity.

(figure)

Figs. 1174-1174: Theories concerning the visual process on D3r.

The object a sends its image to the visual power by the...line ar to the part r of the cornea (luce) edf which then enters by the pupil at o and makes the intersection at o and passes through the vitreous sphere at v and penetrates this sphere on the side vq and passes through the intersection n and terminates at k, at the front of the optic nerve khl from which it is then referred to the senso comune.

He now draws a bracket to indicate the end of a paragraph and considers the arguments of an adversary:

Here the adversary says that the intersection n does not take place but serves that of the optic nerves and that the pyramid n is intersected at the front by the optic nerve where small objects are made larger.

On D3r he pursues this theme of two necessary intersections within the eye.  In the upper right-hand margin he draws a more detailed diagram (fig. 1174) which he explains in the text alongside:

How objects on the right do not appear on the right if its species do not pass through two intersections.

The object k, joined to b, the surface of the cornea (luce) of the eye (which) gives itself to the visual power by two intersections, that is, n /and/ s, first entering from b to the pupil d and from d to f.

There follows an explanation how refraction delays the intersection of the rays:

And it would pass through the intersection h /at/ the centre of the sphere of the cornea, that is, /at the centre of/ laby, but it first meets the crystalline sphere before it terminates its pyramid cdn.  In this percussion such a pyramid cdn is cut in ef where the base of another pyramid is generated, i.e., efo and the sides of this pyramid intersect at o (and the image rs) and pass to the opposite part of the vitreous sphere /i.e. crystalline/ and f on the right makes itself left at uq and e on the left makes itself right at r.

Next he describes the second intersection in the eye:

Then the second intersection is made at us, that is, that the vitreous sphere casts its pyramid (v)qrs and r on the right passes through the intersection s and makes itself left at i and q on the left makes itself right at g.  And by the means the eye, /as/ instrument, brings the object on the right as right and the left as left to the beginning of the optic nerves.

In the right-hand margin he draws another diagram (fig. 1174) with an alternative set of intersections.  As he explains this is:


A second opinion with the same two intersections.

It is not denied that...all the sepcies which come to the surface of the cornea anb (do not) pass through the pupil cd as /was/ proved, and it is also conceded that all the lines of these species which pass to the centre of the sphere which begins with the said cornea (luce) are switched from right to left and from left to right such that a /on the/ right having passed e, the centre of the sphere of the cornea makes itself left at t and b makes itself right at r and grows dramatically because all the space ab comes to rt and this rt receives a size which appears similar to ab as is proved in perspective.

At this point he draws two strokes (//) to indicate a new paragraph:

(figure)

Figs. 1175-1176: Late theories concerning the visual process on D3v and D8v.

Moreover, it is not denied that the vitreous sphere (i.e. the crystalline lens/ etkh renders it directly, in front of the pyramid khr and then reverses it after the intersection of the sides of such a pyramid at the points g /and/ l.  Hence a on the left will make itself right at t after the...first intersection and will descend on the left until k and will pass through the 2nd intersection r and return to the left at the point g.

The explanation on D3r involve alternatives which Leonardo implicitly rejects.  He had put forth his own explanation of the visual process on D3v.  To this he returns in a diagram (fig. 1176) on D8v.  Here there is no explanatory text.  But on D8r he redraws the diagram (fig. 1177) and adds the caption "sc is 1/3 of md," which refers to the size of the image emerging from the crystalline lens.  On D3v he had referred to the same ratio. Beneath the diagram and caption on D8r, he adds a marginal note in which he dismisses the alternative explanations which he had considered on D3r:

You might perhaps say, that if the angle c of the pyramid bnc had a considerably narrower base, that the angle c would descend considerably lower and could perhaps descend to such an extent that it would enter the vitreous sphere and could not then intersect again on the surface of this...vitreous sphere.  To which matter it is replied that in this case nature has provided well, such that when similar cases occur, the pupil contracts and enlarges depending on whether it has to consider universal or particular things or /those that are/ twoo luminous are too obscure.

In the main text he gives his own version of the visual process:

The species of objects placed opposite the eye pass to the vitreous sphere /i.e. the crystalline lens/ through the...gate of the pupil and intersect behind this pupil...in such a way that the vitreous sphere/i.e. the lens/ is percussed on its left side by the right ray of the right sphere and thus it acts from the opposite side.  Then it penetrates this vitreous sphere /i.e. the lens/ and the rays go on contracting and find themselves more narrowed when they are at the opposite side of this sphere than when they percuss it at the beginning.

He interjects an explanation why refraction occurs at the lens:

And this restriction originates because the rays of species are drawn towards the perpendicular when they pass from the rare to the dense and here the albugineous humour is much rarer and subtler than the space included by the surface of the vitreous sphere /i.e. crystalline lens/.

His explanation of the visual process now continues:

Thereafter, it /i.e. the image/ should enlarge again on returning to this albugineous /humour/, but it does not observe this rule because it is constrained to obey the nature of the vitreous sphere,...from which it emerges, where it passes to the albugineous humour (and) for this /reason/ it makes a pyramid in leaving the vitreous sphere and passes through the albugineous and intersects its sides at the point f and passes to the visual power g at the extremity of the optic nerve gs.

To clarify the nature of the first intersection in the eye he draws a camera obscura in the lower right-hand margin (fig. 698) which he explains in the main text:

(figure)

Figs. 1177-1178: Leonardo theory of double inversion within the eye on D8r and D10v.


How the species of objects received byt he eye intersect within the albugineous humour.

The experience which shows that objects send their species or images intersected in the albugineous humour within the eye is shown when the species of illuminated objects penetrate through some small round aperture in a very dark habitation.  Now you will receive these species on a white /piece of/ paper...placed inside such a habitation, somewhat close to this aperture, and you will see all the aforesaid objects on this paper with their proper shapes and colours, but they will be smaller and upside down as a result of the said intersection.  These images if they originate in a place illumined by the sun appear properly depicted on this paper which should be very thin and seen from behind.  And let the said aperture be made in a very thin plate of iron.  Let abcde be the said objects illumined by the sun.  Let or be the face of the dark habitation in which is the said aperture...nm.  Let st be the said paper where the rays of the species of these objects are intersected upside down.  Because of their straight lines, a on the right goes to the left at k and e on the left goes to the right at f.  And thus it occurs within the pupil.

On D10v he takes the next logical step, now integrating his drawing of the camera obscura on D8r with his model of the eye with two of its inversions (fig. 1178). On D10r Leonardo had included another modification.  Instead of depicting the crystalline lens as a perfect sphere, he had removed a lunule from the posterior section (fig. 1076).  This modification is included in his diagram on D10v (fig. 1178). This series of diagrams in the Manuscript D marks his last recorded attempts to explain the inversion of images on the eye.  After 1508 he does not return to questions of the visual process.

11. Conclusions 

Leonardo's explanation of the visual process had changed dramatically in the period 1490-1508. At the outset he had favoured two possibilities:

1. that only the central ray was oeprative in vision, and

2. that rays coming to the eye converge to a point.

Each of these alternatives had avoided the embarrassing problem of inverted images in the eye.  By 1492, however, his study of camera obscuras and spheres of water led him to explore the possibility that images are inverted twice within the eye.

In his early versions he posits that a first inversion occurs just behind a pinhole-like pupil and a second inversion in the centre of the crystalline lens which, he assumes, is like a sphere of water.  In 1508 he considers yet another possibility:  that a first inversion occurs in the crystalline lens and a second inversion occurs in the vitreous body beyond the lens.  This explanation he rejects also, and in the end adopts a further alternative wherein a first inversion occurs behind the pupil and a second inversion occurs in the vitreous sphere behind the lens.

In the meantime the whole nature of his explanation has changed.  In 1490 his explanation is largely in philosophical terms and so formulated that it precludes the role of physical images.  By 1508, his explanation is in terms of physical models.  The visual process is now a domain of physics.  Granted his models may remain imperfect. But the challenge is now there to match the models with visual experience and text claims by experiment.  The way is prepared for the model eyes of Scheiner in the next century.

Part Three Chapter Three. Appearance and Illusion

1. Introduction      2. Comparisons with Euclid's Optics  3. Effects of Context and Background

4. Conclusions

1. Introduction

As was noted in the introduction, interest in deceptions and illusions of vision stands in a long tradition which can be traced back to Euclid's Optics.1  It is not certain whether Leonardo actually studied Euclid directly, but there are sufficient parallels between the two authors to warrant a detailed comparison.  An outline of the Optics will be given.  The order of the treatise will be followed and its theorems confronted with passages from Leonardo's notebooks. In the latter part of this chapter attention will be given to other illusions studied by Leonardo which are not found in Euclid's Optics, namely, those involving effects of context and background.

2. Comparisons with Euclid’s Optics

The Optics opens with seven definitions pertaining to rectilinear vision, the visual angle and the assumption that apparent size is strictly a function of angular size. In his early theorems (2-9) Euclid explores the consequences of this concept of visual angles for given two-dimensional lines at given distances. He then makes a comparative study of two-dimensional lines at various distances (10-17) and explores the practical implications of this for surveying (18-21). Following this opening section on visual angles in connection with straight lines and rectilinear surfaces, Euclid considers circular forms, first two dimensional (22), then three-dimensional including sphere (23-27), cylinder (28-29) and cone (30-33).  Next he compares various parts of circular sphaes seen simultaneously (34-36) and various viewpoints along a circular path (37-38).


In the third section of his treatise Euclid explores two variables which Leonardo studied more systematically:  first two dimensional cases with a fixed eye and a moving object (39-40), then those with a fixed object and a moving eye (41-49) and finally cases with a fixed eye comparing different positions of a moving object (50-56).  In the last propositions he compares concave, convex and cubic objects (57-58).  The general structure of Euclid's Optics thus bears comparison with Leonardo's treatise on linear perspective in the Manuscript A which also begins with straight lines and surfaces, proceeds to circular forms and ends with a three-dimensional cube.  A detailed comparison of Euclid's treatise and Leonardo's optical writings reveals more striking parallels.

Definitions One-Three

Euclid's first definition concerns the rectilinear propagation of light.  As noted earlier (see above pp.     ) this is also the first premise of Leonardo's optical theory.  Euclid's second definition pertains to the cone of vision.  Leonardo, for reasons we have noted (see above pp.    ) calls it a pyramid.  Euclid's third definition, that only those objects are seen upon which visual rays fall, is implicit in Leonardo's physics of sight.

Definition Four

Euclid's fourth definition involves three parts: 

And that sizes seen under a greater angle appear larger, whereas those seen under a lesser angle appear smaller and that those which are seen under equal angles appear equal.

(figure)

Figs. 1179-1182: Visual angles and apparent size.  Fig. 1179, CA237ra; figs. 1180-1182, C27r.

(figure)

Figs. 1183-1186: Visual angles and apparent size.  Figs. 1183-1185, CA353vb; fig. 1186, CA157vb.

On a number of occasions Leonardo appears to accept this definition uncritically.  On CA237ra (c. 1500), for instance, he paraphrases the first two parts thereof:  "That object is said to be greater which comes to the eye with a greater angle and hence the lesser one /i.e. object/ will see the lesser angle."  He then illustrates the last part (fig. 1179) adding the caption:  "Hence a appears equal to b and hence a grain of millet near the eye occupies a city remote from this eye." The third part of the definition interests him more.  On CA353vb (fig. 1184 cf. figs. 1183, 1185-1186, 1485-1487) he notes that "the line cd appears the size of ab."  Implicit here is the claim that angles determine apparent size exclusively, an idea which recurs on C27r (fig. 1180, 1490):


Perspective

The two objects seen within the aforesaid visual pyramids which are not less or do not exceed these lines, even though there be a great interval between them, nonetheless, this distance can never be seen or recognized by this eye.

Immediately following is a comment about the actual sizes of such objects subtended by a same visual angle (fig. 1181, cf. fig. 1182):


Perspective

To the extent that the distance is greater among the aforesaid bodies included whithin the pyramidal visual lines, the more disform (in size) these need to be formed.

(figure)

(figure)

Figs. 1187-1193: Whether apparent size is determined strictly by visual angles.  Fig. 1187, CA23ra; fig. 1188, C27v; fig. 1189, CA208vb; fig. 1190, CA23va; fig. 1191, CA208vb; fig. 1192, C27v; fig. 1193, CA208vb.

On A8v (1492) he repeats the Euclidean claim that angles alone determine apparent size:


Perspective

The little object from nearby and the large /one/ from afar, being seen under an equal angle, appear of equal size.

On CA214vb (c. 1497-1500) and again on CA221vc (c. 1500) he writes:  "Equal objects, equally distant from the eye are judged to be of equal distance by this eye."  He restates this idea on Forst II 5r (c. 1505):  "Equal things, equally distant from the eye are judged to be of equal size by this eye." On CA208vb (c. 1513), he claims (fig. 1189 cf. figs. 1191-1193):

All the species of those visible objects that come to the eye with and angle of the same size will show themselves to be equal among themselves...even though they be of unequal sizes.

You see the proof that the space bd and the space hi, considerably smaller, come to the eye through the same angle.

He returns to this claim once more on E30r (1513-1514):

and by /proposition/ one of perspective:  equal objects placed at equal distances will show themselves as equal among one another.

Nothwithstanding this series of passages in which he appears simply to accept Euclid's claims, there are others which confirm him to be critical.  On C27v (1490), for instance, he points to the role of linear perspective in distinguishing between apparent angular size and measured size:


Perspective


Perspective adds where judgment is lacking int hings which diminish.

The eye can never be a true judge...in fixing with truth the extent to which a nearby quantity below is similar to another which is, with its summit, at the same height of the eye, except by means of the interposed plane the master and guide of perspective.

This introduces an experiment which we have analysed elsewhere (vol 1, Appendix II B 1).  Following this experiment he repeats the idea that angular size determines apparent size:


Perspective

Why all the objects which with their extremities touch the visual lines, even if they are of various sizes at various distances, nonetheless, they all appear of a same size.

In the context of the accompanying passage, however, it becomes clear that Leonardo no longer accepts at face value the equation of angles and apparent size:


Perspective

That eye which is at the same distance and quite close to this other eye, which sees the objects of various sizes at various distances, they do not appear to it to be judged by a same size.  Nonetheless they are neither less or greater than the straight lines of the visual pyramids.

By 1508 his rejection of the Euclidean equation is clearly stated on CA190vb (fig. 1197):

The flea and the man can come to the eye and enter into this under equal angles and through this the judgment is not deceived /into thinking/ that the man does not appear larger than this flea. The cause is demanded.

(figure)

Figs. 1194-1197: Demonstrations against the Euclidean equation of visual angles and apparent size.  Figs. 1194-1195, F95r; fig. 1196, F40r; fig. 1197, CA190vb.

One reason for this rejection is revealed by a passage on F40r-39v (fig. 1196, cf. figs. 1194-1195) where he used his concept of images being everywhere ("all in all") in the eye, to undermine the importance of angles subtended at the eye:


Concept

That eye will be less luminous which will be illuminated by a lesser light, even though each part of this place participates in such a light.

By this concept and by the proposition above which I needed to formulate first, we are certain that the illuminating object ng makes a greater impression in the cornea (luce) nmabin the site ab than it would being removed at the distance hl, because the impression of this hl comes to be on the cornea at co which is much less than the first impression ab and for this /reason/ the power of the brightness is diminished, but not the quantity, through the said concept, since the base and the space of the cornea (luce) is as much touched by the image co  as by the greater image ab whence the brightness of the rays around the image illumine everywhere within this cornea in the same way as the rays of the large image and no difference is noted by the sense except in degree of brightness, diminished in power but not in quantity.

On F29r (fig. 1198) he also mentions the role of eyelids in determining that objects subtending an equal angle, nonetheless, appear different sizes.  Such considerations explain why on F37r (fig. 1198), he should speak simply of angular size, without mentioning apparent size:

Among objects of equal distance the lesser sends a smaller angle to the eye and the larger a larger.


The angle abd is less than the angle bcd.

(figure)

Figs. 1198-1199: Discussions of visual angles on F37r and F29r.

(figure)

Fig. 1200: Discrepancies between angular and apparent size on CU488.

(figure)

Figs. 1201-1202: Double pyramids on A37r and CA131vb.

The problem continues to trouble him.  On CU521 (1508-1510) he notes that linear perspective on its own does not provide sufficient for the perception of distance:

Through linear perspective the eye, without moving, will never have cognition of the distance that there is between the object which interposes itself in front of it and another object without the perspective of colours.

Later, on CU488 (fig. 1200, TPL481, 1510-1515) he broaches a further problem of perception involving visual angles:


Precept

Why the painted object, even though it comes to the eye through the same size of angle as that which is more remote than it, it does not appear as remote as that of the natural remoteness.  Let us say that I paint on the interposed plane bc an object which has to appear a mile distant and then I place at its side one which has the true distance of a mile, which two things are arranged in such a way that the interposed plane ac intersects the pyramids with equal size, nonetheless, /seen/ with two eyes they iwll never appear of equal distance.

There is another difference to be noted.  Euclid considered only visual pyramids having their apex in the eye.  Medieval optical writers such as Alhazen (IV.3) and Pecham (I.5) had considered two sets of pyramids, one at the eye and the other at the object.  Leonardo also illustrates such pyramids in both directions on A37r and CA131vb (figs. 1202-1202), a theme which he discusses at length on G53v (1510-1515):

In distances perspective will adopt two contrary pyramids of which one has an angle at the eye and the base remote towards the horizon.  The second has the base at the eye and the angle /of its apex/ at the horizon.  But the first extends to the universal, embracing in it all the quantities of bodies placed opposite the eye as would be a large landscape seen by a narrow aperture because a greater number of things are seen by this aperture to the extend that these are more remote from the eye and thus the base at the horizon is generated and the angle /of the apex/ at the eye as was said above.

The second pyramid extends to a particular which shows itself as that much larger or smaller to the extend that one removes it from the eye and this second in persepctive originates from the first.

Definition Five

Euclid's fifth definition points out that objects seen under higher rays appear higher and conversely:  "that those which are seen under lower rays appear lower."  Leonardo paraphrases the second part of this definition on CU526 (TPL476a, 1510-1515):  "And if it be situated under the eye, the closest to the eye will appear lower."

Definitions Six and Seven

There appears to be no evidence that Leonardo either copied or restated the ideas in definitions six and seven of the Optics.

Theorem 1

There is also no evidence that Leonardo copied theorem one.

Theorems 2 and 3

Euclid's second theorem claims that nearer objects are seen more distinctly and his third theorem adds that at a distance objects are eventually no longer seen.  These ideas, as noted elsewhere (see above vol. 1, Part III.2) constitute the starting point of Leonardo's perspective of disappearance of form.

(figure)

Fig. 1203:Illustration of Euclid's fourth theorem on Forst.II 15v.

Theorem 4

In his fourth theorem Euclid states that:  "among equal lengths finding themselves along a straight line, those which are seen at a greater distance appear smaller."  Leonardo expresses a similar idea on CA353vb (fig.    , c. 1485-1487):  "Among objects of equal size that (which) will show itself of lesser size which is more remote from the eye."  This he paraphrases on H249r (January 1494):  "Objects hear the eye appear larger than the distant ones" and again on Forst II, 15v (c. 1495) under the heading (fig. 1203)


Perspective

Among things of equal size that which is more distant from the eye will show itself of a smaller form.

A similar idea is found in a note on BM Arundel 101r (1490-1495), probably not in Leonardo's hand:  "Among objects of equal size that which appears to the eye through a thinner pyramid...will be more distant from this eye."  On CA214vb (c. 1497-1500) he redrafts this idea:  "Among objects of equal size, that (which will) show itself as smaller."  This he crosses out and then produces further versions:

Among objects of equal colour and size, that iwll diminish its figure more, which is more remote from the eye which sees it.

All objects of equal colour and magnitude will show themselves of...equal size which are equally remote (from the eye) which sees it.

But if equal objects...have unequal distances...which include themselves between the eye...and themselves, that one iwll show itself as more diminished which is situated further from the eye.

(figure)

Figs. 1204-1505: Euclid's fifth theorem in the Optics and Leonardo's CA208vb.

He reformulates this idea on CA 1 terv (i.e. CA9v new):  "Among objects of equal size that which is more distant from the eye will show itself of lesser appearance.

Theorem 5

In his fifth theorem Euclid claims that: "equal sizes unequally distant appear unequal and that which is situated closer to the eye always appear larger" (fig. 1204 cf. fig. 1205).  Leonardo drafts a similar idea on CA214vb (1506-1508 or 1500):


Equal objects, which are remote...the eye by unequal distances, must appear of unequal size.

Equal objects, in being remote from the eye at various distances, must appear of unequal size.

These drafts he crosses out and produces a revised version:  "Equal objects will demonstrate themselves to be unequal when they are remote from the eye at various distances."  On CA221vc (c. 1500) there is a version which is again closer to the drafts:  "Equal objects in being remote from the eye at various distances, must appear of unequal size."  The second part of Euclid's fifth theorem is found on CA225re(c. 1500) in a passage headed:


Perspective

And among those objects of equal size that will show itself of a greater size...which is situated closer to the eye.

Another paraphrase occurs on I49/1/v (1497) but here the theorem is confronted by an experience from his studies on linear perspective:

The more that an object approaches the eye, the more that it shows itself through a greater angle and the similitude of the object does the opposite, because to the extent that it is measured closer to the eye, to that extent is it shown to be of a smaller size.

(figure)

Figs. 1206-1210: Euclid's theorem 6 and Leonardo's equivalents on CA120rd, TPl520, CU492 and CA120rd.

Theorem 6

Euclid's sixth theorem claims that "parallel lengths seen at a distance appear unequal."  Leonardo does not state this idea directly in the extant notes.  Nonetheless, Euclid's diagram (fig. 1206) bears comparison with a figure on CA120rd (fig. 1207) accompanying which Leonardo writes: “All the species of objects positioned opposite the eye concur through radiant rays to the surface of such an eye, which /rays/ are cut at the surface of such an eye under equal angles.” On TPL520 (1508-1510) he draws analogous diagram (fig. 1208cf. fig. 1209) now adding that:

Of things of equal size situated at various distances the more remote will be seen under a lesser angle.  bd is equal to ce.  But ce comes to the eye through an angle that is less than bd to the extent that it is more remote from the point p as the angle cae shows with respect to the angle bad.

Witelo, in his thirteenth century version of Euclid's theorem (IV. 21), had used it to make a further claim, namely, that "the parts of parallel lines as they are further from the eye appear almost to concur, yet they are never seen to converge" /to a point/.  Leonardo expresses the same idea on CA120rd (fig. 1210):  "The eye, between two parallel lines, will never see it at any distance so great that these lines converge to a point."  In a late precept on TPL476a (1510-1515), however, he claims the converse, namely, that "lateral parallels converge to a point."

Theorem 7

Leonardo does not appear to have studied this theorem.

Figs. 1211-1214: Concerning visual angles and distance.  Fig. 1211, A9v; fig. 1212, CA319rb; figs. 1213-1214, BM125v.

Theorem 8

Euclid's eighth theorem notes that "equal and parallel sizes, unequally distant from the eye are not seen in /direct or inverse/ proportion to their distances," his point being that angular size, to which he subjects apparent size does not vary in a simple direct or inverse proportion with changing distance.  Leonardo appears to be equivocal concerning the relationship between angular and apparent size.  He tends to follow Euclid's assumption that apparent size is determined by visual angles but, nonetheless, there are occasions, as on A9v (fig. 1211, cf. figs. 1212-1214, 1492) when he appears to deny the consequence which Euclid stressed and seems to assert that visual angles do vary inversely with distance:

Those bodies of equal size situated in various places are seen through various pyramids which will be that much narrower to the extent that they are further from their cause.

There is an explanation for these apparently contradictory claims.  In his studies of linear perspective Leonardo had demonstrated that projected size varies inversely with distance.  In this context he had spoken of the visual pyramid in a way reminiscent of Euclid's visual cone, but with an essential twist.  Leonardo thinks of the pyramid in terms of its various cross-sections or its projections, rather than in terms of its angles. Moreover, he tends to equate these projected sizes - which can be measured - with the apparent size of an object.


And as a result he can pay lip service to the traditional visual angles theory but in practice equate projected and apparent size and hence insists on a proportional relation, on A8v (1492) for instance, which Euclid would have denied:

(figure)

Figs. 1215-1218: Euclid's theorem 9 and Leonardo's equivalents. Fig. 1216, BM112r; figs. 1217-1218, G26v (CU956).


On the diminution of things through various distances.

The 2nd object which is as far from the first as the first is from the eye, will appear half as small as the first, even if they are of equal size in themselves.

The perspectival implications of this and similar passages have been considered elsewehre (see vol. 1 part I.3).

Proposition 9

Euclid's ninth proposition notes that "rectangular sizes, seen at a distance, appear rounded."  This deception of sight had interested Aristotle2 and remained a theme of discussion throughout the Mediaeval period.3 Leonardo is also interested in this problem.  On A9v (1492) he draws a figure to compare the rays coming from a square and round object respectively (fig. 1226).  On A92v (BN 2038 12v) he mentions that

a dark body seen from further back will appear to you as a minimal, dark, round body.  It appears round because the distance so much diminishes particular members that only the larger mass appears.

On BM Arundel 112r he introduces "a test whether the square body makes itself like the square aperture in the rays of the sun, which loses its angles" (see above pp.     ), which he then illustrates (fig. 1216, cf. figs. 1219-1222). As early as 1490, on C8r, he had noted a related phenomenon with respect to candles:


On light

The shape of a luminous body, even if it participates of the length /i.e. is long/, over a long distance will appear /in the shape/ of a round body.

(figure)

Figs. 1219-1222: Demonstrations on BM112r concerning square objects appearing round at a distance.

This is proved in the volume of a candle which, even though it be long, appears round over a long distance and this same can appear to the stars which, even though they are horn shaped like the moon, the long distance will make them appear round.

He offers an explanation for this candle phenomenon on BM115v (c. 1492):

That eye which looks at a lighted candle will appear to see around its light, even though it be long, a round brightness.

The reason is that, /when/ the surface of the eye receives the image of the light, this light brightens and illuminates that aperture of the eye filled with transparent humour.  The similitude of the light being in the middle of the surface of that aperture, the power of the imprensiva which sees this light, sees it surrounded by the rotundity of this illuminated aperture.  And if it sees other circles around this light, they will originate from the circular parts most distant fromthis aperture, which they retain from the transparent /humour/ which they incorporate from this light.

He mentions the phenomenon of the candle again on H91 /43/v (1494):  "That luminous body of a long shape will show itself of a rounder shape which is...more distant from the eye."  Some fourteen years later on F64r (1504) he pursues the theme in a passage entitled:


Why every luminous body of a long shape appears round over a long distance.

It is never a perfect circle but it happens as in the case of a die of lead which, when beaten, is severely flattened /and/ which makes itself into a circular shape, so too does this light over a long distance acquire so much size through all the changes that /although/ the acquisition be equal, the first sum of primary light remains as nothing with respect to this acquisition and hence the uniform acquisition makes it appear round.

(figure)

Figs. 1223-1227: On square objects becoming and appearing round. Fig. 1223, BM188r; fig. 1224, Forst.III 63v; fig. 1225, Forst.III 26v; fig. 1226, A9v; fig. 1227, Forst.II 54r.

Already in the 1490's he had also explores this transferal from a square to a round shape in terms of percussion.  On Forst III 26v (fig. 1225 cf. III 63v, II 54r, fig. 1224), for instance, he notes:

That which is said to be /the/ centre is an indivisible part and one should sooner imagine it to be round than any other form.  Hence the first part which surrounds the circle is divisible however it may be.  Being struck in a square it enlarges to a circle.

On BM188r (fig. 1223, c. 1510) this percussion problem is pursued in a draft:

The cube of extendible material, which will be spread by percussion.  If this percussion is uniform it will remove its extremities and from a square it will make itself round.

The perceptual problem continues to trouble him, hwoever.  Hence on CA243ra (c. 1513) he asks:

Why over a long distance a long bright object makes itself round with respect to us and /yet/ the horns of the moon do not observe this rule and although the light nearby observes the demonstration of this point?

Here the questions are not answered, but on G26v (CU956, figs. 1217-1217, 1510-1515) he returns to the general problem in connection with trees:

Of trees, the boundaries of which show plants remote from the air which makes their background.

The boundaries which the branches of trees have with the illuminated air, to the extent that they are more remote, the more they make themselves into a shape tending to the spherical and to the extent that they are closer, they demonstrate themselves to be remote from such sphericity, as a tree at a at first, through being close to the eye shows the true shape of its branches, which diminishes as at b and is entirely lost /at/ c, where not even the branches of this plant are seen, but the whole plant is recognised with effort.

This specific example leads him to a more general conclusion:

Every dark body, which is of any shape one wishes, appears spherical over a long distance and this occurs because, if it is a square object the angles are lost after a very short distance and soon after it loses more of its lesser sides which remain and thus, before the whole is lost, the parts are lost, through being less that the whole, as a man in such a situation loses first the legs, arms and the head before the bust, then he loses the extremities of length before those of width and when this occurs, if these were equal only the angles /would/ remain, but they do nto remain and the/object/ is round.

Accompanying this he draws a diagram (fig. 1217) reminiscent of Euclid's (fig. 1215). On G53v (1510-1515) Leonardo returns once more to this example of a man:

Of every shape placed in the far distance, the definition (notitia) of the smallest parts is lost first and in the end the maximal parts are reserved, deprived of the definition of the extremities...there remaining an oval or spherical figure of confused bodies.

Whereas Euclid had reduced the phenomenon to a simple geometrical obstraction, Leonardo uses concrete examples and seeks to identify stages in the transformation from the original shape to its rounded appearance.

Theorem 10

In his tenth theorem Euclid makes a quantitative claim that "the more distant parts of planes situated below the eye appear more elevated."  Leonardo explores this phenomenon more systematically on CA36vb (c. 1480), TPL936a (1510-1515), CA351va (1500-1505) and elsewhere (see vol. 1, part I.2, 3).

Theorem 11

Euclid's eleventh theorem deals with the converse, namely, that "the more distant parts of planes situated above the eye appear lower" (fig. 1228 cf. fig. 1229).  On K121/41/r (post 1505) Leonardo considers this phenomenon in terms of a flying bird (fig. 1233):

And if a bird flies along the line of equality, separating it from the eye (and) it will demonstrate itself in its degrees of motion to acquire degrees of lowness.

On the verso of K121 /41/v he also considers the reverse situation, not mentioned by Euclid:

(figure)

Figs. 1228-1231: Euclid's Optics theorem 11, Theon's Optics theorem 11 and Leonardo's equivalents on K123/43/r.

(figure)

Figs. 1232-1234: Variants on Euclid's theorem 11 on K121/41/v, K121/41/r and 121/41/v.

When a bird flies along the line (equidistant to the sphere of) of equality (and) it appears that, the more it comes closer to the eye, the more it rises.

This he illustrates (fig. 1234) and explains (fig. 1232):

Let gh be the line of equality; let the bird be g which moves from c to s and let the eye be n.  I say that the image of a bird, which rises in height in the pupil with every degree of motion, that it appears to the eye that such a bird rises.

Having explored how movement along a horizontal plane is seen on a vertical plane, he considers how movement along a vertical plane is seen on a horizontal one on K123/43/r (fig. 1231):

To the extent that a thing which descends from a higher site, to that extent will it appear at the beginning of its motion that it has to descend closer to the eye which sees it, which the object which descends from a low place does not do.

That which is stated arises from the background of the mobile /object/, which background is the sky on which this mobile /object/ borders, which background, to the extent that the mobile /object/ is lower, the more the eye sees it in a more distant background as when the eye p sees the mobile object, it appears to the eye p to have that much more zenith, being in e than in h, such that falling from d it appears that it must fall closer than /when/ falling from a.

Theorem 12

In his twelfth teorem Euclid notes (fig. 1235) that:  "Among sizes having their length in front, those which are to the right appear to pass to the left and those that are to the left /appear/ to pass to the right."  Leonardo broaches this problem on K120 /40/v (after 1505):

(figure)

Figs. 1235-1236: Euclid's Optics theorem 12 and Leonardo's equivalent on K120/40/v.

If the eye is in the middle of the course of 2 canals which run to their end along parallel courses,...it will appear that these run towards one another.

He adds a diagram (fig. 1236) and a concrete example:

That which is said occurs because the image of the horses which are impressed upon the eye move towards the centre of the surface of the eye.

Theorem 13

In Theorem thirteen of the Optics Euclid states:  "Among equal sizes positioned below the same eye those which are more distant appear more elevated."  Leonardo states this idea on A11r (1492) under the heading:


Perspective

No second object can be that much lower than the first, that to the eye standing above it, the second does not appear higher.

He restates this on CA225re (c. 1500?) again under the heading of:


Perspective

Among things of equal lowness which are positioned below the eye, that will show itself as higher which is positioned more distantly.

On TPL476a (1510-1515) he makes the point anew:  "And if they /i.e. the objects.../ are situated below the eye, the nearest to this eye will appear lowest."

(figure)

Figs. 1237-1239: Euclid's Optics theorem 14 and Leonardo's equivalents on CU494 and CU482.

Theorem 14

In theorem 14 Euclid consides the converse cae (fig. 1237):  "Among equal sizes placed above the eye, those which are more distant appear lower."  This Leonardo also considers on A11r (1492) under the heading of:


Perspective

And that second object will never be that much higher than the first that, /to/ the eye standing below, the second does not appear below the first.

On CA225re (c. 1500) he restates this:


Perspective

/With/ such objects of equal height, which are situated above the eye, the one that is more distant will show itself to be lower.

On CU526 (TPL476a, 1510-1515) the idea recurs:  "Among objects of equal height which are situated above the eye, that which is remote from the eye will appear lower."  On CU494 (fig. 1238, TPL480, 1510-1515) he gives a concrete example:


Among things of equal height that which is more distant than the eye will appear lower.

You see that the first cloud, even though it is lower than the second, appears higher than it, as the intersection on the interposed plane shows you of the pyramid of the low, first cloud at na, and the higher second cloud at nm, below an.  This occurs to the extent that you appear to see a dark cloud higher than a light cloud through the rays of the sun in the East or in the West.

Euclid's theorem's 13 and 14 are also reflected in a passage on A10v (1492):

All those plane the extremities of which are joined by perpendicular lines causing right angles, it is necessary that if they are of equal size, the more that they rise to the eye the less that they are seen and the lower that they are the more one sees their true size.

Theorems 15-17

There is no evidence that Leonardo dealt with these theorems in the extant notebooks.

Theorem 18

This theorem deals with the measurement of an unknown height.  Leonardo deals with this problem in a similar fashion on A6r (1492) and on Forst I 48v (1505).

Theorem 19

Here Euclid solves the same problem using a mirror.  Leonardo also uses a mirror in solving this problem on BM Arundel 44v (1505-1508).

Theorem 20

In this theorem Euclid measures depth.  Leonardo does not deal with this question.

Theorem 21

This theorem deals with measuring the length of objects at a distance. Leonardo also treats this question on Ca148vb (1487-1490), A96r (BN 2038 16r) (1492) and on CA122vb (post 1515).

Theorem 22

In theorem 22 Euclid states that "if one positions the arc of a circle in the same place where the eye is, the arc of the circle appears to be a straight line."  Leonardo drafts this problem on BM Arundel 101*v (1490-1495):  "that curved line will appear to be straight of which the extremities, along with its centre are found along a perpendicular line." On this same folio he also makes drafts concerning a related phenomenon:

Each of the extremities of these 2 separate bodies, one behind the other, are surrounded by a single common line.

if two...bodies /are/ one behind the other separately their boundaries will be surrounded by a single and common line.


the interval that is between...

Those bodies, the extremities of which are the boundaries born of a single line appear attached together and no interval or any distance between them will ever be recognized.

These drafts he crosses out and turns to a related problem:

That angle of which its lines are seen by a perpendicular line appears entirely a single straight and continuous...

This idea he pursues on BM100r:

The angle will not be judged to be other than a straight line which occupies a straight line at the eye.

That angle will not be judged to be anything other than a straight line which occupies a strictly straight line at the eye.

On the same folio he also writes another paraphrase of Euclid's theorem 22:  "That curved line will appear to the eye to be straight of which all the parts occupy all the parts of a straight line."

(figure)

Fig. 1240: CA251ra.

Proposition 23

In this theorem Euclid claims that

the sphere seen in whatever manner it is, under a single eye, always appears smaller than the hemisphere and the part seen by the sphere appears to be the circumference of a circle.

Leonardo makes a similar claimon CA251ra (fig. 1240, c. 1490):

From a single point a ball can never be seen except half or less depending on whether one is less close. The prove of the above:  to the extent that the point c sees of the mirror, that amount of the mirror sees it and this occurs at point f.  Hence point c, /and/ the pyramidal lines parting from it, make their terminus and base at the point/s/ a /and/ b...can neither see nor be seen by the greater quantity of the spherical body and this said pyramid makes its centre at the centre of the mirror and thus the point f is made, making its base at the points /d/ and /e/.

Fond as he is of the analogy between eye and light source (see above pp.     ) he considers an equivalent situation involving light on CA250va (c. 1490):

At any distance it is impossible that a luminous body can illuminate half an opaque sphere which is shown because the angles adb and bcf cannot be equal on the central line bn.

On CA216ra (c. 1493) he implicitly makes this claim once more in terms of vision:  "To the extent that a spherical body is of greater size, it will show a smaller quantity of itself to the eye, the eye being without movement."

(figure)

Figs. 1241-1248: Variations on Euclid's Optics 24.  Figs. 1241-1245, CA216rab; figs. 1246-1247, CA251ra; fig. 1248, CA250va.

Theorem 24

In theorem twenty-four Euclid notes that:  "if the eye approaches a sphere, the part seen will be smaller but will appear to be seen as larger."  Leonardo makes a similar claim with respect to light on CA250va (c. 1490):

To the extent that the luminous body is closer to the umbrous body the less it will illuminate if this luminous body is less than the umbrous body.

On Ca251ra (c. 1490) he states it differently:  "The more distant is the light, the more it sees of the sphere and the less shade there is on the wall mo."  He makes a parallel claim with respect to the eye on CA233rd (1490):  "The more the spherical body removes itself from the eye, the more it sees."  This phrase he repeats under the heading of "perspective" on A10v (1505-1508) where he refers to the "growth of the spherical body and its diminution at various distances."  On 216ra (c. 1493) he expresses this basic idea somewhat differently (fig.   ):  "That spherical body which is of greater size than the eye, the more that it approaches this eye, the less that it will show of itself.  On CA174vb (1517-1518) he puts it differently again:  "Less quantity is seen of that spherical body which is closer to the eye that sees it."

Theorem 25

In this theorem Euclid claims (fig.    ) that in the case of:  "A sphere being seen by two eyes, if the diameter of this sphere is equal to the straight line along which the two eyes are separate from one another, its hemisphere will be seen entirely."  Leonardo ?***

(figure)

Figs. 1249-1251: Variations on Euclid's theorem 24 on A10v, CA112va and BM199v.

Theorem 24 **(check because mentioned above)

In theorem twenty-four Euclid notes that:  "if the eye approaches a sphere, the part seen will be smaller but will appear to be seen as larger."  Leonardo makes a similar claim on CA233rd (1490):  "The more the spherical body removes itself from the eye, the more it sees."  This phrase he repeats under the heading of "perspective" on A10v (fig. 1249, 1492).  On CA216ra (fig. 1243, cf. 1241-1242, 1244-1245, c. 1493) he reformulates the idea:  "That spherical body which is of greater size than the eye, the more that it approaches this eye, the less it will show itself."  The problem is broached again on BM139r (1505-1508) where he refers to "the growth of the spherical body and its diminution at various distances."  On BM199v (fig. 1251, 1508-1510) the idea is restated anew:  "the more the greater body removes itself from the lesser, the less one sees it."  On CA174vb (1517-1518) he puts it differently still:  "Less quantity is seen of that spherical body which is closer to the eye that sees it." Parallel with this area a series of claims with respect to light as on CA250va (c. 1490):

To the extent that the luminous body is closer to the umbrous body the less it will illuminate if this luminous body is less than the umbrous body.

(figure)

Figs. 1252-1257: Parallels between light and sight with respect to Euclid's theorem 24.  Figs. 1252-1253, CA144vb; fig. 1254, C17r;  figs. 1255-1256, CA80va; fig. 1257,CA251ra.

On CA251ra (c. 1490) he considers a case (fig. 1247):  "The more distant is the light, the more it sees of the sphere and the less shade there is on the wall mo."  Nearby, he mentions a second case (fig. 1246):  "To the extent that the luminous point sees less of a spherical body, to that extent does it produce more shadow on the wall bc."  A third case follows (fig. 1257, cf. figs. 1252-1256):

And likewise conversely, to the extent that the light is larger than the object opposite, the more it will see and the less will be the shadow on the wall pq.

These parallels between light and sight are again implicit on a later note on CA112va (fig.     , 1505-1508):

It is impossible that the eye sees more of a spherical body which is larger than it, than the sun sees and illuminates.

Theorem 25

In this theorem Euclid claims that in the case of:  "A sphere being seen by two eyes, if the diameter of this sphere is equal to the straight line along which the two eyes are separate from one another, its hemisphere will be seen entirely."  Leonardo illustrates this case on CA216ra (fig.     , c. 1493) adding the note:  "That spherical body which is seen by a single eye will appear of lesser size at an equal distance than if it were seen by two eyes."  On K124/44/v he considers the equivalent phenomenon with respect to monocular vision (fig.    ):

If the spherical body is equal to the pupil that sees it, even if it were at an infinite variety of distances, given that it could go forth and that the eye can discern it, it will never be seen either more or less than half.

And this occurs because its diameter...with its ectremities always terminate between equal angles between visual lines which are parallel.

Theorem 26

Here Euclid observes that "if the distance between the eyes is greater than the diameter of the sphere, one will see more than the hemisphere of the sphere."  Leonardo puts this differently on CA175ra (c. 1493-1494):  "No opaque body of a spherical shape which is seen by 2 eyes will appear to these /eyes to be/ of perfect rotundity" (see below pp.    ).  On D4r (fig. 1260, 1508) he adds:

If the /two/ eyes together see a spherical object of a diameter less than the space interposed between the pupils of the eyes they will see this spherical body beyond the diameter and the more so as this /object/ is closer to these eyes and consequently such a spherical object appears less than it is to the central lines of visual power of the eyes.

(figure)

Figs. 1258-1260: Variants on Euclid's theorem 26.  Figs. 1258-1259, CA129vd; fig. 1260, D4r.

He makes a similar point with respect to monocular vision on CA120vd (figs. 1258-1259, c. 1504 or later c. 1506-1507):

The eye seeing a spherical body less than its pupil will see it more and beyond the diameter that is in this diameter.


The eye seeing an object less than it sees it as larger than it is.

He pursues this idea on K125/45/r (fig.    , post 1504):

No spherical body less than the pupil will ever be seen by a single pupil of which more than half is not seen, it being at any distance you wish.  And so much more than half /will it be seen/ to the extent /that/ it is closer and so much less to the extent /that/ it is more remote from the eye.

Leonardo is also interested in other perceptual problems relating to such objects (see below pp.   ).

Theorem 27

In theorem twenty-seven Euclid states that:  "if the separation between the eyes is less than the diameter of the sphere, one will see less than the hemisphere."  Leonardo considers an equivalent phenomenon with respect to monocular vision on K124/44/v) (fig.   ):

But if the pupil is less than the spherical object positioned in front of it, this /eye/ will never, at any distance, be able to see half and it will see less the closer it is and more, the further it is.

Theorems 28-33

The next six theorems in Euclid's treatise deal with the appearance of cylinders and cones from different distances.  Leonardo does not discuss these in his extant notes.

Theorems 34-39
These theorems deal with changing appearances of circular objects or circular paths of the eye as it moves around objects.  These problems are again not discussed by Leonardo.

Theorem 40

Here Euclid describes a situation in which objects moving relative to a fixed eye sometimes appear larger, soemtimes smaller.  Leonardo broaches this problem on H133/10r/(v) (1494):  "the objects seen by a same eye appear at one time to be large at another time to be small."

Theorems 41-44

In these theorems Euclid gives further examples of changing appearances as the eye moves relative to given objects.  These are not discussed by Leoanrdo int he extant notes.

Theorem 45

Here Euclid notes that there exists:  "a common place from which unequal sizes appear equal."  Leonardo expresses a similar idea on CA221vc (c. 1500):  "unequal objects, on account of various distances from the eye, appear equal."

Theorems 46-50

Theorems 46-49 pursue the theme of changing appearances depending on specific viewpoints.  Theorem 50 deals with comparative motion of objects.  Leonardo does not discuss these int he extant notes.

Theorem 51

In this theorem Euclid continues with the theme of relative motions (fig. 1261):

(figure)

Figs. 1261-1263: Euclid's Optics theorem 51 and Leonardo's equivalents on BM227r and 120/110/r.

several sizes being carried at unequal speeds, if the eye is also carried along ont he same side with them, those which are carried at the same speed as the eye seem to stop; those which are slower appear to be carried in the contrary direction and those which are more rapid appear to be carried ahead.

Leonardo offers a concrete example of this phenomenon on H89/41/r (c. 1494):


Motion

That part of the clouds which is nearer to the eye will appear to be faster than that which is higher and for this /reason/ the one will often appear in contrary motion to the other.

On BM227r (fig. 1262, 1505-1508) he returns to this theme:

When two objects move in a same direction, of which the one is more than the other, the less swift will appear to move in contrary movement, relative to the movement of the more swift, it being without other comparison of an immobile object.  And this is seen in clouds which move like the sun, or the moon towards the west or like a boat on the high sea with a horison of air and water.

A related idea is expressed on CA207ra (1508-1510):

If the air moves and the sky stands firm the summit of the air will leave the ray of the comet turned towards the east and if the air stands firm and the sky moves the ray of the comet /turns/ to the west.

(figure)

Figs. 1264-1266: Euclid's Optics theorem 52 and Leonardo's equivalents on K122/42/r and K122/42/v.

Theorem 52
Here Euclid notes (fig. 1264) that:

if one size which is not carried along shows itself among sizes that are carried along, the size that is not carried along appears to be carried in the opposite direction.

Leonardo considers a related situation on K122/42/r (post 1505, fig. 1265):

If an object which moves its position stays firm with its sight on a star, all objects seen along lines not central appear to it to be swift and to flee in a direction contyrary to that of the eye.

Let us say that an eye b stands firm with its sight on a star d, and bodily moves from b to a and it appears to the eye that its non-central lines, having exchanged the species of the object so often, (and) it appears to them that it is moved in a contrary movement to that of the eye from n to c.

On K122/42/v he restates this idea more clearly (fig. 1266):

When the eye moves...its position standing firm..., to a nearby object, it appears to it that remote objects are most swift and that the first is without motion and that the star moves along the line of eye.

Let us say that the eye a stands firm with its visual power on the object c and that it moves itself bodily from a to b, staying firm with its sight on Uc, that the star d, seen by the non-central lines of the eye will appear most swift to it during the time that the eye goes from a to b and the star appears to have moved the whole part of the sky from d/to/e.

(figure)

Figs. 1267-1268: Euclid theorem 54(1) and Leonardo's variant on BM134v.

Figs. 1269-1271: Euclid's theorem 54(2) and Leonardo's variants on CU810 and H28v.

Theorem 53

Here Euclid notes that "if a size seen approaches the eye this seen size appears to increase."  Leonardo does not discuss this phenomenon as such although it is implicit in his perspectival writings (see vol. 1, p.    ).

Theorem 54

Continuing with the theme of relative movement Euclid notes that "among sizes carried at equal speed, those which are more distant appear to be carried more slowly."  This claim recurs in Ptolemy4 and Witelo.5 Leonardo is particularly interested in this phenomenon and discusses it on A9r (1492) under the heading:


Perspective of motion

If two objects of equal movement are at various distances from you, they appear of various movements and to the extent that the first enters into the second, to that extent iwll the second object appear slower than the first.

He restates this claim on CA225re (c. 1500) under the heading of:  "Motion.  Among motions of equal speed that will show itself as slower which is more distant fromt he eye."  On TPL231a (1505-1510) he offers a concrete example:

and the snow from nearby appears swift and from afar /it appears/ slow.  And the near snow appears of a continuous quantity in the fashion of white cords and the remote /snow/ appears dis-continuous.

(figure)

Figs. 1272-1274: Euclid's Optics theorem 54)3) and Leonardo's variants on K124/44/r and K123/43/v.

He pursues this theme on K124/44/r-123/43/v (post 1504) beginning, as usual, with a heading and general proposition:

Among objects of equal motion, that appears swifter which is (remoter) closer and that which is remoter is that much slower /in appearance/.

Since everything which moves is seen in its background where it terminates and /since/ the remote object is equal motion /with respect/ to the nearer will occupy less background than this close one in the same time /period/, for this reason/ the near object/ occupying a greater space of the background appears that much swifter to the extent that the background which it encompasses is greater.

This he illustrates (fig. 1273) and explains:

Let a be the eye and let e be the first mobile /object/ and let b be the second.  d /he means b/ moves to c in the same time that e moves to f.  Dc/i.e. bc/ appears slow because it occupies only the space dc/i.e. bc/ and ef appears to have been made extremely swift in occupying the entire space from d/to/g, which space from d to g has such a proportion with the space dc, as that which is close to the eye is more so than d.

Above this passage on K123/43/v are further notes relating to appare relative motion:

If the proportion of the motion of 2 mobiles will be the same as their distance from the eye taken in the same direction the movements of these mobile /objects/ will always appear equal even if they were of near infinite variety.

Beneath this he draws a diagram (fig. 1274) and adds a rather cryptic note:

When the pyramid has the semi-diameter of its base /equal to/ 3/4 of its hypotenuse then no object will stop on this hypotenuse and even if this hypotenuse is longer it iwll sustain everything.

On BM134v (1505-1508) he makes a preliminary effort to express this perspective of movement in quantitative terms:

Among objects of equal movement that iwll appear of slower movement which will be remoter from the eye.


Hence that will appear swifter which is closer to the eye.

This he again illustrates with a specific example (fig. 1268) and explanation:

You see the motion /from/ b /to/ c which is made at the same time as the motion from d /to/ e as far as the eye /is concerned/.  The motion nm, which is near the eye, is also made in a time equal to the motion from d /to/ e.  Hence because it is close to this eye and 4/5 of the motion /from/ d /to/ e, it will appear 4/5 more swift than this motion from d /to/ e.

He pursues this theme on CU810 (TPl791b) under the heading (fig. 1270):


Prospettiva commune

Among things of equal motion, that will appear slower which is more distant from the eye.  Let it be that in equal times there are made equal lengths of motions at various distances, which are, from a to f and from g to k and likewise from l to m.  I state that such is the proportion of swiftness to swiftness and from length of motion to length of motion, as there is from distance to distance of the thing seen which moves, to the eye which sees it.

He again illustrates this general claim with a specific example (fig. 1270):

And hence let lm be in triple proportion of distance from the eye o with /respect to/ the distance af from this /eye at/ o.  I say that the motion lm appears in swiftness and in length to be one third of the motion from a to f made in the same time and motion.  This is proved because at the distance af, from the eye o, it is demonstrated that lm is only moved through the space cd when a is moved to f and hence it is found that the space cd enters 3 times into the space af.  Therefore this space afa is triple the space cd and because the one motion and the other are made during the same time, the motion af appears three times more swift than the motion cd, which is that which was to be proved.

In this example it is striking how Leonardo applies the interposed plane principle of linear perspective to perceptual problems of perspective of movement. A note on H28v (1494) may be related to this perceptual problem (fig. 1271):  "The eye cannot judge where the object that is high should descend."

Theorems 55-58

In his extant note Leonardo does not consider the final four theorems of Euclid's treatise.

3. Effects of Sound and Contrast

Other aspects of Leonardo's interests in visual deceptions do not come out of the Euclidean tradition.  Euclid was concerned with rules for the vision of single objects, and at most three objects, and always out of context.  Leonardo, by contrast, wishes to determine effects of context and background on perception.

(chart)

Chart 26. Parallels between Euclid's Optics and Leonardo's Notebooks.

There were, of course, some classical precedents.  Pseudo-Aristotle in De coloribus 6 mentioned the problem, as did Ptolemy in his Optics7 and Galen in De usu partium8  broached it mroe explicitly:

Each object seen appears not alone or isolated but always accompanied by something else, because the visual rays surrounding it fall sometimes on objects beyond the body at which one is looking and sometimes on objects near it.

Mediaeval authors such as Alhazen9 also alluded to the role played by background.  Leonardo goes considerably further.  He is aware that background affects the size, brightness, shadow, colour and relief of an object.  Each of these will be considered in turn.

3.1 Size

By 1490 Leonardo is aware that a dark object seen against a light background appears smaller than it is.  On C8v, for instance, he mentions that:

Among bodies of equal size and length and of equal shape and darkness, that will appear smaller which is surrounded by a more luminous background.

He elaborates on this idea on C24r (1490):

Among bodies of equal quality, which are equally distant from the eye, that will appear of a smaller shape which is surrounded by a more luminous background.

Every conspicuous body is surrounded by light and shade.  That body of equal rotundity which is surrounded by light and shade appears to have one part that much larger than the other, to the extent that one is illuminated more than the other.

In a note on CA230vb (1485-1487) he expresses this idea in more radical terms:  "An object positioned between the eye and a bright object diminishes its size by half." He is equally interested in the converse phenomenon, namely, that bright objects appear larger against a dark background.  Hence, on C12r (1490-1491), he notes:

Among things of equal size and brightness of background and length, that object which is of a brighter surface will appear of a larger shape.  /A piece of/ iron of equal size, half /of which is/ glowing is the proof, because that which is glowing appears larger than the rest.

He reformulates this idea on CA126vb (1490-1492): “Among luminous bodies of equal size, distance and brightness that one will show itself of greater size which is surrounded by a darker background.” On CA126rb (1490-1492) he considers both luminous bodies against both a light and a dark background:

That luminous body will show itself of lesser size which is surrounded by a more luminous background and that luminous body will show itself as larger which confines with a darker background as is shown at night in the heights of buildings when there is a flash behind them such that it immediately appears that the flashing diminishes the building in its height.  And from this arises that these buildings appear larger when there is fog or at night than in purified and illuminated air.

On A1r (fig. 1276, 1492) he describes another example of a dark object decreasing against a light background.

(figure)

Figs. 1275-1277: Detail from Botticelli's Adoration (London, National Gallery) showing a man in a gateway; an equivalent figure on A1r and a geometrical version on BM97r.

If the window ab sends the sun into a house..., this sun will increase the size of the window and will decrease the shadow of the man in such a way that when the said man brings his decreased shadow close/r/ to that which the true size of the window bears, he will see above him the contact of the shadows lost and confused by the power of the light, close up and not let the solar rays pass, and the shadow made by the man on this contact /has/ the effect precisely as is drawn above.10

Botticelli had depicted (fig. 1275) a similar situation in his Adoration of the Kings (London, National Gallery, c. 1475) but without the joining of the shadows. Leonardo returns to this problem on F31r (1508) (fig. 1278):

The luminous aperture seen by a dark place, even if it is of uniform size will nonetheless appear to contract strongly near some object interposed between the eye and such an aperture.

That which is stated is proved by the 7th of this which demonstrates that the boundaries of any object interposed between the eye will never be seen clearly but...confusedly through the air which darkens near these boundaries, /and/ which darkness, the closer it comes to these boundaries, the more powerful it is.

On BM97r (c. 1508) he illustrates an opposite, how bright objects tend to merge when the dark background is limited. The phenomenon of a white object appearing larger against a dark background interests him considerably.  On A79, for instance, he notes:

(figure)

Fig. 1278: Demonstration on F31r concerning contrast effects.

That thing which is seen in dark and turbulent air, being white, appears a larger shape than it is.  This happens because a bright object increases against a dark background.

On CU186 (TPL258a, c. 1492) he expresses a similar idea:

That thing which is seen in dark and turbulent air, being white, appears larger in size than it is. This happens because, as I have said above, the bright object increases in a dark background, for the reasons assigned before.

He drafts two further passages concerning this problem on I18r (1498):


Any dark object seen against a bright background will show itself as smaller than it is.

Any bright object (which will be seen against a background of) will show itself to be of a larger size which is seen against a background of a darker colour.

On I17v, opposite, he reformulates these ideas in more general terms:

That object of uniform size and colour which will be seen against a background of disuniform colour will show itself of disuniform size.

And /if/ an object of uniform size and of various colours be seen against a background of uniform colour, this object will show itself of various sizes.

And to the extent that the colours of the background or of the object against the background will be of a greater variety of colours, the sizes will appear more varied even though the objects seen against the background are of the same size.

He discusses these phenomena at length on Mad II 23v (1503-1504), beginning with a general statement:

Bright objects against a dark background show themselves larger than they are and dark objects against a bright background diminish in size.

To illustrate the first of these claims he returns to his example of a glowing piece of iron:

The first part /of that which is/ proposed appears clearly in a rod of iron of uniform thickness, of which one part of its length is glowing.  Then it will be shown that its former equality /in thickness/ will have become very disform, because where it is glowing it appears considerably thicker than where the iron remains dark.

He now uses the same example to illustrate the converse:

The second part of that which was said above is shown by the aforementioned glowing iron when there is placed between it and the eye the /part/ of the iron /rod/ that is not glowing with a line intersecting to the glowing /part/.  Then the /part of the/ iron /rod/ which is not glowing will show itself of that much lesser size with respect to the glowing iron, than in any part of its length, even if it be of equal thickness.

In brackets he adds an explanation for this phenomenon:

And this occurs because the spirits /which are/ spread through the visual power, being overcome by the superfluous light, cause all the pores to contract throughout the entire cornea (luce ), or the parts in every part of this cornea.  Hence wehre such a contraction is generated there the things are seen with less power and size than otherwise.

(figure)

Figs. 1279-1280: Preliminary experiments concerning contrast effects on Mad. II 23v

As a further illustration of how dark objects against a bright background appear smaller, he describes an experiment:

The dark object seen against a luminous background will appear much less than if it were seen against a background darker than it.

Let the experience be made by placing a rule or rod of iron of equal width on a /piece of/ white paper, illuminated by the sun, in such a way that half of the rod stands against this illuminated /piece of/ paper and half beyond this paper, on the pavement where the sun does not percuss. Then one will see such a rod /as being/ of various thicknesses, namely, that that part which is in front of the illuminated paper is thin and that which is above the shadow will be thick.

To the right of this passage he draws a labelled diagram (fig. 1281), two drafts of other diagrams (figs. 1279-1280), and a brief caption:

A /and/ b are the eyes; h is the sun which shines on the pavement of a home on the paper nm and en is the dark pavement, that is, without paper or sun; cd is the rod, pd is the part in the sun and n is the part in shadow.

On Mad II 27v (1503-1505) he bewgins to redraw the diagram (fig. 1282), abandons the attempt and draws a more polished version on II 28v (fig. 1283) now using different letters.  In the left-hand margins he begins an explanation:

The dark object, seen against a luminous background will show itself of lesser size than if it were in front of a background less obscure than it.

(figure)

Figs. 1281-1283: Experiments concerning background and apparent size on Mad.Ii 23v, 27v and 28v.

(figure)

Figs. 1284-1286: Effects of background on apparent size on F22r.

Beneath the diagram he begins another phrase:  "the eye which does not see the object too"..., then stops and leaves the rest of the folio blank. Some four years pass before he takes up the theme anew.  On CA124ra (c. 1508), for instance, he drafts two propositions:

That part of the (opaque) dark object of uniform thickness and colour will show itself as thinner which will be seen against a more luminous background.

And the part of the luminous body of uniform thickness and brightness will appear thicker and will be seen against a darker background.

These passages he crosses out and writes afresh on F22r (1508) beginning with the first proposition:  "That part of a dark object of uniform thickness will show itself as thinner which is seen against a more luminous background."  Beneath this he draws a labelled diagram (fig. 1284) which he then explains:

E is the given body, dark of itself, and of uniform thickness; ab and cd are dark backgrounds, the one more so than the other, bc is a luminous background as if it were a place percussed by the sun through an aperture in a camera obscura.

I say that the object...eg appears thicker in ef than in gh, because ef has a darker background than this gh...and the part fg also appears thinner in being seen by the eye o in the background bc which is clear.

He now reformulates the second of the propositions drafted on CA124ra drafted on CA124ra (c. 1508): “The part of the luminous body of uniform thickness and splendour appears to be thicker which is seen against a darker background and if this luminous body is glowing.” Below this he draws two diagrams (figs. 1285-1286) which he does not explain.  Once more he has stopped short.  But on F37r, he returns to the theme of the glowing rod under the heading:

That luminous body will show itself of a smaller size at an equal distance which will lose more brightness.

The rod of iron glowing along one part of its length will show this, (it) being in a dark place, which /rod/, even if it be of a uniform thickness will show itself /to be/ considerably thicker in the glowing part and the more so to the extent that it is hotter.  The reason why follows.

This time he stops short for want of space.  But on CU540 (TPL457, 1510-1515) he pursues this theme under the heading:


Why parallel towers appear narrower at ther base than at their summit in fog.

In fog parallel towers in the long distance show themselves thinner at their base than at their summit because the fog which acts as a background is denser and whiter below than above.  Whence by the 3rd of this, which states:  'the dark object placed in a white background diminishes its size to the eye' and the converse which states 'the white object placed in a dark background shows itself larger than in a bright background,' the base of the dark tower, having as its background the whiteness of the low and dense...fog, it follows that this fog increases in evidence around the lower boundaries of such a tower and diminishes them in distance, which such a fog cannot do in the upper boundaries of the tower, where the fog is thinner.

He pursues the problem on CU457 (TPL445, 1510-1515), opening once again with a general statement:

Among objects of equal obscurity, size, shape and distance from the eye that one will show itself as less which is seen against a backgrouind of greater brightness and whiteness.

To illustrate this he gives three examples beginning with a case from botany:

This the sun seen behind plants without leaves teaches, that all its ramifications, which are found facing the solar body are so much diminished that they remain invisible; a rod interposed between the eye and a solar body does the same.

His second example is the, by now familiar, tower:

Whether parallel objects placed in front of one, when seen through fog, have to show themselves thicker at their summit than at the base.  This is proved by the 9th, which states:  the fog or thick air penetrated by solar rays will show itself that much whiter as it is lower.

His third example involves a woman in black with a white hat:

Objects seen from afar are disproportionate and this arises since the brighter part sends its image to the eye with a more vigorous ray than does its dark part.  And /hence/ I see a woman dressed in black with a white hat on her head which shows itself twice as large as the size of her shoulders which are dressed in black.

(figure)

Fig. 1287: Effects of background on apparent distance on L77v.

More than twenty years earlier he had expressed a similar idea on CA320vb (see above p.     ). Background can affect not only the perceived size of objects, but also the perceived size of distance between objects as Leonardo notes on L77v (fig. 1287, 1501):

When I used to be at sea equidistant from the beach and the mountain, that /i.e. the distance/ of the beach showed itself as being much longer than that of the mountain.

3.2 Brightness

Closely related to these notes on size is a series showing the effects of background on the brightness of objects.  Here too Leonardo considers both light and dark backgrounds. On C3r (1490-1491), for instance, he notes:  "that luminous body appears less bright which is surrounded by a more luminous background," and on C54, he considers the converse:  "that luminous body appears brighter which is surrounded by darker shadows." He explores this relationship between background and brightness at greater length on A113r (fig. 1288, BN 2038 32r; CU750, fig. 1289, 1492):

How bodies accompanied by shadow and light always vary their boundaries in colour and light /depending/ on that thing which borders with its surface.

If you see a body, part of which borders and edges on a dark background, the part of this light which appears brighter is that which borders with a dark /one/ at d.  And if this said illuminated part borders on a bright background, the boundary of this illuminated background will appear less bright than before and its maximal brightness will appear between the boundary of the background at f and the shadow.

(figure)

Figs. 1288-1290: Background effects on A113r, CU750 and CU645.

He notes that the converse is equally true:

And the same happens to the shadow, insomuch that the boundary of that part of the umbrous body which borders on a bright area at l will appear of much greater darkness than the rest.  And if the said shadow borders on a dark background, the border of the shadow will appear lighter than before and its maximal obscurity will be between the boundary and the light at the point o.

These effects of background on brightness are mentioned again in two draft passages on BM Arundel 100v (c. 1490-1495), in a hand probably not Leonardo's:

That luminous body will appear of greater brightness which is surrounded by greater darkness.

When the luminous body is surrounded by a greater darkness then it will appear of greater brightness.

The problem is touched upon again on Forst III 87v (c. 1493):


The luminous or illuminated body bordering on the shade cuts as much as it touches.

As much will be lacking from the extremities of the shadow of bodies, as is touched by the illuminated or luminous background.

On CU145 (TPL233, 1505-1510) he takes up the problem anew under the heading (fig. 1291):


Of the backgrounds of depicted things.

Of the greatest dignity is the discussion of backgrounds in which opaque bodies invested with shadow and light are situated, because for these it is convenient to have the illuminated parts in dark backgrounds and the obscure parts in bright backgrounds as is partly demonstrated in the margin.

(figure)

Fig. 1291: Demonstration concerning light, shade and background on CU145.

On CU753 (TPL628, 1508) the problem is broached again:


That shadows must always participate in the colour of the umbrous body.

No object appears of its natural brightness, because the sites in which these are seen, render it that much more or less white to the eye, to the extent that such a site is more or less dark.  And this is taught by the moon, which by day shows itself in the sky /as being/ of little brightness and at night which such splendour, that it sends from itself the image of the sun and of the day /light/ with its expelling of shadows.  And this arises from two things.  And the first is the standard of comparison which has in itself the nature of showing things that much more perfectly in the species of their colours to the extent that they are more disform.

He adds a second reason which involves changing size of the pupil (see below pp.     ). During this period 1505-1510 he develops a particular interest in the effect of background on brightness of reflected light and shade.  On CU164 (TPL167), for instance, he broaches this question in general terms:


Where a reflection will be seen more.

In a reflection of the same shape, size and power, that part will show itself more or less powerful which will border on a background that is either more or less dark.

On CU165 (TPL163), he pursues this theme under the heading:


Where reflections are most perceptible.

That reflection will be the more evident which is seen in a background of greater darkness, and will be less evident which is seen in a brighter background.  And this occurs because /with/ things of varying darkness placed in contrast, the less dark makes that which is darker appear tenebrous and /with/ things of varying brightness, placed in contrast, the whitest makes the other appear less bright than it is.

This idea he reformulates as a precept on CU166 (TPL160, 1505-1510):


Where the reflections of lights are of greater or lesser brightness.

The reflections of lights are of a greater or lesser evidence to the extent that these are seen in backgrounds of greater or lesser darkness.

And this occurs because if the background is darker than the reflection, than this reflection will be very evident on account of the great difference that these colours have among themselves.  But if the reflection be seen in a background that is brighter than it, then this reflection will show itself to be dark with respect to the whiteness on which it borders and thus such a reflection will be imperceptible.

Related to these are two other passages concerning background and lustre.  A first on CU777 (TPL771, 1508-1510) is entitled:


Of the lustres of umbrous bodies.

Of the lustres of bodies of equal smoothness that will have more difference from its background which is generated in a blacker surface and this arises because the lustres are generated on polished surfaces which are practically of the nature of mirrors.  And because every mirror render to the eye that which it receives from objects, hence every mirror which has the sun as its object renders this sun a same colour and the sun will appear more powerful in a dark background that in a bright background.

This leads directly to a second passage on CU778 (TPL772):


How lustre is more powerful in a black background than in any other background.

Among lustres of equal power that shows itself of a more excellent brightness which is in a darker background.  This is the same as /the/ above, but it is different /in/ that that speaks of the difference which this /lustre/ has from its background and this of the difference which a lustre has in a black background and of the lustre generated in other backgrounds.

In this period 1508-1510 he also consolidates these principles in terms of ready precepts.  On CU748 (TPL659), for instance, he notes:


On lights

That light will show itself as brighter which approaches further toward darkness and will appear less bright which is closer to other luminous parts of the object.

This he reformulates on CU724 9TPL698):  "And this will show itself at equal distances of sharper boundaries which will be seen in a background more disform from itself in brightness or obscurity." On CU854 (TPL650) this principle reappears as a fourth proposition under the heading:


Where the lights deceive the judgment of the painter.

Among lights of equal clarity, that appears more powerful which will be less and which is surrounded by a darker background.

In 1492, he had considered a man's shadow framed by a window.  In the period 1505-1508 he restates this experience in more abstract terms on CU752 (TPL757), under the heading:

Why the illuminateed background appears brighter around the derivative shade standing in a house than in the countryside.

The bright background which surrounds the derivative shade is brighter nearer this shadow than in a more remote part.  And this occurs when such a background receives light from a window and this does not happen in the country side and why this occurs etc. will be defined in its place in the book of light and shade.

His various experiments with light and shade in camera obscuras may well have been intended to explain this phenomenon (see above pp.    ). On CU760 (TPL694, 1508-1510) he broaches the problem afresh:

The object seen inside a habitation illuminated by particular and high light from some window will show a great difference between the light and its shadows and maximally if the habitation bne large or dark.

He mentions a related idea on E17v (1513-1514):  "The eye placed in the illuminated air sees shadows inside the windows of illuminated habitations." On CU669 (TPL719, 1508-1510) he pursues the problem:


Of the brightness of derived light.

The more excellent brightness of derived light is where it sees the entire luminous body with half of its right or left umbrous background.

To illustrate this he cites a specific example (fig. 926):

This is to be proved and let the luminous body be bc and let its umbrous background to the right and left be dc and ab.  And let the umbrous body less than the luminous body be nm and the wall ps is where the umbrous and luminous species are impressed.

I say therefore that on this wall ps at the point r will be a more excellent brightness of the light than in any other part of this pavement.

He goes on to explain why the brightness is most excellent at r:

This manifests itself because at r the entire luminous body bc is seen with half of the dark background ad, namely ucd, as the rectilinear concourse of the umbrous pyramid cdr shows and the luminous pyramid ubcr.  Therefore at r one sees as great a quantity of the dark background cd to the extent that the luminous body ubc /is large/.  But the part s sees the umbrous body ab and also sees the umbrous body cd which two spaces are equivalent to double that of the luminous body bc.

But to the extent to which you move from us to r, the more you will lose of the darkness ab.  Therefore from us to r the pavement sr will continually brighten.  Again if you move from r to o, you will see continually less of the luminous body and for this /reason/ the pavement ro becomes darker the more one approaches o.

And through such a discussion we have proved that r is the brightest part of the pavement oc.

Having solved the problem under ordinary conditions (see also above pp.    and below pp.     ) he considers an underwater situation on CU546 (TPL506, 1510-1515):

On the bright and dark images which impress themselves on the umbrous and luminous places positioned between the surfaces and the bottom of clear waters.

When the images of dark and luminous bodies impress themselves on the dark and illuminated parts of bodies interposed between the surface and the bottom of waters, then the umbrous parts of these bodies will make themselves darker which are covered by umbrous images and their lumionous parts iwll do the same.  But if, over the umbrous and luminous parts, luminous images are imprinted, then the illuminated parts of the aforesaid bodies will make themselves of greater brightness and their shadows will lose their great darkness and such bodies will show themselves as being of less relief than the bodies percussed by dark images.  And this occurs because, as was said, the umbrous images augment the shade of umbrous bodies which, even if they are seen by the sun, which penetrates the surface of the water, and making them very different from the lights of these bodies, adding shade to the darkness of the dark image which is mirrored in the surface (pelle) of water and thus such a shadow of these bodies is augmented, making them darker.

And even if such an image tinges with itself the illuminated parts of such submerged bodies they are not lacking the brightness which the percussion of the solar rays gives them, even if they are somewhat altered by this dark image, it hurts little, because there is so much support that it gives to the umbrous parts that the submerged bodies have sufficiently more relief than those which are altered by the luminous image.  Which, even if their illuminated parts are lightened like the umbrous ones, the alteration of these umbrous parts are of so much brightness that such submerged bodies will show little relief in such a site.

(figure)

Fig. 1292: Underwater background effects on CU546.

To illustrate this he cites a concrete example (fig. 1292):

Let it be that the sea (pelago) nmtu /has/ jars or herbs or other umbrous bodies at the bottom of the brightness of the waters which takes its light(s) from the solar rays that emerge from the sun d and that one part of a jar has over it the dark image which is mirrored in the surface of such water and which, in another part of the jar, has on it the image of the air bcsm.  I say that the jar covered by the dark image will be more visible than the jar which is covered by the brightness of the bright image.

An explanation why this is so follows:

An the reason is that the part percussed by the dark image is more visible than that which is percussed by the illuminated image because the visual power is overcome and hurt by the part of the water illuminated by the air, which is mirrored in it and thus such a visual power is augmented by the darkened part of this water.  And in this case the pupil of the eye is not of uniform power, because from the one side it is hurt by too much light and from the other /side it is/ augmented by darkness.

Therefore that which was said does not arise except from causes which are remote from such waters and such images, because such a thing only originates in the eye which is hurt by the brightness of the air and augmented on the other side by the dark image.

3.3 Light and Shade

Parallel with these observations on how background affects brightness and darkness, are further passages on contrasts of light and shade (cf. A113r, BN 2038 32r above). Early drafts on this theme, probably in another hand, occur in the Codex Arundel. On BM Arundel 103r, for instance, it is claimsed:  "that (that) boundary of derived shade is darker which is surrounded by more air of derived light."  On BM Arundel 100*v, it is noted:  "that reflection in a body will be more evident which will terminate in a place of greater darkness" and on BM Arundel 101r, there is a third draft:  "The straight boundaries of bodies appear twisted which terminate partly in dark places and partly in luminous ones."  This idea Leonardo restates on C1r (1490-1491):  "The straight boundaries of bodies appear twisted which terminate in a dark place interrupted by the percussion of luminous rays." A passage on CU207 (TPL197, 1505-1510) confirms that these interests in contrasting light and shade are related to his study of contrasting colours:


What colour will make a shadow blacker?

That shadow will participate more in black which is generated in a whiter surface and this originates because white is not numbered among the colours and is receptive of every colour and its surface participates more intensely in the colours of its objects than any other surface of any other colour and maximally by its direct contrary, which is black or other dark colours from which white is more remote by nature and for this /reason/ there appears and there is a great difference between its principle shadows and its principle lights.

In a passage on Triv. 10v (1487-1490) he considers where contrasting shadows are greatest (328-329):

The eye which finds itself in the middle, between the shadow and the lights surrounding the umbrous bodies will see in these bodies the greatest shadows that are in these when looking at it under equal angles, i.e., of the visual /angle/ of incidence.

On CU857 (TPL814, 1508-1510) he pursues this theme on curved surfaces:


Of light


That light will be of greater quantity which is generated on a body of lesser curvature, such a light being produced by a same cause...

On TPL647 (1508-1510) he describes the nature of light and shade on a curved body with a first proposition under the heading:


Of the size of shadows and primitive lights.


First.  The dilation and contraction of shadows of rather the greater or lesser size of the shadows and lights on opaque bodies will be found in the greater or lesser curvature of the parts of the bodies where they are generated.

A second proposition follows on CU852 (TPL648, 1508-1510):


Of the greater or lesser obscurity of shadows.

Second.  The greater or lesser darkness of the shadows is generated in the more curved parts of the members and the less obscure will be found in parts that are flatter (piu larghe).

A third proposition follows:

Where the shadows deceive the judgment, what gives an indication of their greater or lesser obscurity?

Third.  Among shadows of equal obscurity, that will show itself as less obscure which will be surrounded by a light of a lesser power as are the shadows which are generated among reflected lights.  Hence you, o painter, should be mindful not to deceive yourself in varying such shadow.

Read in sequence such passage illustrate how Leonardo develops his ideas:  he begins with rough drafts, proceeds to concrete demonstrations, reformulates them as pithy rules and finally as numbered propositions. He pursues this problem on CU784 (TPL693, 1508-1510) with the question:

What colour of a body will make a shadow that is more different from the light, that is, which will be darker?

That body will have its umbrous parts more remote from brightness with respect to its illuminated parts which is of a colour closer to white.

He reformulates the question on CU742 (TPL605, 1508-1510):


Which background will render shadows darker?

Among shadows of equal darkness that one iwll show itself darker which is generated in a background of greater whiteness.  It follows that that appears less obscure which is in a darker background.

He illustrates this with a concrete example (fig. 392):

This is proved within a same shadow because its extreme part which on the one side borders with a white background appears most dark and on the other side, where it borders on itself, it appears of little darkness.  And let the shadow of the object bd be made on dc, which appears blacker at nc because it borders on a white background ce, than in nd which borders with the dark background nc.

He considers this problem of contrasts with respect to derived shade on CU712 (TPL602, 1508-1510):

How derived shadow, being surrounded in all or in part by an illuminated background is darker than the primitive.

Derived shadow wh ich is entirely or in part surrounded by a luminous background will always be darker than the primitive shadow which is on a plane surface.

This he again illustrates with an example (fig. 598):

Let the light be a and let the object which retains the primitive shadow be bc and let the panel de be that which receives the derived shadow in the part nm and its remainder dn and me, remains illuminated by a.  And the light dn reflects in the primitive shadow bc and the light me does the same.  Hence, the derived /shadow/ nm, not seeing the light a remains dark and the primitive is illuminated by the illuminated background which surrounds the derived.  And hence the derived is darker than the primitive /shadow/.

On CU746 (TPL637, 1508-1510) the theme of contrasting shadows is broached afresh under the heading:


Of the shadows made in the umbrous parts of opaque bodies

The shadows made in the shadows of umbrous bodies do not have to be of that evidence as are those which are made in the luminous parts of the same bodies, nor do they have to be generated by primitive light, but by derived /light/.

These ideas lead, on CU **  (TPL553, 1508-1510), to a simple inverse rule:

That shadow will show itself as darker which is surrounded by a more splendid whiteness and, by the contrary, it will be less evident where it is generated in a darker background.

This he restates almost verbatim on E32v (cf.      ) and then develops on E32r into a series of rules:

That shadow will show itself as darker which is in a whiter background.  The boundaries of that derived shade will be better noted which are closer to the primitive shadow.  The primitive shadow will have the boundaries of its impressions better noted which are cut under angles which are more equal on its panel.

That part of a same shadow iwll show itself as darker which will have darker objects opposite it.  And that part will show itself as less dark which is seen by a brighter object.  And tha tobject which is larger will be brighter and that dark object which is of a grater quantity will render darker the derived shadow in the site of its percussion.

As was shown elsewhere (see vol. one, part three, 3), Leonardo is very much aware of the consequences of these rules for his painting practice.  A late passage on G12v (1510-1515), reflects this awareness clearly:


On the lights among shadows.

When you draw some object remember then when you compare the power of the lights of its illuminated parts, that the eye is often deceived, estimating as brigther that which is less bright and the cause originates through the comparison(s) of the parts which border with them, because if you have two parts of unequal brightness and if the less bright borders on dark parts and the brighter borders with brighter parts such as the sky or similar bright objects then that which is less bright, or if you wish to say, lucid, will appear as more lucid and the more lucid will appear darker.

3.4 Colour 

Aristotle in his Meteorologica had noted that:

in woven and embroidered stuffs the appearance of colours is profoundly affected by their juxtaposition with one another (purple, for instance, appears different on white and on black wool) and also by differences in illumination.11

Ptolemy, in his Optics,12 touched on similar phenomena, as did his Mediaeval successors Alhazen13 and Witelo.14  Leonardo's concern with painting practice leads him to study more closely the effects of background on various colours, as is shown in an early note on A84r (BN 2038 4r, 1492) entitled:


On Painting

The various comparisons of different qualities of light and shade often make uncertain and confused the painter who wishes to imitate and counterfeit the things he sees.  The reason is this:  if you see a white hat bordering on a black one, it is certain that that part of this white hat which borders on the black will appear much white than that which borders on a greater whiteness.  And the reason for this is proven in my perspective.

He is convinced that a colour seen against a background of the opposite colour is most desireable as noted on CU186 (TPL258a, c. 1492):


On Colours

Among colours of equal perfection that will show itself of greater excellence which is seen in the company of a colour that is directly opposite.

Directly contrary is pallid with red, and black with white, even though neither the one nor the other is a colour, azure and golden yellow, green and red.

On CU181 (TPL258c, c. 1492) he adds that such contrasting colours are better comprehended:

Every colour is better comprehended in its contrary than in its like as in the case of the dark in the bright and the bright in the dark.

The white which borders on the dark causes that at these boundaries the dark appears blacker and the white appears whiter.

He restates this intensifying effect of contrasting colour on CU246 (TPL260a, c. 1492):

That part of a white /object/ will appear whiter which is closer to the confines of black and likewise /that/ will appear less white which is further from this dark.

that part of the black appears darker which is closer to the white and likewise /that part/ will appear less dark which is further from this white.

On CU459 (TPL491, c. 1492) he expresses this idea as a rule:


Precept C

Among things equally dark and equally distant, that object will show itself to be darker which borders on a whiter background.

On CA397rb (1497-1499) he begins to formulate a note:  "Who looks at the black object on a white background" and then stops short. In the period 1505-1510 he considers these questions afresh on CU151 (TPL204) headed:

On the colours which are shown to vary from their essence through the comparison of their backgrounds.

No boundary of uniform colour will show itself to be equal if it does not terminate in a background of a colour similar to itself.

This is seen manifestly when black terminates with white and white with black, each colour appears more noble in the confines of its contrary than it does at its centre.

He considers this intensifying effect of contrasting colours again on CU154 (TPL231):


On the nature of the colours of backgrounds on which white borders.

A white object will show itself /as/ whiter which is seen against a darker background and will show itself darker which is in a whiter background and this the gleaming (fioccare) of snow has taught.  When we see it against the background of the air it appears dark and when we see it against a background of some open window, through which one sees the darkness of the shadow of this house, then this snow iwll show itself as very white.

On CU184 (TPL238c, 1505-1510) he gives another example of the effects of contrasting colours in a passage entitled:


On the nature of comparisons

Black vestments make the skin of human faces appear whiter than they are and white vestments make the skin appear dark and yellow vestments make them appear coloured and red vestments show them pale.

He therefore urges that contrasting backgrounds are more appropriate, as on CU148 (TPL229, 1505-1510):


Of the backgrounds that are more appropriate for shadows and lights.

Among backgrounds that are appropriate for illuminated or shaded boundaries of any colour, those will be more distinct from one another which are more varied, that is, that a dark colour should not terminate in another dark colour, but one that is very different, that is, white or participating of white and similarly a white colour should never terminate on a white background, but, as far as possible, in a dark /background/ or /one/ partaking of dark.

While he generally recommends that white should always border on dark and conversely, on CU150 (TPL230, 1505-1510) he considers a situation where this is not the case:


How one should act when white terminates on white or dark on dark.

When the colour of a white object comes to terminate in a white object, then the whites will either he white or not and if they are equal then that which is closer will become somewhat dark/er/ at the boundary which it makes with this white and if this background is less white than the colour that borders in it then the bordering colour will stand out of itself from the /colour/ different from it without other help from a dark background.

On TPL 206 (1505-1510) he suggests that a colour seen against a background of the same colour appears more beautiful:


What part of a same colour will show itself as more beautiful in /a/ painting

Here one wishes to note what part of a same colour will show itself as more beautiful in Nature, whether it is that which has lustre or that which has the light or that of the middling shade or that which is dark or indeed that which is transparent.

Here one must determine which colour it is of which it is asked, because different colours have their beauty in different parts of themselves.  And this shows that black has its beauty in the shadows and white in the light and azure and green and tan in the middling shade and yellow and red in the light and gold in reflection and lacquer in the middling shadow.

This idea he restates on TPl217c (1505-1510):


What part of the surface of bodies will show itself of a more beautiful colour?

The surface of that opaque body will show itself of a more perfect colour which can have as a near object a colour similar to it.

Meanwhile, his experiments with camera obscuras had made him aware that the usual rules of contrast do not always hold.  On CA195va(1508-1510) for example, he explains:

Why black bordering on white does not show itself as blacker than where it borders on black, nor does white show itself as whiter in bordering on black than on white, as do the species which pass through an aperture or the boundary of some obstacle.

Nonetheless such cases remain the exception and he continues to favour situations where contrasting colours are positioned opposite one another.  On CU183 (TPL190a, 1505-1510), for instance, he expresses this in terms of a rule:

Now note that if you wish to make an excellent darkness make it through a comparison with an excellent whiteness and likewise you make an excellent whiteness with maximal darkness and a pale colour will make red appear a more fiery rose and this rule will be more distinct in its proper place.

A second rule follows:

There remains a second rule which does not try to make the colours in themselves of the most supreme beauty that they naturally are, but that company /of another colour/ renders grateful the one and the other, as does green to red and red to green such that the one renders the other graceful reciprocally as does green with blue and here is a second rule, generating from ungraceful company, as blue with yellow which whitens or with white and the like which will be discussed in their /proper/ place.

He restates these precepts on CU145 (TPL232, 1505-1510):


On the boundaries of objects

Among objects of equal brightness that will show itself of lesser brightness which will be seen in a background of greater brightness and that will appear whiter which borders on a space which is darker.

And the skin will appear paler in a red background and the pale /colour/ will appear reddish, being seen in a yellow background and similarly the colours will be judged to be what they are on the basis of the backgrounds which surround them.

On CU153 (TPL252, 1508-1510), he returns to these ideas:


Backgrounds

On the backgrounds of figures, that is, the bright in the dark and the dark in the white background.

Of white with black or black with white, the one appears more powerful through the other and likewise the contrary, the one always shows itself more powerful.

He reformulates this on CU751 (TPL769, 1508-1510):

Why the boundaries of opaque bodies sometimes show themselves as brighter or darker than they are.

The boundaries of shaded bodies show themselves /as/ brighter or darker than they are to the point that the background which surrounds them is darker or brighter than the colour of that body which borders on them.

In the late period he returns to this theme on CA184vc (1516-1517) in a passage entitled:


Of colours

Of colours of equal brightness that will show itself brighter which is of a darker background. And black will show itself as darker than it is in a background of greater brightness.

And red will show itself more fiery than it is in a background that is more yellow and thus will do all the colours surrounded by their directly contrary colours.

Other passages concerning this theme have been cited elsewhere (see vol. one, part three.1).

3.5 Relief

As early as 1490 Leonardo had recognized that background and context play an essential role in the perception of objects.  Hence on C23r, he claims:


Optics

No evident body can be well comprehended and judged by human eyes except through the variety of the background where the extremities of these bodies terminate and border and no body, as far as the lines of its extremities /alone are concerned/.

To illustrate this he cites a concrete example:

The moon, even though it be very distant from the body of the sun, when through eclipses it finds itself /interposed/ between the sun and our eyes, because this moon borders on the sun, it appears to human eyes to be conjoined and attached to this sun.

Such experiences lead him to recognize that lighting and background play an important role in determining the apparent relief of objects. On A2r (fig. 322, 1492), for instance, he notes that:

The luminous body which is seen along the line of incidence of the light will not show any luminous part of itself to the eye.

For example, let the umbrous body be a.  Let c be the light.  Let cm and cn be the luminous lines of incidence, that is, those lines which transfer the light to the object a.

Let the eye be at the point b.  I say that since the light c sees the entire part mn, that the relief that is there will be fully illuminated.  Hence the eye positioned at c will not be able to see shadow and light, and not seeing this every part will appear of one colour, whence the differences between the eminent and globulent parts do not appear.

While background can obscure relief, it can also serve to heighten the relief of objects.  This possibility particularly attracts Leonardo as a painter and, as has been shown elsewhere (see vol. 1, part III.4) he devotes a number of passages to this problem.  This creation of relief through contrasting light and shade he terms chiaroscuro which becomes for him, "the first intention of the painter" (TPL412, c. 1492) and eventually the "most fundamental part of painting" (G23v, TPL482, c. 1510-1515).

4. Conclusions

A detailed comparison of Euclid's Optics with Leonardo's writings reveals a number of close parallels. Even so, Leonardo does not cite the Optics explicitly and 31 of its 58 theorems are not discussed in his extant notebooks (see (Chart 26).  It therefore remains an open question whether he studied the Optics directly or via some mediaeval source. In any case, the scope of Leonardo's interests in illusions goes well beyond that of Euclid's Optics insomuch as he studies effects of context and background on the perception of size, brightness, shadow, colour and relief in objects. Particularly striking are the experimental demonstrations, which he develops in this connection.


What also emerges from this analysis is that Leonardo's interest in deceptions of vision developed in the 1490's and are, therefore, not to be associated primarily with his late writings after 1510.  Indeed, far from representing a late new development in his thought, this concern with illusions confirms his early acquaintance with problems central to the optical tradition.

Part Three: Chapter Four.  Optimal and Minimal Conditions of Vision

1. Introduction      2. Central Ray      3. Visual Field      4. Occlusions      5.
Objects too near

6. Objects too far    7.
Objects too small      8. Diplopia      9. Excessive Light

10. After Images    11.
Monocular and Binocular Vision     12. Displacement of Eyeball

13. Conclusions

(figure)

Figs. 1293-1294: Rough sketches of the visual pyramid on CA37rb.

1. Introduction 

Leonardo devotes considerable attention to optimal and minimal conditions of vision.  He emphasizes the importance of the central ray, explores the range of the visual field and considers the problems with objects which are either too near the eye or too small.  This leads him to study problems of diplopia.  He is aware of the effects of excessive light.  In addition he is interested in comparing monocular and binocular vision.  Each of these will be considered in turn.

2. Central Ray


Ptolemy, in his Optics,1 stated that objects along the central line of sight are seen more clearly.  In Alhazen's Optics2 this idea was developed.  Witelo adopted it.3  Alberti, in his On Painting goes further:

It remains to speak of the centric ray.  The centric ray is that sole one which strikes the quantity directly and of which each angle is equal to the other.  This /is/ a ray, among all the others the most active and strong, /and/ acts such that no quantity ever appears greater than when it hits it. One could say more things about this ray, but this one will suffice: closely surrounded by the other rays it is the last to abandon the object seen.  Whence with merit it can be called prince of rays.4

Leonardo is equally enthusiastic in his praise of this central ray. On A103v (BN 2038 23v, 1492) and again on D8v (1508) he refers it as the master" ray.  In an early note on W19148v (fig. 1300, K/P 22v, 1489-1490) he claims that only those objects which are seen along the central line are seen clearly:

(figure)

Figs. 1295-1300: Demonstrations of the central ray of vision on CA270rb, CA353vb, A103v, CA120rb, CA85va and K/P 22v.

(figures)

Figs. 1301-1303: Further demonstrations of the eye and centric ray. Figs. 1301-1302, CA138vb; fig. 1303, CA345vb.

I say that the eye carries with it infinite lines which are applied to or united with those  which part from the things seen and only the line in the middle of this sense organ is that which recognizes and judges the objects and colours, /while/ all the rest are false and deceptive.

He returns to this theme on CA138vb (1490):


Of the eye

The eye is an...instrument of a spherical surface which is medium between the object and the senso commune and this surface takes in itself the images of all the things positioned opposite it and those (species) which are found in the middle of the others are comprehended with less error by the sense and those which are more distant are comprehended less.

It is clearly understood that the eye does not recognize objects unless the species come to it along a straight line and that thing will be less understood which departs more from that said line.

By way of illustration he gives a concrete example (fig. 1302):

Hence if the depth of the eye f be the first degree of judgment /and/ the surface...n be the last, and that object which finds itself in line with fn will be judged more clearly by the sense, as /in the case of/ bn and likewise nc and na are badly recognized because the straightness of...of the lines of their species terminates at n, which is an obtuse angle and the lat degree of the judgment of the imprensiva, fn.

On CA270rb (c. 1490) he again mentions the importance of the central ray in a discussion of the visual process (see above pp.     ).  On CA144vb (c. 1490) he expresses its importance in more general terms:  "the centre is the most powerful and noble part of spherical bodies, because to this respond equally all the extremities of bodies."  On A78 (1482) he notes its importance once again:  "That object is seen better than the others which falls under a straight line on the middle of each eye under equal angles. On H2 33r (1494) he restates this idea:  "No surface will show itself as perfect if the eye regarding this is not equally distant from its extremities."  This principle is implicit also in diagrams on CA120rb (fig. 1298, 1497-1498) and CA37rb (figs. 1293-1294, 1497-1498). On CA85v (c. 1503-1504) he illustrates this anew (fig. 1299) now adding a fuller explanation:

And know that the pupil does not transmit anything perfectly to the intellect or senso comune except when the things given to it from the cornea (luce) are directed along the line ab as you see the line ca and although the lines m, n, f /and/ g are seen by the pupil they are not considered because they are not directed with the line ab.

As evidence he cites the example of individual letters in a text which can only be discerned clearly when seen along this central line (see A108r, BN 2038 28r, 1492 above pp.     ). He pursues this problem on W19152r (K/P 118r, 1508-1510) under the heading:


Of the central line of the eye.

There is only one line among the species which penetrate to the visual power which does not intersect itself and this line does not have a power that can be sensed because it is a mathematical line which has its origins from the mathematical point which has no middle.

This he illustrates with a diagram (fig. 1300), beneath which he mentions the objection of an adversary:

According to the adversary necessity wishes that the central line of all the species which enter through thin and narrow apertures in a dark place be turned upside down together with all the other species of the bodies which enclose it.

This claim he refutes (see above pp.     ). On D8v (1508) he pursues his discussion of the central ray (fig. 1317, cf. figs. 1314-1316):

It is true then that object is less noted which impresses itself more distantly from the middle of the cornea (luce) where the front of the median line terminates, which always directs itself to all those objects of which it knows that it has in this way a true and certain indication of its shape and such a line is straight without any intersection and is the matter of the other lines whence this one is always moved in order to determine what the others /i.e. lines/ see and do not comprehend and this is the line kg positioned in the middle of so many lines as are those of the species that come to the eye point by point.

A draft passage follows:


In what way the species of objects come to the eye.

The eye has in it a single line positioned in the middle of infinite other lines adherent to this which is called central.

Here he breaks off and begins afresh:

(figure)

Figs. 1304-1305: Rough sketches of the eye or light and rays on CA144vb.

The eye...has in it a single line which is said /to be/ central and all the species of the objects that come to the eye along this line are perfectly seen if the (too) long distance does not impede it.  Around this line are infinite /others/ adherent to it, which are of so much greater or lesser value to the extent that they are closer or /more/ remote...from this central /one/.

These drafts on D8v are closely related to a more polished version on W19117r (K/P 115r, 1508-1510):

The eye has a single central line and all objects, which come to the eye along this line are well seen.  Around this line are infinite other lines adhering to this central /one/ which (obey the former less to the extent that they are born more remote fromthis, less to the extent) are of lesser value to the extent that they are more remote from this central one.

He considers the central ray as an example of a more general physical law as he notes on D1r:


Why nature did not make.../the/ power...in the visual power equal.

Nature did not make /the/ power equal in the visual power but gave to that power /(virtu) so much more power (potentia) as it is nearer to its centre (of such a power) and this it did in order not to break the laws of all the powers (potentie) which are the more so to the extent that they approach this centre and this is seen at the side of the percussion of some body and in the supports of the arms of a balance where the weight, in coming closer, diminishes its gravity.  It is seen also/ in columns, walls and pilasters and it is seen in heat and all natural powers.

(figure)

Figs. 1306-1308: Whether the visual field is limited to 90o.  Fig. 1306, CA222ra; figs. 1307-1308, CA204rb.

For Leonardo the central ray is, therefore, another manifestation of his concept of the four powers (see above pp.    ).

3. The Visual Field


Euclid, in his Optics, did not attempt to measure quantitatively the limits of the visual field.  According to Damianus it was Ptolemy who introduced a proof that the maximal visual cone was ninety degrees.5  In the latter Middle Ages this idea was modified slightly.  Witelo, for example, claimed, that the maximal visual angle is "nearly a right angle."6  Pecham7 and Bacon8 make the same claim. Leonardo is aware of this traditional claim and attacks it through an appeal to experience on CA204rv (fig. 1307, c. 1490):


On the sight of the eye.

These our mathematicians wish that the ball of the eye be divided into four, as appears above in kief and that a quarter, that is, bef, be filled with the crystalline humour, which refers to the angle b, which appears in the triangle bcd.

And I say that experience says that if you lean /your/ back against the middle of the wall of a room and you look with fixed eyes towards the middle of the other /wall/, that along the 3 faces /of the walls/, that is, /to the/ right, left and directly in front, there will be no movement that is not seen, as appears in g...hcd and this is a sign that the crystalline humour stands as tsr.

This visual field of 180o, shown in geometrical form on CA204rv (fig. 1307), he illustrates again on CA144vb (fig. 1310, 1490) and CA125ra (fig. 1311, 1490-1492) each time without text.

(figure)

Figs. 1309-1312:
The visual field and refraction.  Figs. 1309-1310, CA144vb; fig. 1311, CA125ra; fig. 1312, I46r; fig. 1313, CA42vab.

(figure)

Figs. 1314-1323: Central line and limits of the visual field.  Fig. 1314, F34r; figs. 1315-1316, D1r; fig. 1317, D8v; figs. 1318-1321, K/P 115r; figs. 1322-1323, K/P 118r.

He subsequently revises his claim.  On I46r (fig. 1312, 1497-1499) he indicates a visual field of approximately 240o.  This he redraws without explanation on W19117r (K/P 115r, figs. 1318-1321, 1508-1510) and again on W19152r (K/P 118r, figs. 1322-1323, 1508-1510) where he adds:  "That which sees the cornea of the eye is seen by this cornea and that which the cornea sees is seen by this pupil.  This idea he develops on D8v (fig. 1317, 1508):


It is shown why the eye sees objects in the lateral spaces behind itself

The eye...sees the motion of two lights...in contact with the wall wehre the middle of the neck of the observer leans.

The reason is that the cornea sees all those places where it is seen and all those objects, which see such a light impress its similitude.  Since it is more eminent than any other part of the eye, the aperture or opening of the eye sees and is seen by all the parts of such a pupil and hence it can very well receive within itself that which the cornea of the eye shows.

He draws related diagrams on F34r (fig. 1314, 1508) D8r (fig. 1177, 1508) and D3r (fig. 1174).  On D1r (figs. 1315-1316), he again adds an explanation:


Why Nature made the pupil convex, that is, raised like part of a ball.

Nature made the surface of the cornea positioned in the eye of a convext shape in order that the surrounding objects can impress their similitudes with greater angles which could not occur if the eye were flat.

In late sketches on CA385vc (1324-1328, 1513) he indicates a visual field of somewhat less than 180o.

(figure)

Fiugs. 1324-1328: Sketches concerning the visual field on CA385vc.

Leonardo is also interested in how the eye perceives objects positioned off to the side.  On E4r (fig. 1329, 1513-1514), for instance, he broaches this problem under the heading:


Case of perspective

Whether the wall with 4 sides and 4 /right/ angles will show itself to the eye with upper and lower boundaries /as/ rectilinear or curvilinear.

By the second of this, such parallel sides will show a hexagonal figure, that is, of six sides and six angles, even though, in reality, it has only 4 angles and 4 sides.  And this is proved by means of the second which says: Among things of equal size the more remote will demonstrate itself that much smaller to the extent that it is more distant, /from which/ it follows that on the wall rtop, the length op is less than the length ab by the extent to which the line pf is longer than the line bf, which line pf exceeds the line bf by the space pm, which is a third of the space pf.  Thus op will be that much less than ab, i.e. 1/3, and this proportion is inverse because the greater distance makes the thing seen smaller and the lesser distance increases /the apparent size of/ the thing seen.

This leads to a conclusion (fig. 1330):

What is proved above leads one to conclude in the second figure how the two straight lines ro /and/ tp are divided into 4 straight lines rp, ts, rq and th and these are rectilinear and thus it is proved that the eye which stands in the centre /in front/ of the rectilinear wall with 4 straight sides and four right angles sees 6 straight sides and six angles of which 2 are obtuse and 4 are right.

(figure)

Figs. 1329-1331: Problems of lateral vision.  Figs. 1329-1330, E4r; fig. 1331, G32r.

He returns to this problem on G32v (1510-1515) in a passage entitled: “Of this bi-angular figure, the one obtuse angle will be greater than the other to the extent that the eye is closer to the one than the other.” This he illustrates with a diagram (fig. 1331) and then explains:

Here follows what is missing in the margin at the foot of the facing folio /folio 31v missing/.  Hence I say that the angle mentioned above is not the maximal of the obtuse angles because this angle increases itself by the extent to which the eye which sees it is further away from it and will diminish to the extent that the eye is close to it.  Whence it is concluded that /if/ the eye is positioned centrally in front of some parallel, then this parallel will show itself as a bisangular figure with curved sides, but in truth this figure will have 4 angles of which two are in the centre namely, one below and one above, and the other two are on the other two opposite extremities as has been conceded by necessity on the facing page.

4. Occlusions

On four folios Leonardo examines how small apertures and their occlusions affect the visual field and perception.9 On CA347va (c. 1490), for instance, he begins with a case of two eyes in front of a small hole (fig. 1332): “With straight lines, with an aperture smaller than the sides of the visual pyramid it is impossible to comprehend the object positioned beyond this aperture clearly with the eye.”

(figure)

Figs. 1332-1336: Occlusion problems in binocular vision on CA347va

Even though the eyes a/and/ b have in front of them the aperture (t)rs opened with respect to n, nonetheless, n will not be comprehended because the master pyramid cannot lead to this n.

He next considers a case (fig. 1333) where one eye is off to the side relative to the aperture:


Eye

The object seen through an aperture smaller than the base of the visual pyramid will be seen through a traverse line and the object on the right will go to the left eye and cannot be seen by the two eyes at the same time and if it be seen it is poorly comprehended.

The eye n, when it accords with the eye m to focus the angle of the visual pyramid on c, cannot pass through the aperture tr, whence it cannot comprehend this n, whence the image of this c is reflected and presents itself to the eye m through a transverse line.

In the left-hand column of CA347va he examines a case (fig. 1334) where two eyes can see clearly in spite of occluding objects:


Function of the Eye

Even though an object interposes itself between the eyes and the object, /and/ even though it is not transparent, it will not remove the form of this object from the eye, provided that this body is less than the space which is found between one pupil and the other.

Let a be the object.  Let p /and/ q be the two eyes.  Let mn be the body interposed between the eyes and the object.

Directly below he considers a case (fig. 1335) where an object smaller than the distance between the eyes can, nonetheless, occlude the visual pyramid:


On the eye

That body which is interposed between the object and the eyes, even though it is smaller than the space which there is between one pupil and the other, it will, nonetheless, occlude from the eye the object which finds itself in such a part of the visual pyramid which, with its extremities, exceeds the width of this pyramid.


Let rca be the visual pyramid.  Let df be the place.

Next he considers a case (fig. 1336) where an interposed body occludes vision from one eye:


Eye

If the object interposed between the eye and the object occludes one of the 2 sides of the visual pyramid the body seen will appear of less brightness to the extent that it is seen by a lesser quantity of light.  Let thn be the /visual/ pyramid, let nh be the intersected side, let ab be the body which is interposed and which removes the sight of the luminous object positioned at n from the eye h. And if the two eyes see this light in an aspect of brightness, the eye sees it the half darker, because with the two eyes operating on the luminous object with the same function, these refer a luminous object to the sense equally.  But if one eye carries to the one sense a dark object and to the other, a luminous object, then one mixes with the other and the shadows appear half less dark than before and the light half less bright than before, and you will see this by experience, interposing a finger between one of the eyes and the light.

The experiment to which he alludes in the last sentence he later describes more carefully on W19042r (K/P 45r, c. 1508) in connection with his studies on light intensity (see below p.    ).

(figure)

Figs. 1337-1343: Problems in binocular perception involving apertures. Figs. 1337-1341, CA347ra; figs. 1342-1343, CA112ra.

(figure)

Figs. 1344-1345: Occlusion problems in binocular vision on D9r.

In the right-hand column on CA347va he also drafts two further diagrams:  one showing how binocular vision remains unaffected when looking through a larger aperture (fig. 1337); a second demonstrating how a small aperture interferes with binocular vision (fig. 1338). Accompanying this latter diagram is a brief text:

The inverted pyramids of uncertain vision do not carry to the eye the true image of some figure and they are called inverted because they make their base along the width of the object.

On CA347ra he pursues this theme, beginning with a case where a large aperture does not interfere with binocular vision (fig. 1339):


On the Eye

When two eyes focus the visual pyramid on an object, this object is seen by the eyes and is well understood.

Let the pyramids which are focussed on the object be rsn; let n be the object.  The place which does not interrupt it is the aperture tu.

Directly following he describes a situation (fig. 1340) where the aperture is smaller and occludes vision:


On the Eye

It is possible that the eyes, having an object in front of them and directing themselves to this with all their power, that this object is not seen by the eyes.  Even though it varies from the background in colour and /though/ it be an evident body, the way that is free and open appears closed and the part /that is/ closed, appears open.

This he illustrates with a concrete example (fig. 1340, cf. fig. 1338):

Let s and e be the eyes.  Let r be the object positioned in front of the eye.  Let tu be the way or aperture where the eye wishes to understand r.  I say that the right side of the aperture pt is carried or it appears in the left part at rc and uq on the left is transported to the right side at mr and the entire part mc appears the colour of the wall where the aperture is and although it be distant from this wall, it nonetheless appears continuous at the same distance.  The aperture appears in 2 places of the object:  tg goes from the right to the left and it appears that the aperture co is judged by the eye emqf and likewise from the eye /at/ s, it appears that the wall is interrupted at hp and that, from there, one sees the object am

He also draws a third diagram (fig. 1341) which he does not explain. At least fifteen years pass before he returns to the problem in terms of two further diagrams (figs. 1342-1343) without text on CA112ra (c. 1505-1508).  On D9r (1508) he pursues this theme, now exploring in detail how a small aperture affects the visual field (fig. 1344):


What part of the background the eyes see looking through a /small/ aperture.

Let there be two eyes which look at the background ac through the aperture dc.  I say that these two eyes will not see other than the space b of such a background and that the rest of the space ab /on/ the right will be seen by the left eye g and the remainder of the other space bc /on/ on the left will only be seen by the right eye f.

He then considers a situation where the aperture is smaller (fig. 1345):


Where the two eyes will not see a background entirely freely through a given aperture

The right eye a sees the background eg and it sees all the rest ef occluded by the wall sh.  And the eye b only sees the background freely and it sees the remainder dg occluded by the wall it and the triangular space cd is neither seen by one eye nor the other because the eye a occludes this boundary with the rim of the aperture h and the eye b covers the boundary d with the rim of the aperture i.  Hence it is concluded that even though the two eyes, although each on its own sees a part of the background, the other eye tinges it /i.e. throws it into shadow/ carrying it onto one of the sides of the interposed plane.

This leads to an interjection concerning light intensity:

And for this /reason/ it can be concluded that with a single eye the object appears less bright than with two. Because if one eye is closed it sees darkness and if the other is open it sees light which light is mixed with darkness in the visual power and it does not allow simple light nor simple darkness to appear but it only comprehends a mixture composed of darkness and light.

Immediately following he considers the deceptions of sight arising from this situation:

And for this /reason/ one understands that the right eye, even if it sees the left object fromt he left side it appears to see it with the left eye and the sense does not know that it is deceived and similarly with the left eye which sees a background on the right side, it appears to the sense /which is/ again deceived, that it has seen such a background with the right eye etc...

In the next paragraph that follows he relates this deception to that of a style which appears to move in a contrary direction (see above pp.     ). In Leonardo's approach one problem continually has cross-references to other problems.

5. Objects too Near
Aristotle had noted that objects touching the eye could not be seen.10  Alhazen11  and Witelo12 repeated this claim.  Biagio Pelacani da Parma adds that objects too near the eye are seen unclearly whereas those at a moderate distance are seen distinctly.13 Leonardo's interest in minimal conditions of vision leads him to consider this problem in greater detail.  Among his earliest remarks on the problem in a passage on W19148v  (K/P 22v, 1487-1490):

and if you place 2 objects at half an arm's length's distance from one another and such that the first is close to the eye, the surface of the first will remain much more confused than the second.  The reason is that the first is overcome by a greater number of false lines than the second and so it is dubious.

On CA138vb (c. 1490) he estimates the distance for accurate vision:

If the eye has to see an object, which is too close, it cannot judge it well as happens to one who wants to see the point of the nose. Whence, as a general rule, Nature teaches that the object will never be seen perfectly if the interval, which is found between the eye and the object seen is not at least as large as the size of the face.

(figure)

Figs. 1346-1349: Experiments on D6v concerning visual power, images everywhere in the eye, and why nearby objects are not seen.

He offers a slightly different estimate of this minimum distance on CA250rb (c. 1490):

Every body which is larger than the distance between the pupils, which is to be judged by the eye will be at a distance 4 times its size.

And if it is less than the distance between the pupils, no closer object will be...comprehended by the eye, if /a distance/ 4 times the distance of the interval of the pupils is not interposed between the eye and the object seen by it.

Why this should be so begins to concern him as is evident from a draft passage on CA298va (fig. 1402, c. 1490):


Why this happens more from nearby than from afar

(The boundaries) The true extremities of the object positioned (opposta) between the eye and the object are never entirely terminated or understood by the pupil in the object.

A preliminary explanation follows on CA144vb (c. 1490):

Why the object, the closer it comes to the eye, the less it is understood...It does not see from nearby because the authors of the transverse lines, going to the common concourse of the pyramid of vision are two oblique.

Intimately connected with this problem why nearby objects cannot be seen clearly, are a series of experiments which are also intended to demonstrate that images are spread throughout the pupil and have already been analysed in this connection (see above pp.     ).  One set of these experiments on D6v (figs. 1346-1349, 1508) involves sieves made of horse hairs.  Another series involves pinhole images and styles which are moved back and forth (figs. 1350-1362).  A variant of these experiments occurs on F31r (figs. 1363-1364, 1508):

(figure)

(figure)

Figs. 1350-1362: Experiments concerning images "all in all the eye" and why nearby objects are not seen clearly.  Figs. 1350-1351, D2v; fig. 1352, CA112ra; fig. 1353, CA222vc; figs. 1354-1356, D9r; figs. 1357-1358, 
D4r; fig. 1359, D4v; fig. 1360, K126/46/r, fig. 1361, K127/47/r; fig. 1362, K127/47/v.

terminate.  I say that such an eye cannot see the boundaries of such an object in this background clearly and distinctly because, as was proposed, the visual power is spread throughout the entire pupil of the eye.  Hence the part, fe, (the part) of this pupil sees the upper part of the background occupied in gh; oe sees hi of the object occupied (and d); d sees the top of the object in the background i; c sees it in k; b in n and a in m and m downwards nothing is seen of the

Here the folio ends and the text continues on F30v:


background. Whence it follows that the part g is has little shade (p) because the summit of the object p occludes the view of such a site from the part f of the eye.  But it does not follows, however, that the entire remainder of such a pupil does not see this site g, but in h it iwll appear more obscure because its smaller part of the pupil sees it than at g, and lwss of the pupil sees i and less /of the pupil sees/ k and the entire height of such a pupil goes on consuming itself successively in this sight, through which the object p darkens its background at each degree to such an extent that in the end the entire colour of such an object remains wholly obscured.

He returns to these themes on D10v (1508) in a passage entitled:


How the eye does not recognize the boundaries of any body.

The eye will never be capable /of seeing/ the true boundary that the shapes of some body have bordering against a remote place.  This is to be proved and /so/ let the pupil of the eye be ab (and the extremity of the object) and let cp be the body positioned opposite the eye, of which the superior extremity c.

The pupil of the eye adopts the visual power in every part of its size but that much less to the extent that the part which functions is of smaller quantity.

This is proved by the 5th which defines the background for every object interposed between the eye and this background.  Let rs be the background where the eye atd sees the object pq terminate.  I say that such an eye cannot see the boundaries of such an object in this background clearly and distinctly because, as was proposed, the visual power is spread throughout the entire pupil of the eye.  Hence the part, fe, (the part) of this pupil sees the upper part of the background occupied in gh; oe sees hi of the object occupied...; d sees the top of the object in the background i; c sees it in k; b in n and a in m and from m downwards nothing is seen of the

Here the folio ends and the text continues on F30v (fig. 1364):

background.  Whence it follows that the part g is has little shade...because the summit of the object p occludes the view of such a site from the part f of the eye.  But it does not follow, however, that the entire remainder of such a pupil does not see this site g, but in h it will appear more obscure because a smaller part of the pupil sees it than at g, and less of the pupil sees i and less /of the pupil sees/ k and the entire height of such a pupil goes on consuming itself successively in this sight, through which the object p darkens its background at each degree to such an extent that in the end the entire colour of such an object remains wholly obscured.

He returns to these themes on D10v (1508):


How the eye does not recognize the boundaries of any body.

(figure)

Figs. 1363-1366: Demonstrations why nearby objects are not seen clearly.  Figs. 1363-1364, F31r; fig. 1365, D10v; fig. 1366, E15r.


is noted

extremity is to be seen by this eye.  I say /with/ the extremity of such a background it will not be noted in what part of the background it is terminated and this is proven with the aid of the 33rd of this /cf. D4r cited above p.     /, which states that the visual power the painters of perspective would wish but is all in all the pupil where the species of the within the eye in a greater space than is the pupil, but the images are more noted to the extrent that they are closer to the centre of the power positioned in this space and less so the more remote that they are from this centre.

Immediately following he offers a concrete example

Hence if the power ab strikes the extremity of the object c, the central line of the visual power, r, sees c in part f of the background and the superior extremity of this power, that is s, sees c in the background /at/ h and the lower part of the power sees c in the background /at/ d and thus it goes disseminating throughout the entire background dh and for this reason such an extremity is not recognized by the eye because the sense of the visual power is infused throughout all this power which sends to the judgment (existimatium) a confused boundary of this extremity and the more or less so as it is closer or remoter from this and the more or less so as it is more remote or closer to the eye.

He  ***???

The eye will never be capable /of seeing/ the true boundary which the shapes of some body have, bordering against a remote place.  This is to be proved and /so/ let the pupil of the eye be ab (and the extremity of the object) and let cp be the body positioned opposite the eye, of which the superior extremity c is noted...and let nm be the background in which this extremity is to be seen by this eye.  I say...that /with/ the extremity of such a background it will not be noted in what part of the background it is terminated and this is proven with the aid of the 33rd of this /cf. d4v cited above p.    /, which states that the visual power...is not in a point as the painters of perspective would wish but is all in all the pupil where the species of the...objects penetrate within the eye in a greater space than is the pupil, but the images are more noted to the extent that they are closer to the centre of the power positioned in this space and less so the more remote that they are from this centre.

Immediately following he offers a concrete example (fig. 1365):

Hence if the power ab strikes the extremity of the object c, the central line of the visual power, r, sees c in part f of the background and the superior extremity of this power, that is s, sees c in the background /at/ h and the lower part of the power sees c in the background /at/ d, and thus it goes disseminating throughout the entire background dh and for this reason such an extremity is not recognized by the eye...because the sense of the visual power is infused throughout all this power which sends to the judgment (existimatium) a confused boundary of this extremity and the more or less so as it is closer or remoter from this...central line of this power and the more or less so as it is more remote or closer to the eye.

He adds a marginal note concerning the boundaries of paintings:

(figure)

Figs. 1367-1369: Visual power and the perception of boundaries. Fig. 1367, CA298va; figs. 1368-1369, BM188r. 


There follows what was lacking below.

But the boundaries of things drawn...are not subject to this lack and for this reason the paintings which are close to the eye have to be drawn with boundaries less known than the boundaries of remote objects and for this reason you will recognize sensibly with your judgment the upper boundary of an object brought near the eye and /then/ further away.

A passage in Melzi's hand on BM Arundel 188r (figs. 1368-1369, cf. 1367, c. 1510) summarizes Leonardo's findings concerning the unclear boundaries of nearby objects:

The boundaries of that object which is closer to the eye will be less noted.  It follows that more remote boundaries will be better noted.  Among objects smaller than the pupil of the eyes that will be less noted which is closer to that pupil.

On E15r (1513-1514) Leonardo takes up this theme once more (fig. 1366):

The boundaries of that body placed in front of the pupil of the eye will show themselves less clearly the closer they are to this pupil.

This is shown by the extremity of the body n placed in front of the eye d, which pupil, in seeing this boundary, also sees the entire space ae which is beyond this boundary and the species which come from this space are mixed with the species of these boundaries and hence the one species confounds the other and such a confusion deprives the pupil of the information (notitia) of such a boundary.

On E15v, cited earlier (see above p.     ) the connection is again evident between his demonstrations that images are all in all the pupil and his claim that nearby objects are not seen clearly.

(figure)

Figs. 1370-1372: Demonstrations why the eye does not see boundaries clearly on CU805, 806, and 808.

Related to the foregoing series of demonstrations involving an interposed stick are three further examples in the Treatise of Painting involving an interposed sphere positioned close to the eye.  One of these on CU805 (TPL742, 1508-1510) simply makes the point that different parts of the pupil see opaque objects differently (fig. 1370):

How the boundaries of umbrous bodies seen by a same pupil are not in a same site in this body.

The boundaries of opaque bodies, seen by a same pupil are never seen in a same site in this body.

This is proved and let it be that the pupil ab sees the upper part of an opaque body n.  I say that the lower part b of such a pupil will see the boundary of this body at the point d terminated along the wall or at the point ue.  And the upper part a of the pupil will see this opaque body at the point c terminated at f in this wall.  Hence since c and d are not in a same site of such an opaque body we have proved our intent.

On CU806 (TPL741, 1508-1510) he relates this demonstration both to the claim that nearby boundaries are unclear and to the principle that the visual power is everywhere in the eye (fig. 1371):

The true boundaries of opaque bodies iwll never be seen with clear definition.  And this occurs because the visual power is not caused in a point as is proved in the 3rd of the 5th of perspective, where it is said:  the visual power is infused in all the pupil of the eye.

Hence the pupil being abc, which sees the boundary of the body n at the extremity m occupying the entire space def on the wall, because the upper part, a, of the pupil, sees the boundary m of the object at the point dd and the middle of the pupil b sees another boundary /from/ lower down at the point e, which is higher than d and the lower part of the pupil, c sees another boundary /from/ lower down, which is carried higher on the said wall.  And thus is proved the cause of the confusion of boundaries which opaque bodies have.

In a third example on CU808 (TPL743, 1508-1510) he again uses the same basic demonstration, this time to emphasize the confused boundaries of nearby obejcts (fig. 1372):


How that body has its boundaries more confused which is closer to the eye that sees it.

That which is proposed is proved through showing that the pupil ab sees the boundaries of the body e at c /and/ ud, very much apart from one another and for this reason they remain confused.  And it sees the boundaries of the body f, which is more remote, as being closer, that is, /at/ n /and/ o and consequently it comes to see them more closely than those of the body e.

6. Objects Too Far

In the case of objects too far from the eye, Leonardo explores further problems of perception.  Concerning objects in shade, for instance, there is draft, possibly in another hand on BM Arundel 101r (1490-1495): “Many umbrous bodies very close to one another, being seen in the luminous air at a long distance appear separated by a long interval.”This idea he restates clearly on C144 (1490-1491): “If many umbrous bodies very close to one another are seen against a luminous backgrouind, at a long distance they appear separated by a large interval.”

(figure)

Figs. 1373-1376:
Perception of light sources at a distance on C6r, F94v, 36r, and 35v.

The converse, that luminous bodies tend to merge at a large distance, is expressed in a draft, again possibly in another hand, on BM Arundel 101r


Many luminous bodies very close to one another, the distant lights appear to the eye to be united and attached together.

He restates this on C14v (1490):  "If many luminous bodies are seen from afar, even though they are separated from one another they will appear united and conjoined together."  Elsewhere in the same manuscript on C6r (fig. 1373, 1490) he describes a related phenomenon, how a luminous object seen from afar appears larger:

If the eye looks at the light of a candle 400 braccia distant, this light will necessarily appear to its observer to be many times its true quantity but if you place a stick in front of this /candle/ which is somewhat larger than this large light, this stick occupies this light which appears 2 braccia large.  Hence this error comes from the eye which takes the luminous species not only through the point of the light but equally through all the light and for this /reason/ it appears considerably larger in the other eye.

On A64v (1492) he integrates his description of both of these phenomena in a:


Proof how luminous bodies appear larger than they are from a distance.

If you place 2 lighted candles, the one half a braccio from the other, and you go back 200 braccia away from these, you will see through the increase that together they /appear to/ form a single luminous body of two lights and they will appear to be a single light a braccio large.

On Forst. III 35v (1493) he cites the case of a sieve which appears without apertures at a distance.  As will be seen below this case is equally relevant with respect to objects which are too small. This paradox that light sources appear to increase in size with distance has a special bearing on his astronomical interests.  He suspects that the apparent size of stars might be affected by optical illusions, and therefore explores the problem in detail in the Manuscript F (see below pp.     ).

7. Objects Too Small 

The minimal size of objects which can be seen clearly was a well established problem in the optical tradition.  It had been broached by Galen14 and discussed by Alhazen15, Witelo16, Biagio Pelacani da Parma17 and the anonymous author of Della prospettiva.18 Perhaps the earliest of Leonardo's extant notes on this problem occurs on C27r (c. 1490-1491) beginning with a general statement:

If the eye looks at the object less than its pupil (luce) this object will not occlude any object that is beyond it in the eye. But if the lids of the eye are closed in such a way that the aperture of these lids is less than this first object, /then,/ you will see this one occupy the second object to the extent that is convenient.

To support this he cites the example of a sieve:

And if you wish to see this proof clearly look at an object behind a seive with the eye completely open and with the eye nearly closed...the iron strands of the seive will appear to grow and occupy the object and if the eye is well opened as usual, the iron strands of the seive will not occlude anything of the object.

(figure)

Figs. 1377-1380: Perception of objects smaller than the eye.  Figs. 1377-1378, C19v; figs. 1379-1380, F28v.

He cites this example again on Forst III 35v (c. 1493): “A seive through which the luminous air penetrates, at a long distance will appear without apertures and entirely luminous.” On C19v (1490-1491) he studies the nature of this occlusion or non-occlusion of nearby objects in detail (fig. 1377 cf. fig. 1379):

The object positioned in front of the eye which is smaller than its pupil will occupy in transparent occlusion as much of its background as the size of the base made by the pyramid which is caused behind the intersection...found between the eye and the object.

Let the transparent occlusion made by the object against its background be between f and p.  Let the pyramid made by the base fp /have its apex/ at r, produced by the line bp and the line cf at the intersection which is found between the eye and the object.

Immediately following he adds a further note:

The transparent occlusion made by the object less than this pupil of this eye against its background behind this object will be of diverse qualities of obscurity.

The body de will occlude the entire part of the background no from the half uab /of the/ pupil.

As for objects larger than this minimal size, he points out, on C10r (1490-1491):

All umbrous objects of a size larger than the pupil which interpose themselves between the eye and the luminous body iwll show themselves of a dark quality.

(figure)

Figs. 1381-1388: Concerning the perception of objects smaller than the eye.  Figs. 1381-1387, CA298va; fig. 1388, CA290rb.

(figure)

Figs. 1389: Experiment concerning objects smaller than the eye on CA290rb.

This problem of the occlusion of nearby objects becomes intimately connected with Leonardo's theories concerning the visual process.  His reasoning is as follows:  if vision occured through images converging to a point then a small object near the eye would occlude everything behind it.  If small objects do not produce occlusion then images must be inverted at the pupil and the visual power must be "all in all and all in every part." As early as 1490 he alludes to this connection between the perception of small objects and the nature of the visual process in a draft passage on CA298va (fig.    ):

Why the object, the closer it approaches the eye, the less it is recognized and why spectacles and why the eye does not see well from nearby or from afar.

It does not see /well/ from nearby because the authors of the lines traversed, going to the common concourse of the pyramids of sight, are too oblique.

On CA290rb (c. 1490) he pursues this problem with two detailed diagrams (figs.    ) one without text, the other with the accompanying passage:

If the eye were the circle hk and the pupil were fr, it would be necessary that the bodies 1, 2, 4, /and/ 5 would not be seen, nor any which makes a small pyramid behind it.  And at a certain distance the eye diminishes objects without confusion, to the extent that they are further removed.  And of the object in front of this /certain distance/ to the extent that the object is closer to the eye the more it diminishes and this happens when the object seen is less than the pupil of the eye.  But a similar effect can never occur when the object seen is equal to the pupils except when it is to the side of the eye as shown above in /the case of/ the object marked 3.

This problem of the occlusion of nearby objects becomes intimately connected with Leonardo's theories concerning the visual process.  His reasoning is as follows:  if vision occured through images converging to a point then a small object near the eye would occlude everything behind it.  If small objects do not produce occlusion then images must be inverted at the pupil and the visual power must be "all in all and all in every part." As early as 1490 he alludes to this connection between the perception of small objects and the nature of the visual process in a draft passage on CA144vb (fig. 1305):

Why the object, the closer it approaches the eye, the less it is recognized and why spectacles and why the eye does not see well from nearby or from afar.

It does not see /well/ from nearby because the authors of the lines traversed, going to the common concourse of the pyramids of sight, are too oblique.

He explores the problem of objects smaller than the eye in a series of sketches (figs. 1381-1387) and a text on CA298va (1490):

That is, that the pupil will see beyond the object placed in front of it which is smaller than itself....

The object interposed between the eye and the object which is of lesser quantity than the pupil is the reason that the species come together upside down in this pupil.

(figure)

Figs. 1390-1398: Central ray and the perception of objects smaller than the eye.  Figs. 1390-1391, C27r; fig. 1392, A10r; fig. 1393, A92v; fig. 1394, A10r; fig. 1395, 
BM112r; fig. 1396, A103v; figs. 1397-1398, K/P 118v.


Why the object near the eye leaves its boiundaries indiscernible.

/In the case of/ of those objects opposite the eye, which are too close to this /eye/ it will happen that their boundaries are /too/ confused to discern, as occurs with objects which are close to the light which make a large and confused shadow and it does this because in the judgment of outside objects linear perspective is, in all cases, identical to light.

To complete the explanation he appeals to his concept of the central ray (see above p.    ):

And the reason is that the eye makes a master line which at a distance emcompasses and embraces with true cognition large objects from afar as little objects from nearby.  But since the eye sends multitudes of lines which surround the principal one in the middle which, finding themselves mroe distant from the centre in this circulation, they are less powerful in recognizing the true /outlines/.  Whence it happens that the object placed near the eye, not being at that distance so close to the master line capable of comprehending the boundaries of that object, it befits these boundaries to fall into lines of weak comprehension which are to the function of the eye as the hounds to the chase which flush the prey and cannot catch it.  Likewise these cannot catch /the image/, but they are the cause that the master line turns itself to the things that have been flushed by these lines.

To the extent that an object smaller than the pupil interposes itself between the eye and the object at a distance greater than /the size of/ this eye, to that extent is it necessary to increase the distance of the small object if it is not to be seen.

On CA290rb (1490) he pursues this problems with two detailed diagrams (figs. 1388-1389) one without, one with text:

If the eye were the circle hk and the pupil were fr, it would be necessary that the bodies 1, 2, 4, /and/ 5 would not be seen, nor any which makes a small pyramid behind it.  And at a certain distance the eye diminishes objects without confusion, to the extent that they are further removed.  And of the object in front of this /certain distance/ to the extent that the object is closer to the eye the more it diminishes and this happens when the object seen is less than the pupil of the eye.  But a similar effect can never occur when the object seen is equal to the pupils except when it is to the side of the eye as shown above in /the case of/ the object marked 3.

On A103v (fig. 1398, BN 2038 23v, 1492) he provides another explanation:

(figure)

Figs. 1399: Demonstration on A77 whether one sees an object smaller than the eye.

(figure)

Figs. 1400-1403: Occlusion of objects smaller than the eye.  Figs. 1400-1401, Forst. III 36r; figs. 1402-1403, CA298va.

(figure)

Figs. 1404-1409: Concerning objects smaller than the eye.  Figs. 1404-14-5, CA237ra; figs. 1406-1407, CA112ra; figs. 1408-1409, CA250va.

On A77 (figs. 1399, 1492) he analyses this problem in connection with his demonstrations that vision does not occur at a point.  Here a connection between his notion that images are "all in all and all in every part of the pupil" remains implicit.  In subsequent passages on BM112r and CA250va (see above pp.     ) he develops these connections between (a) his theory that images do not terminate at a point in the eye and b) problems of perception of objects smaller than the eye.  By 1500 on CA237ra he draws two diagrams of the eye looking at objects smaller than the pupil (figs. 1404-1405) and merely adds alongside:


The species of the object smaller than the eye do not converge pyramidally in this eye.

The visual power is infused with equal power in all the pupil of the eye, whence the visual operation is all in all in every part of this.

Here he takes for granted the connection between his theory of vision in terms of images being "all in all..." the eye and the perception of objects smaller than the eye.  On CA112ra (1506-1508) he alludes to this connection in two diagrams without text (figs.     ). By 1508 the connection is explicit.  Hence his experiments involving horse-hairs (figs. 1346-1349) and styles (figs. 1350-1362) close to the eye are used a) to refute the print theory of vision (see above pp.     ) and b) to explain why the eye cannot see nearby objects clearly. In Leonardo's associative mind there is also a connection between the quantity seen of nearby objects (see above pp.    ) and the quality with which they are seen due to occlusion.  This connection is implicit in a passage on Forst III 36r (figs. 1400-1401, cf. 1402-1403, c. 1493):


Which object is better seen.

Among the walls of equal distance and quality which are seen beyond the extremities of an opaque body positioned opposite, that part of this body will appear more illuminated which is seen by a greater sum of a pupil.

On K125/45/r (figs. 1412-1413, after 1504) this connection becomes more explicit:

The object less than the pupil placed in front of the object will not occlude any remote object in this pupil.

No spherical object less than the pupil will ever be seen by a single pupil which is not seen more than half and this is at any distance it may happen to be.

And that much more than half to the extent that it is closer and that much less to the extent that it is far from the eye that sees it.

(figure)

Figs. 1410-1413: Demonstrations concerning objects smaller than the eye.  Figs. 1410-1411, K124/44/v; figs. 1412-1413, K125/45/r.

On K124/44v/ (figs. 1410-1411) he pursues the question of the quantity of objects seen (see above pp.     ). 
In 1508 he returns to the theme of occlusion on F28v (figs. 1379-1380, cf. figs. 1377-1378):

If the object interposed between the background and the eye is smaller than the pupil of this eye no part of this background will be occluded by such an object.

Let ep be the pupil (luce) of the eye.  Let q be the image interposed between the background and the eye. I say that such an object will not occlude any part of the background.

Which demonstration leads to a further attack on the point theory of vision (fig. 1377; see above pp.     ):

I say that if the object sent its image to the point a that no part of this background ds could be seen by such an eye because here the object less than the pupil occludes the whole background at the point a.

On D9r (fig. 1356, 1508) he again considers the transparency of objects smaller than the pupil:

Why when the point of the style is placed in front of the eye it makes a larger shadow on the object.

The point of the style placed crosswise in front of the pupil of the eye (- of which the diameter of its size is considerably smaller than the diameter of this pupil) will occlude that much more or less space in other objects to the extent that this is more or less space in other objects to the extent that this is more or less clsoe to the eye which occlusion will obscure and not prohibit the transit of the species of the aforesaid objects (to the eye).

(figure)

Fig. 1414: Perceptionof real objects and perspectival images on A65.

Leonardo also relates these problems of occlusion in the case of objects smaller than the eye to both his study of linear perspective and the camera obscura, as is evidenced by an early passage on A65 (fig. 1414, 1492):

The more that the eye approaches the image of the object placed opposite it, the more /the image/ diminishes.  And the more /the eye/ approaches the true and proper object, the larger /the object/ appears.  That is, at the line mn, the line cb appears the size of ad.  And if you bring the line cb towards the eye as far as mn it will appear the size of mn.  And where cb occludes the line st, the line mn occludes ru.

On H71/23/r (1493) he again relates this problem of nearby objects to his camera obscura studies (see above p.     ) when he notes that (fig. 790):  "the eye does not comprehend the nearby luminous angle."

Objects smaller than the distance between two eyes

Euclid, in his Optics had broached the question of how much is seen of objects smaller than the distance between the eyes.  Leonardo also examines such questions (see above pp.      ) but in addition explores perceptual problems not considered by Euclid. On W12351r (c. 1493-149   ), for instance, he discovers that objects smaller than the distance between the two eyes contradict a basic law of linear perspective wehreby projected size varies inversely with distance (fig. 1415):

(figure)

Figs. 1415-1417: Paradox how nearby objects appear smaller on W12351r, CA120vd and CU804.

If you look at the rectangular figure lmik on the interposed plane ab, you will find that the more distant part ik will appear larger on this plane at cd, that the closer part lm at ef, looking with the eyes g /and/ h.

On CA120vd (c. 1504) he draws a similar situation (fig. 1416) except that the rectangular figure is seen from the side.  No text accompanies this draft.  On CU804 (TPL821, 1505-1510) he explains the phenomenon:


Of Perspective

When, with two eyes one sees two equal objects, each of which, per se, is less than the interval between the pupils of these eyes then the second object will appear greater than the first.

This he illustrates with an example (fig. 1417):

The pyramid ac embraces the first object and the pyramid bd embraces the second object.  Now m will appear larger than n to the extent that the width of the pyramid bd is greater than ac.

Meanwhile he had also been studying what effects of occlusion occur with sucj objects smaller than the distance between the two eyes.  On C23r (1490-1491), for instance, he notes:

The object which is opposite the eye which is, in itself, less than the interval which is found between the one and the other pupil of these eyes cannot occlude as much of a wall on which it borders, as is its proper size when the eyes are looking at these backgrounds.

(figure)

Figs. 1418-1420: Demonstrations concerning objects smaller than the distance between the eyes.  Fig. 1418, C27r; figs. 1419-1420, C23r.

(figure)

Figs. 1421-1423: Demonstrations concerning objects smaller than the distance between the eyes.  Figs. 1421-1422, CA175ra; fig. 1423, I43r.

This he illustrates (fig. 1419, cf. fig. 1418) and then describes:


Let r /and/ s be the eyes that look at the above mentioned object.

Let pt be the object /which is/ being looked at.  Let mk be the wall, or if you wish the plane where the extremities...of the object makes known the shape of the object.  The left eye looking at this plane sees and recognizes the part of the wall na and it finds the part ac occluded by the interposed object pt.  The right eye sees that part of the wall...ac which the left eye cannot see, although it cannot see everything and cannot see the part bc.

In this example only the space ab is occluded from both eyes.  Directly beneath this he draws a second example (fig. 1420) in which the object is smaller still and consequently occludes none of the background.  No text accompanies this diagram. Some two years later he returns to this problem on BM115r (fig. c. 1492):

If you place an opaque body in front of the eyes at a space of 4 fingers and if this be less than is the distance from one to the other pupil, it iwll not occlude the sight of any object which is beyond this.

He then restates the principle in more general terms: “No object situated behind an object seen by the eye can be occluded by this /first/ object if it is less than the space that stands between the pupils.” Leonardo qualifies this general claim in a note on CA347va (earlier 1490-1495):

That object which interposes itself between the object and the eyes, even if it be less than the space which stands between (the) one pupil and the other will, nonetheless, occlude the object at the eye, if it finds itself in that part of the visual pyramid which, with its extremities, passes through the width of this pyramid.

This he again illustrates with an example (fig. 1335):

Let rc be the visual pyramid.  Let df be the place where the above mentioned pyramid intersects the interposed body.  Let df be the body larger than the intersection of the pyramid.

Further consideration of the problem leads him to claim, on CA250rb (c. 1490) that if objects smaller than the interval between the two eyes are to be seen clearly, a minimum distance four times that between the two eyes is required (fig.     , see above p.     ). On CA175ra (c. 1493-1494) he pursues this theme under the heading (figs. 1421-1422, 1424-1428, cf. figs. 1418-1420):


It is impossible that the opaque body appears of that perfect rotundity as the plane circle.

No opaque body of spherical shape which is seen by the 2 eyes will appear to these of perfect rotundity.

You will see this experience by taking a sphere the diameter of which is less than the interval...between one eye and the other.  And you stand in a place which is only illuminated by a single window and turning the face to the air, interposing this sphere between your face and the air near the centre of your two opens eyes, and look at the centre of this sphere and you will see this to be as I say.

(figure)

Figs. 1424-1428: Further demonstrations concerning the perception of small objects on CA175ra.

(figure)

Figs. 1429-1433: Diplopia experiments.  Fig. 1429, Ptolem;y, Optics; fig. 1430, Witelo, Optics IV 107; fig. 1431, CVA396rb; fig. 1432, C19v; fig. 1433, CA190vb.

To explain this phenomenon he again appeals to his concept of the central ray (see above pp.    );

The reason for this is that eacy eye per se produces infinite visual rays which, in vision, are of so much greater power, as they are nearer the centric line which is in the first degree of visual power.  Hence these lines spread out in circles from this centric line and operate on the powers of the species and images of objects which are positioned in front of the eyes.

He describes a related phenomenon on I43r (fig. 1423, c. 1497-1499):

No opaque body of spherical shape seen by two eyes will ever show itself of perfect roundness.

a is the position of your right eye; b is the position of the left /eye/.  If you close the right eye you will see your spherical body around the centre b and if you close the left eye then the said body will surround the centre a.

8. Diplopia

Ptolemy, in his Optics,18 had explored the problem of diplopia in some detail.  Some of these experiments were recorded by Alhazen.19  Witelo20 included additional cases in his compilation.  Two of Witelo's examples have a parallel in Leonardo's notes (figs. 1430, 1438, cf. figs. 1431, 1439-1444).  There is no firm evidence, however, that Leonardo drew directly on these mediaeval sources.  His observations concerning diplopia may well have developed from his own detailed studies of objects smaller than the eye. An early example of this problem how a single object can appear double occurs on CA396rb (c. 1492) when Leonardo notes (fig. 1431):  "it appears to be 2 because the pyramids do not intersect at it as at a /and/ o.  On C19v (fig. 1432, 1490-1491) and CA190vb (fig. 1433, c. 1508) he draws related diagrams without text.

(figure)

Figs. 1434-1437: Diplopia experiments on CA125rb, A2v, K/P 34r and D8v.

On CA125rb (c. 1490-1492) he draws two eyes with two objects in front of them:  one object is seen normally; the other, double (fig. 1434):

Only the centric lines of 2 eyes are those through which the object seen by them at b is carried as a single /image/ to the sense m.  The others all show to this sense a double object, such as the object n which, seen by the eyes a /and/ c appears to be 2 because it occupies 2 places as appears in d and f.

This phenomenon he indicates again in a diagram on A2v (fig. 1435, 1492) and a rough sketch on W19096v (K/P 34r, fig. 1436, c. 1493) both without text.  Some fifteen years later he analyses the problem in greater detail on D8v (fig. 1437, 1508):


The function of the central lines in the concourse of the visible.

The concourse of the two central lines is always in a point where an angle is generated /which is/ so much greater or lesser in size to the extent that the object seen...is at a lesser or greater distance from the eye.  If two central lines focus on the object x the adherent inferior lines sv and ry will see the object t occupy two places on the wall nm, that is, at v /and/ y.  But if these central /lines/ terminate at t, then the object x will be seen by the two adherent exterior /lines/, that is rx and sx, because the right eye sees /it/ with the right adherent lines and the left eye sees it with the left adherent lines.

(figure)

Figs. 1438-1444: Diplopia experiments.  Fig. 1438, Witelo, Optics IV. 105; fig. 1439, C19v; figs. 1440-1441, CA125rb; figs. 1442-1444, K/P 115r.

(figure)

Figs. 1445-=1447: Diplopia demonstrations on C19v, CA347va and C19v.

In the foregoing examples one object is positioned flush with the wall or interposed plane and the object which is seen double is nearer the eyes.  In another series (fig. 1438) both objects are positioned away from the wall.  He draws preliminary sketches of this situation on CA125rb (figs. 1440-1441, c. 1490-1492) and C19v (fig. 1439, 1490-1491).  These he develops on W19117r (figs. 1442-1444, K/P 1125r, 1508-1510) accompanying which he explains:

Many objects placed one behind another in front of the 2 eyes with clear and expedite spaces, all appear double except that one which is seen best.  And the space interposed between these duplications appears that much greater to the extent that such an object is closer to the eye in looking at the farthest /one/.  But if you look at the first one the said spaces appear that much less to the extent that the object is closer to the eyes.

On W19147v (K/P 22v, 1489-1490) he considers a situation in which two eyes have three objects in front of them two of which are doubled, (fig. 1451).  This puzzles him.  Hence he asks:  "why in two /eyes/ or in front of two eyes /when/ three objects are represented 2 /of them/ are /doubled/.  He redraws this diagram on A2r (fig. 1452, 1492) this time adding only the captions "distinct" for the single image and "indistinct" for the double image.

On A2r (fig. 1453, 1492) he also draws a smaller diagram illustrating that each of the three objects in turn can appear double depending on where the eye is focussed.  This composite diagram he also presents in three separate diagrams on CA125vb (figs. 1448-1450, c. 1490-1492).  In a first example (fig. 1448) the eyes focus on the furthest of the three objects and the two nearest objects are both doubled.  In a second instance the eyes focus on the middle object (fig. 1449) as a result of which both the nearest and the furthest object appear doubled.  In a third case (fig. 1450) the eyes focus on the nearest object, whence both the middle and the furthest object appear doubled.  Some fifteen years after he returns to this theme in a diagram (fig. 1454) on W19117r (K/P 115r, 1508-1510) again showing two eyes, now marked a and b in front of three objects c, d, and e respectively. The nearest object c appears double when the eye focusses alternatively on d or e.

(figure)

Figs. 1448-1455: Complex examples of diplopia.  Figs. 1448-1450, CA125vb; fig. 1451, K/P 22v; figs. 1452-1453, A2r; figs. 1454-1455, K/P 115r.


On CA347ra (c. 1490) he considers another alternative (fig. 1446), namely, how two eyes a and b, focussed on the point m, perceive the two objects c and d as the four objects e, f, g and h respectively.  On C19v (1490-1491) he redraws this diagram, using identical letters (fig. 1447).  He also draws a related situation (fig. 1445) in which the objects in front of the eye are somewhat larger.  In this case the two objects r and s are perceived as three, namely, t, n and u. These studies lead him, on W19117r (K/P 115r, 1508-1510), to propose an explanation and a general rule concerning the number of apparent images seen in any situation (fig. 1455):

Here the objects are doubled to the visual power appearing /as/ 10 minus one and thus they do for every number, that is, always redoubling and omitting one from each sum which results from such doubling.  And one begins with two, which doubled and 1 taken away from the sum leaves 3.  Hence the twofold seen by two eyes will appear threefold.  And if you put 100, double it and remove 1, there remains 199.  And thus 100 objects placed one behind the other in front of the eyes will appear /as/ 199.

And the cause which gets this one taken away and leaves an uneven number is that...the angle of the two central lines...which focus on one of the objects /which is/ well seen and understood, does not intersect the lines beyond the creation of this angle and it terminates the 2 lines on the same object and to the 2 eyes one object...does not appear 2 as happens in objects seen by each...pair of non-central visual lines.

(figure)

Fig. 1456: How a bright object obscures an opaque one on BM171v.

9. Excessive Light

The phenomenon that a greater light overcomes and disperses a lesser one had been considered by Aristotle.21  Galen mentions it in an optical context in De usu partium.22 In the Arabic tradition Alhazen23 discussed the problem, whence it was subsequently noted by authors such as Pecham.24 Leonardo alludes to this problem in passing on A100r (BN 2038 20r, 1492):  "on the eye which through a greater light cannot discern the lesser ones."  This idea he restates in a draft on BM171v (fig. 1456, c. 1492):  "When the eye...has luminous objects (in front of it/,..., opaque objects appear tenebrous."  He broaches the matter again on F57r (1508) in answering claims that the stars have light of their own:

This is false because it has been proved how the opaque body placed in the luminous body is surrounded by the lateral rays from the remainder of such a luminous body and for this reason remains invisible.

On CU692 (TPL626, 1508-1510) he describes more clearly this phenomenon:


Of light which converts itself into shade.

The site illumined by the air iwll make itself shady if it is surrounded by the percussion of solar rays. And this occurs because the greater light makes the light of a lesser light source appear dark.

A converse experience is described on CU693 (TPL625, 1508-1510);


Of the shade which is converted into light.

The site shaded by the sun will remain illuminated by the air after the setting of the sun because a lesser light is always the shadow of a greater light.

Excessive brightness hurts the eye

That excessive brightness hurts the eye was mentioned by Aristotle25 and subsequent authors in the optical tradition including Galen,26 Alhazen,27 Witelo28 and Pecham.29 Leonardo discusses this problem in connection with variations in pupil size on C15r (1490-1491, see above pp.    ).  He mentions the problem again on Mad II 23v (1503-1504), this time in connection with background illusions involving glowing irons (see above p.     ):

And this occurs because the spirits spread through the visual power, being overcome by excessive light, restrict all the pores, /either/ through the entire pupil (luce) or through part, in whatever part of this pupil it might be.

On D7r (1508) he returns to this theme in connection with varying pupil size:

Excess light injures the eye and in order to protect it from being injured in this way the visual power turns to the kind of help one gets who shuts part of a window in order to lessen the excessive brightness generated by the sun in one's home.

10. After Images

This visual phenomenon can be traced back clearly to Aristotle's De somniis.30  Ptolemy discusses the problem in his Optics31 as do later authors such as Witelo32 and the anonymous author of Della prospettiva.33 
Leonardo's earliest extant reference to after-images occurs on Triv. 43r (1487-1490) in connection with the four powers:


Concerning violence

I say that every body moved or struck retains in itself the nature of that blow or movement for a certain time, and retains it more or less depending on how much greater or less is the power in that force or movement.

To support this general claim he cites examples from acoustics and optics:


Example.

Note:  a blow given to a bell, - how much it keeps in itself the sound of the repercussion.  Note a rock or stone which has issued from a mortar - how much it preserves the nature of its movement.  The blow given to a dense body - will preserve the sound longer than in a a less dense body and will be longer lasting which will be given to a body which is suspended and slight.  The eye keeps in itself the image of luminous bodies for some time.

On C7v (1490-1491) he seeks to explain after-images in terms of a principle of opposites:

The eye will take and reserve in itself the images of luminous things to a greater extent than umbrous ones. The reason is that the eye, in itself, is of maximal obscurity and since the similar is not distinguished between by the similar, hence night or other dark things cannot be reserved or recognized by the eye.  Light is entirely contrary and divides to a greater extent and is a great detriment and variety to the customary darkness of the eye, whence it leaves impressed its image of itself.

He returns to this explanation on CA203ra (1489-1490):

The pupil, operating in seeing converse things, retains the species of these to a certain extent. This conclusion is proved by the effects since the sight, in seeing light, retains it somewhat.  Also, after the glance, images of the intense object remain in the eye and make the place of lesser light look dark, since the vestige of the impression of the greater light is retained by the eye.

On CA204va (c. 1490) he mentions the phenomenon anew:  "The eye reserves within it the images of luminous things which represent themselves to it," and on CA204ra he cites such after-images as evidence to support the intromission theory of vision (see above pp.    ):


Proof how objects come to the eye.

Looking at the sun or some other luminous body and then closing the eyes you will see it similarly within the eye for a long interval of time and this is a sign that the species enter within.

A more vivid description of the consequences of looking at the sun follows on CA369vd (c. 1490): “The dark place is seen inseminated with luminous round spots and the luminous /place/ with dark /round spots/ by the eye which many times and quickly has just look at at the body of the sun.” On CA250va (c. 1490) he offers a rule concerning the duration of these after-images:  "Those images which are born from a more luminous body will be reserved in the eye to a greater extent."  Nearly eighteen years later he uses this phenomenon to explain the characteristics of the crystalline lens on D5v (1508):


Whether the eye sees bright and dark things at the same time?

The crystalline humour inside the pupil becomes denser when it encounters bright objects and more rarified when it encounters dark objects and that this is true is shown when the eye closes itself, for the species retained of what were bright objects are seen as dark and the dark objects show themselves as bright, which occurs more in weak eyes than in strong ones.  Of this, I shall speak more fully...in its place.

He mentions the problem once more on G73r (c. 1513), where, having provided various definitions of impetus, he adds:


Every impression tends to permanence or desires permanence.

This is proved...in the impression...made by the sun in the eye...of this viewer and in the sound made by the hammer of such a percussing bell.

He had used the same examples in his earliest extant note on after-images on Triv. 43r (147-1490). To illustrate the phenomenon of after-images Mediaeval optical writers such as Biagio Pelacani da parma and the anonymous author of Della prospettiva had also cited the instance of a firebrand which, when revolved, appeared to be a flaming circle.34 Leonardo adapts this example on A26 (1492) in a passage entitled:


Perspective and motion


Every body which moves with speed, appears to tinge its path with the image of its colour.

This proposition is seen through experience since, when moving a firebrand beneath dark clouds, through the speed of its serpentine flight, its entire path appears like a luminous snake.  And similarly, if you move a flaming stick in a circular movement, its entire path will appear to you to be a flaming circle.  And this is because the imprensiva is swifter than the judgment.

He pursues this theme in the Manuscript K (post 1504) where he establishes that this phenomenon is dependent on two factors rapid movement (a) of the eye and (b) of the object.  He discusses the first of these on K120/40/r (fig. 1263) under the heading:

If the eye which looks at the star turns quickly in the opposite direction, it appears that this star is composed of a flaming curved line.

Let abc be the cornea (luce) of the eye which looks at the star ud.  I say that, if the cornea moves the part a to c quickly, /then/ bv, in coming to the place a, will impress itself in a continuous line of the colour of the star and this occurs because the eye retains the image of the thing that shines for some interval /of time/ and since such an impression of the brightness of the star is more permanent in the pupil than was the limit of its motion which such an impression endures together with the motion in all the sites through which it passes facing the star.

On K119/39/v, he considers a second faxtor:  movement of the object:

It is as much to move the eye while keeping the luminous object stationary as /it is/ to move the object keeping the eye stationary.

That which is said in the first part is proved by the foregoing and the second part I shall prove with the aid of the foregoing, because in keeping the eye stationary and waving a flaming stick in a circle or from below the eye to above it, this stick appears to be a burning line...which rises from below to above, and this stick is only in one place at a time along this line.  And hence with this stick standing firm and moving the eye from above to below it appears that this stick mounts in a continuous line from below to above.

He develops his ideas on the forebrand on CA207ra (1508-1510) in the form of claims:

The motion of a stick of fire makes such a length of tail in calm air which does not move, as does this stick standing still while the air moves.

And by the eighth, the motion of fire in the air which moves with movement equal to that of this fire...

(figure)

Figs. 1457-1458: Flaming sticks in connection with after-images on CA207ra.


If the motion of this fire and the air which occludes it is uniform then such fire will remain without a tail.

This stick illustrates in two sketches (figs. 1457-1458) adding the captions:


Let a be the stick, b the wind, uc the tail of fire.

Let sr be the air without motion, c the tail of fire which moves against the air.  I say that mr will have such a tail of fire as is nh.

On the W19117r (K/P 115r) he cites another example of after images:

And the drop which rains as illuminated by the sun according to the sight of the eye and in its passage it appears continuous in so much space as it shows all the colours of the rainbow and this it makes larger or smaller depending on the distance.

This illustration of after-images is alluded to again on G6v (1510-1515) under the heading.  "Description of the flood" where he refers to "the lines which drops of water make in descending" and once more on CA79rc (1515-1516): “The stone thrown through the air leaves in the eye that sees it the impression of its motion and the drops of water which descend from the clouds when it rains, do the same.” Meanwhile, he had cited all three of these illustrations of after-images:  namely, the sun's image, the waving firebrand and the apparent lines of rain, on CA360ra (c. 1504) opening, as usual with a general statement:

Every impression is retained for some time in its sensible object and that /one/ is more retained in its object, which is of greater power.  And similarly the less by the less powerful.  In this case I term that object as "sensible" which, through some impression is moved from that which it was at first.  An insensible object is that which even if it is moved from its first being, it does not retain in itself any impression of the thing which moved it.

After giving examples from acoustics, he turns to after-images in vision:

(figure)

Figs. 1459-1461: Binocular vision on Mad. II 24r, 24v and 25v.

Again the brightness of the sun or some other luminous body remains for some time in the eye after it has been seen and

a circle, makes this circle appear to be a continuous and equal flame.  Drops of water, while raining, appear as a continuous thread which descends from hence through this one shows that the impression of things shown /to and/ seen by the eye are reserved in it.

11. Monocular and Binocular

Leonardo examines how monocular and binocular vision affect the apparent brightness, clarity and relief of objects. With respect to brightness, for instance, he notes on H91/43/v (c. 1494) that "the luminous body appears larger and more luminous with two eyes than with one."  On Mad II 24r (1503-1505) he develops this idea:

A same /intensity of/ brightnes or darkness will appear of as many different degrees of brightness or darkness as the eyes which see it are various.  And this is manifested because, closing one eye, the object seen by the other appears darker than it appears with two eyes.

This claim he reformulates, now adding an example

Two eyes which lead to a single imprensiva see double the brightness than a single eye.  This is proved.  The eye b sees the entire air ce and the eye a sees the entire air cd.  I say that the quantity of the air cd is judged by the imprensiva to be twice as bright as the air dede because ucd is seen by the eye b and the eye a and the air dee is only seen by the eye b and the eye a does not see it.

(figure)

Fig. 1462: Monocular and binocular vision on K/P 45r.

On Mad II 25v he restates this idea (fig. 1461):

The light seen with one eye is the half less powerful and large than the light seen with two eyes.

This is proved. Let a be the imprensiva to which the eye bears luminous objects.  I say that billuminates this imprensiva through a single degree of light.  Adding b /he means c/, this imprensiva receives 2 degrees of light.  And because 2 degrees of light are in double proportion to one degree we find this imprensiva being doubly illuminated by these two lights and by a hundred or, a hundredfold more.  That place will be more illuminated which is percussed by a greater sum of light.  And hence it will be less illumined which is seen by a lesser light.

Beneath the diagram (fig. 1461) showing a human imprensiva, he adds the caption "a is the imprensiva for seeing luminous objects." He describes a related experiment on W19042r (K/P 45r, fig. 1462, c. 1508):

It follows that in closing one eye, the visual power is diminished by half and this test is made with luminous bodies such as the sun, moon and stars and also with a light or fire.

This diminution of brightness is seen without closing one of the eyes.  But instead of closing it, let your hand or finger be interposed in front of one of the pupils between the air and the eye and you will see a quantity of air with 2 pupils which will have the same boundary as the air seen by a single pupil and that which is seen by only one pupil will be that much more /i.e. twice/ as dark as that seen by 2 pupils.  And the reason is that which the figure shows.

These demonstrations recall those in which he studies the effects of various sizes of pupils (see above pp.     ). Aristotle, in the Problemata 35 had noted that objects seen by two eyes are seen more clearly than with one eye. Ptolemy36 amd Witelo37 also mention this.  Leonardo refers to this implicitly on several occasions and explicitly on CA347ra (1490) under the heading:


Of the eye

When the two eyes conduct the visual pyramid on the object, this object is seen by the two eyes and well understood.

The way in which binocular vision contributes to effects of relief interests him far more because it raises the question whether a painting achieved with a monocular vanishing-point can ever fully imitate the perceptual effects of objects seen with two eyes.  His notes on this problem have been analysed elsewhere (see above vol. 1, part III, 4).  As noted in the introduction (see above p.    ) this particular aspect of his interest in binocular vision served in 1839 as a starting point for Wheatstone's classic essay on the stereoscope.

12. Displacement of Eyeball

Abnormalities of sight and the pathology of vision constitute a domain to which Leonardo devotes very little attention in the extant notes.  An exception is the displacement of the eyeball.  The phenomenon as such was well known.  Aristotle, for instance, had considered it in his Metaphysics.38 Leonardo's first extant reference to this problem is in the form of a brief question on CA125rb (c. 1490-1492):  "Why the eye, pushed by a finger, sees itself, which appears, /as/ a circle of fire."  On BM115v (figs. 1468-1469, c. 1492) he broaches the problem again:

(figure)

Figs. 1463-1466: Problems of binocular vision.  Fig. 1463, BM115v; fig. 1464, CA138vb; figs. 1465-1466, CA204rb.


Of the light which appears in the eye in its movement.

The eye which is pushed with a finger from below to above will make a contrary movement of its posterior parts where the imprensiva is caused and it will appear to this imprensiva that, raising the eye in front, things seen go down and this appears with the one eye standing firm and the other is moved by a finger.

These notes on BM115v may well have been a draft for a passage on A81r (fig. 1467, 1492) where he discusses this problem in greater detail:

That eye which, with a finger is pushed from below above will, from its centre within make a contrary movement, which appears to move stable and firm things from their place and carry them from above to below.

This effect occurs because the eye which is moved by a finger from below to above or from above to below moves moving or pushing its lids which are joined inside their origins with the surface skin of the eye.  And if you push the lower lid upwards it will be moved inside the eye and will lift the cornea (luce) upwards and the part of the eye which is being the centre will make the contrary movement and a contrary movement will be made by the images of the objects impressed in this part of the back of the eye where the power of the imprensiva is based.  And this effect occurs holding both eyes open because the eye which is not moved sees the object in its site and that which is moved, moves the image of the impressed object in its imprensiva.  And the object seen by the moved eye is never of that clear shape as is that seen by the eye which is not moved, because in being moved /the eye/ does not see the image by that centric line through which things are better judged, but rather it is seen by those parts which are around this centre and because they are of a less transparent humour things are seen more confusedly.

(figure)

Figs. 1467-1469: Concerning displacement of the eyeball.  Fig. 1467, A81r; figs. 1468-1469, BM115v.

On CA204rb (c. 1490) he cites this as the most important demonstration to confirm the intromission theory of vision (see above p.    ). In the late period he returns once more to this phenomenon on W19117r (K/P 115r, figs. 1470-1473, 1508-1510):


The image.

Why the object seen by the eye which is turned /by/ being pushed sideways by one of the fingers in any direction...makes a movement contrary to that which is made by this eye.  This appears to arise as the figure above shows /fig. 1471/, that is, if the concourse of the two central lines rt /and/ st terminate in the angle t and the non-central lines sx and sv remain apart, and if you push the eye s downwards you displace the master line st from its place into which the line sx moves.  And because the object moves as much towards the line, as the line towards the object, therefore, moving the line sx towards the object t, it appears that this object t moves to the position ux where the line sx /is/.

To illustrate this he drafts a rough diagram (fig. 1470) which he crosses out and draws again (fig. 1471) showing in composite fashion both the central rays rt and st and the non-central lines sx and sv.  Next he draws a sketch showing only the central lines (fig. 1472) and a further sketch with the two central lines and one of the non-central lines (fig. 1473).  These final two diagrams he does not discuss in his text.

(figure)

Figs. 1470-1473: Experiments with displacement of the eyeball on 
W19117r (K/P 115r).

13. Conclusion

Euclid had focussed on ordinary visual conditions in his Optics.  In the mediaeval period authors such as Alhazen, Witelo, Pecham and Biagio Pelacani da Parma had devoted more attention to problem conditions of vision.  Leonardo develops these interests.  He devotes attention to the role of the central ray, but is equally concerned with determining the limits of the visual field.  His experiments in this connection lead him to reject the mediaeval notion that the maximal viewing angle is 90 degrees.  Further experiments in this connection involve the use of occlusions and small apertures. He does not, however, perform Scheiner's experiment.


Leonardo writes extensively on the perceptual problem of objects too near the eye, too far from the eye and too small to be seen clearly.  He develops models and demonstrations for these purposes.  He also studies diplopia and develops a rule for the number of images seen.  The problem of excessive light he considers briefly.  The question of after-images concerns him more.  He has some notes on the distinction between monocular and binocular vision.  Displacement of the eyeball also concerns him because he believes that it offers conclusive evidence for the intromission theory of vision. Notably absent from his writings are studies of pathological conditions of vision.  Even fairly common disorders such as squinting or cataract are not mentioned in his extant work.

PART FOUR

CHAPTER ONE:  THE STRUCTURE OF MANUSCRIPTS F AND D
1. Introduction     2. Manuscript D     3. Manuscript F     4.Conclusion

1. Introduction

In the Middle Ages optics and astronomy became ever more closely linked (see above pp.      ).  Among the Arabs Euclid's Optics became required reading for a study of Ptolemy's Almagest.1  Optical writers such as Roger Bacon, developing Aristotle's ideas suggested that the twinkling of stars was due to deception within the eye2 and that the apparent size of the moon and other planets was a result of refraction in the atmosphere.3  By the fourteenth century, Dante, in his Convivio, could go further and describe astronomy as if it were a branch of optics:

The site of these mobile heavens is manifest and determined by an art which is called optics (prospettiva) and by arithmetic and geometry and is reasonably seen also by other sense experience.4

Leonardo takes further this subordination of astronomy to optics.  He believes that the twinkling of stars is caused by rays of light reflected by the eyelids.  He studies the paradox that a more distant light source may appear not to diminish in size and decides that this can be accounted for by changes in pupil size.  Since such deceptions concerning heavenly bodies have their origins in the eye, an analysis of the visual process becomes necessary for a study of astronomy. In Manuscript D, he examines the entire visual process:  how images reflect from the eyelids, pass through the cornea and pupil, the lens and interior of the eye to the optic nerves and finally to the brain.  In the Manuscript F, by contrast, he concentrates on the role of eyelids, cornea and pupil in looking at stars, but does not mention the inner workings of the eye.


There are other basic differences between the two treatises. Manuscript D has as many as four drafts for a single demonstration.  Manuscript F is more coherent.  In Manuscript D astronomy is mentioned on a single folio.  In Manuscript F it is mentioned repeatedly.  Nonetheless, as will emerge later, both treatises constitute drafts for a work on optical astronomy.  Leonardo's chief treatises on vision have an ulterior motive.

2. Manuscript D

Manuscript D is entirely devoted to optical problems and hence it is commonly assumed to be a coherent treatise.  It is, in fact, an advanced draft, or more precisely, a series of advanced drafts. 
Strong (1967), in his analysis of the treatise has drawn attention to the headings of the folios which, as he has astutely noted, fall into two groups:  1) those headed "On the eye" and 2) those entitled "On the human eye" or "On the eye of man."5  It bears adding that the two groups also deal with basically different problems.  Six of the eight pages headed "On the eye" deal with the eyelids and cornea.  In the second group all twelve pages concentrate on what happens to images on passing through the pupil, the lens, humours and the optic nerves.  Hence passages headed "On the eye" deal with the outer eye, while those headed "On the human eye" or "On the eye of man" deal in particular with the inner eye (see Chart 27).

It is tempting to assume, as does Strong,6 that one can reconstruct the sequence in which Leonardo wrote these two drafts.  Unfortunately, Strong's reasoning, however convincing, leads to a confusing arrangement (see Chart 28).  For it would mean that Leonardo opened his discussion of the eye with the cornea and then devoted a page in turn to eyelashes, inner eye, cornea, eyelashes, inner eye and cornea.  The proposed arrangement of the second group, while more coherent, is also inconsistent.

(chart)

Chart. 27. The contents of Ms. D are compared with Leonardo's page headings.

A logical treatment of the visual process would trace the course of an image from a position outside the eye, through the cornea, pupil, humours and optic nerves.  Such an approach would impose a quite different structure on Manuscript D. The treatise might then begin with a general statement concerning visual power and its relation to the other powers of nature on 1r and a general consideration of the eyelids on D1v, which ends with the note: “Now such a demonstration such as this should be divided into its parts to make it better known, placing first its conceptions and other propositions necessary for a similar proof etc.” Such a treatment of the eyelids occurs on 9v. A next theme would be the position of objects on the surface of the eye which he treats on 2r and then in more detail on 10r, followed by a consideration of the cornea on 7r. Assuming that all the passages headed "on the eye" were written in sequence then 7v which deals with the uvea and 10v, which considers the whole visual process, would have ended the first group.


In a strictly logical arrangement the passage on the cornea on D7r would have been followed by a discussion of pupil size:  first hypothetical cases in which the pupils are larger than life (6)r; then a comparison of pupils in various birds and animals (5v and 5r) and finally changes in human pupil size (4r).
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Chart 28. Sequence of folios in Manuscript D according to Strong.

On 4r he considers the perception of an object smaller than the distance between two eyes and on 9r, the perception of smaller objects.  This would lead to demonstrations which use the perception of such small objects to confirm that images are all in all and all in every part (6v, 2v, and 4v). On 7v he gives preliminary instructions concerning a model eye, which he then develops on 3v, where he also considers alternative paths of images in the eye.,  This theme he pursues on 3r, where he draws alternatives which he personally does not accept.  On 8v he draws what he considers to be a correct path of the rays within the eye and returns to the problem of the central ray.  On 8r this path of the rays is red rawn with greater care.  He now notes that the width of the rays on leaving the crystalline lens is 1/3 of its width on entering it - a phenomenon he had demonstrated earlier on 3v.


On 8v he returns also to the eye - camera obscura analogy.  To illustrate this he draws an object abcde.  Such an object abcde recurs on D10v where the eye - camera obscura analogy is also at play. Such a logical arrangement of the notes may appear very convincing but it cannot be the order in which Leonardo wrote them.  This comes to light from a detailed study of the text.  On 2r, for instance, he describes the eyelid experiment which he subsequently carries out on 9v.  n 2v he gives instructions to make a model of the eye which he carries out on 7v and 3v.  On 7v he considers the possibility that the uvea might receive images.  This he rejects on 10r in the lwoer part, where he confirms that they must go to the optic nerve, a theory which he demonstrates on 10v, 3v, 8r, 3r and 8v. What then might the order of composition have been?


We suggest that - as is the case with the Manuscript F - the order of folios today is as it was when Leonardo wrote the draft treatise.  In which case it is very probable that he composed it in four stages:  outer eye, inner eye, the beginning anew to study the pupil in detail, and finally ending with a series of notes on perception. Leonardo's reasoning may well have been as follows.  He begins on 1r with a preliminary comment concerning visual and other powers.  He wishes to add something on this topic and therefore leaves the rest of 1r blank.  On 1v he gives a preliminary description of the eyelids and on 2r opposite, of the cornea.


In the margin of 2r he has an idea for a further experiment concerning eyelids.  In order not to confuse his sequence, he turns to the last combination of a verso and recto page in the treatise, namely, 9v and 10r (cf. 1v and 2r).  On 9v he develops his demonstration on eyelids and on 10r reformulates his claims concerning the arrangement of images on the surface of the cornea.  This marks the end of stage one.  The lower part of 10r remains blanks for the moment. He returns to the front part of the treatise, namely 2v, to begin stage two which is devoted to the inner eye.  Here he outlines his demonstration that images are everywhere in the eye, sketches his theory of double inversion within the eye and mentions his plan to make a model of the visual process.  In order to draft this idea he turns towards the back, to 7v, where he makes a preliminary model and explains his theory concerning the role of the uvea.  This idea he reconsiders and then rejects in the remaining space on 10r. He turns the page and in the upper part of 10v, drafts a diagram of the complete visual process.


Not content with his model of the eye on 7v he draws a more elaborate version on 3v beneath which he outlines four alternative diagrams of the visual process.  He explores further alternatives on 3r where he describes, but does not draw, an object K.  This object (K) he draws on 8v where he integrates his interpretation of the visual process with his concepts of the visual field and central ray. On 8r he redraws this interpretation of the visual process, integrating features first discussed on 3v. This ends a second stage of his draft.  


An unstated conclusion of these studies is that visual deceptions do not occur in the crystalline lens or other parts of the inner eye, but are produced by variations in pupil size and under certain conditions, by the eyelids. A third stage of the treatise is devoted specifically to pupils.  It begins with further demonstrations concerning images being everywhere in the pupil (6v).  On 6r he discusses pupils which are larger than life and mentions the astronomical context of these discussions.  Comparative pupil studies follow on 5v and 5r.  On 4v he writes another draft concerning images being everywehre in the pupil.  On the upper part of 4r he writes a further note on pupil size.


In the fourth and final stage of his writing he adds a series of notes on perception on the unused parts of 4r, 8v, the whole of 9r, 7r and the bottom part of 10v, possibly in that order.  The script of these passages appears to have been written by a different quill.  On 7r, for instance, he writes two paragraphs using a fine quill and then finishes the page using a coarse one. It is significant that this reconstruction must also remain tentative.  If even parts of individual pages were written at different times, it would be wrong to expect that this series of drafts could reveal a neat sequence of pages.  Whether its structure is approached logically or chronologically, Manuscript D is not nearly as finished a treatise as it first appears.

3. Manuscript F

By contrast, the 21 page draft of an optical treatise within Manuscript F (see Chart 28) appears much less systematic than it actually is.  Its focus is also different.  Whereas D deals with the entire visual process, F concentrates on the role of eyelids, cornea and pupil with respect to astronomy.  It sets out to show how the apparent size of stars is affected by illusions originating in the eye. On F 94v Leonardo begins with the intent to show how rays at the eye increase the apparent size of distant luminous bodies.7  This idea he reformulates as a question on F 95r, asking why the apparent size of a candle is not diminished when removed to a greater distance.  His answer is interrupted by an apology:

This cannot be explained for lack of paper.  But go back to the beginning 

of the book on page 40 which has the definition.

On F 40r (fig. 1496) he develops the diagram he had drafted on 95r (fig. 1494) and shows that although more distant objects subtend a smaller angle at the surface of the eye, refraction within the cornea has the effect that their apparent size is reduced in power but not in quantity (F39v). This claim is dramatic because it disposes of Euclid's theorem (see above pp.     ) that the apparent size of objects depends strictly on the angle subtended at the eye.

(chart)

Chart 28. Sequence of folios of the draft treatise on optics within Manuscript F.

Leonardo goes on to claim that changes in intensity govern changes in pupil size, namely, that the pupil increases to the extent that light decreases.  This answers his question, posed on 94v, 95r and 40v, why objects do not appear smaller at a distance. At the bottom of F39v he writes:  "turn to page 37."  On 37r, he refor;mulates his claims in terms of two propositions:  first, that a smaller pupil sees objects as smaller and less brightly, and second, that smaller objects send a lesser angle to the eye and conversely.  This second proposition has a conventional Euclidean ring.  But Leonardo goes on to cite the case of a bar of iron part of which is larger or smaller as a result of light intensity.


He is eager to consider all factors which affect light intensity and, in turn, alter the size of the pupil and apparent size and therefore pursues his idea (cf. Manuscript D 1v, 9v) and that eyelids can function as mirrors which reflect and magnify light coming to the eye and thereby affect estimates of apparent size. On F36v he uses apertures of various size to explore the connection between pupil size and apparent size.  On F36r he summarizes his rules concerning light intensity and apparent size:  that a more luminous object appears larger and conversely.


Below this he draws two objects clearly intended to represent stars (fig. 1500, cf. figs. 1495, 1501).  Alongside, he explains that two luminous bodies positioned close to one another will appear united when seen from afar.  On F35v he redraws these two light sources as two candles and pursues the theme, citing contemporary explanation which he rejects.  His own explanation is that more distant objects have less intensity as a result of which the pupils expand and these objects appear larger. Meanwhile, on F36r, he had noted that if images converged to a mathematical point in the eye, it would not be possible to distinguish them separately.  He restates this problem on F34r, adding that since we see images as being separate from one another, it follows that they do not end in a point.


On F33v there is an excursus to describe devices to test "how rays penetrate liquid bodies."  On F33r, using a small aperture, he describes an experiment to show that pupil size and apparent size are intimately linked and, on F32v, adapts this to show that the image of a star passing through an aperture is everywhere in the eye and not reduced to a point.  Further demonstrations on this theme follow on F32v, 32r and 28r. On F31v he discusses the arrangement of images of stars on the surface of the eye and mentions the problem of occlusion.  On F31r he considers the occlusion of a dark object on a bright background.  The non-occlusion of small objects provides him with a further demonstration that images are "all in all the eye" (F31r-30v).


On F37r he had mentioned the role of eyelids in convex mirrors.  This he examines in greater detail on F30r, 29v and 29r.  On F28v he raises further problems of optics and perception:  why a hemispherical bubble produces a cross-shaped image in water and why objects smaller than the eye are not seen.  On 28r he drafts another version of his demonstration that visual power is spread throughout the eye. Here the draft treatise on optics ends.  As has been shown, it deals primarily with the eyelids, cornea and pupil, illusions arising therin and related perceptual problems.  This stands in contrast to Manuscript D which deals with the entire visual process.

(chart)

Chart 29. Correspondences of topics and problems in Mss. D and F.

Even so, the common features of Manuscripts D and F should not be overlooked.  In both, Leonardo is concerned with sources of illusion in the eye.  In both, he devotes more attention to the pupil than to any other part of the eye (see Chart 29).  In Manuscript D he explores the idea that pupil size determines apparent size.  In Manuscript F he develops this idea with respect to light sources.  When a light source is close to the eye the pupil contracts and hence the light source appears amall.  As the light source moves further back its intensity is less.  This causes the pupil to expand and hence the more distant object does not appear smaller and may even appear larger. In the Manuscript F Leonardo shows that this light source could be a candle.  But it could equally be a star.  An astronomical context pervades the entire draft. This is no coincidence. In the chapters that follow it will be shown that Manuscripts D and F were intended to serve as chapters in a larger treatise on astronomy.

(chart)

Reconstruction of Manuscript D (40 pages)

PART FOUR:  CHAPTER TWO:  THE SUN'S IMAGE IN WATER

1. Introduction       2. Images Everywhere      3. Size of Sun's Image      4. Size of the Pupil

5. Water with Waves and Lunar Considerations     

1. Introduction 


For Leonardo the everyday experience of the sun's image reflected in water acquires particular significance.  At the outset it provides him with a further illustration that images are everywhere (..."all in all and all in every part," see above pp.     ).  He subsequently links this experience of the sun's reflection in water with his principles of linear perspective and his studies of pupil size. In his early studies, he considers the sun's image reflected from the surface of smooth, unruffled water.  Later, he also considers situations where the water's surface is ruffled by waves.  He treats waves as cylindrical mirrors, and studies the properties of such reflecting surfaces.  His associative mind finds in these experiences a new explanation why the full moon reflects light as it does.  An understanding of these themes will reveal how his optical writings are connected with problems in astronomy.

2. Images Everywhere

Leonardo had used mirrors to illustrate that images are everywhere in the air (see above pp.    ).  The sun's image reflected in water is, for him, another instance of this mirror effect and hence it too can be used to demonstrate his "all in all" principle as on C17v (1490) in a passage headed:


Of the sun mirrored on the water

If the sun is seen by all the seas which have day...all these seas are seen by the sun.  Hence all the luminous water makes images all in all this water and all in the part appears to the eye.

(figure)

Figs. 1515-1516: Image in a mirror and the sun's image mirrored in water.  Fig. 1515, Witelo, Optics V.55; fig. 1516,




BM107r.

The sun's reflection in water also poses a problem: “I therefore ask why when a ship sails /and/ the sun sees it, the eye does not see the sea all luminous and it does not always seem that a sun sails following the path of a ship.” This problem will continue to play on his mind for the next twenty years but, already in the next paragraph he offers a first tenative answer (fig.    ):

The sun makes as many pyramids as there are pinholes and apertures (where) through which it can penetrate with its rays.  And as many are the eyes of the animals that look at it, so it will be found that the sun is always the base of each pyramid.  The sun mirrored in water appears to the eye to be as much below this water as it is outside it and this mirrored sun makes itself a base of the pyramid which terminates in the eye and this mirrored sun is as large as the interaction of the cut pyramid is large, from the surface of the water at an.  Let tr be the water; m, the sun; f, the sun mirrored in the water.  Let shc be the pyramid of the mirrored sun /and/ let an be the above mentioned intersection of the pyramid.

This long text passage does not, however, tell the whole story which his visual statement in diagram form presents (fig.     ).  The text mentions only an eye at c.  But his diagram also shows a second viewing point at b and a third wh ich has been cut off by the upper limit of the folio.

(figure)

Figs. 1517-1518: Diagrams on C17v and author's reconstruction.

(figure)

Figs. 1519-1514: The sun's image in water.  Fig. 1519, C17v; fig. 1520, CA351vb; fig. 1521, CA250rb; fig. 1522, 34v; figs. 1523, B25r; fig. 1524, G20r.

The surface of the water here functions as the equivalent of the glass plane (parieta) which he uses in his perspectival studies (cf. vol. one, part I.3).  Hence the further the eye moves back, the larger is the image on the plane.  When the eye is at c, the intersection is tiny.  When the eye is at b the intersection increases to na. Lower down the folio he adds four circles (fig. 1517).  These represent cross-sections of the visual pyramid in the form of a ground-plan.  The smaller circles correspond to intersections at the water's surface.  The larger circles represent the sun's image under water (fig. 1518).  He draws two sets to correspond with the experience of binocular vision. Two years later on A19v (1492) he again demonstrates how a mirror shows that images are "all in all and all in every part," and this leads once more to consideration of the sun's image in water:

Let us take the example of the sun which, if you walk along a bank of a river and you see the sun mirrored in that stream, the extent that you walk along that stream, to that extent will it appear that the sun walks with you and this because the sun is all in all and all in the part.

This time he does not bother to add a diagram.  More than a decade passes.  Then in the Codex Leicester (c. 1506 possibly 1508-1509) he employs the example of the sun's image in water twice:  first in passing on 1r and again on 7v in connection with pupil size (see below pp.     ). On F39r (1508) he considers the problem afresh (fig. 1593):

Because the image of the sun is all in all of the sphere of water which sees it, the sun is all in every part of the aforementioned water.

The entire sky which sees the part of the sphere of water seen by the sun sees all this water occupied by the image of the sun and every part sees all.

The surface of the water without waves illumines equally the places percussed by the reflected rays of the images of the sun in water....

The image of the sun is one in the sphere of water seen by the sun which shows itself to the entire sky positioned opposite it and each part of this heaven sees in itself an image and that which is seen in one place is seen by the other in another place...in such a way that no part of the sky sees all.

That image of the sun will occupy more space of the surface of the water which will be seen by an eye more distant from it.

In the accompanying diagram (fig. 1593) he marks the location of the sun, the waters of the ocean and adds 14 letters.  None of these are mentioned in the text, but the problem continues to play on his mind.  One of the phrases used on F39r ("The image of the sun is one in the sphere of water"), is adapted to introduce a subsequent passage on D6r (1508):

The image of the sun appears as only one in the whole of the sphere of water which sees and is seen by the sun, but appears divided into as many parts as there are eyes of animals which see the surface of the water from diverse places.  This which is proposed is proved because, however far the eyes of seafarers carried by ships may move through the universe, they behold the image of the sun simultaneously through all the waters of their hemisphere in all the movements made in all aspects.

Figs. 1525-1528: The sun's image in water and motion of the eye. Fig. 1525, W12587v; figs. 1526-1528, CA243va.

A draft passage on CA243ra (1510-1515) echoes these themes:

The image of the sun is all in all...the parts of the objects where its rays intersect it and all in every particle...


The sun will be seen in as many parts of the sea and...as are the eyes of...


The sun will be seen in as many parts of the sea and...as are the eyes of...

On CA243va(1510-1515), amidst passages on the moon (see below p.     ) he asks what occurs:  "If the eye moves along the shore the length of a canal which has its axis facing west."  A draft answer follows:

...The length of the line that the motion of the eye makes along that water...that sees the image of the sun in some stream and you walk along this image.

This draft he crosses out and then draws three diagrams (figs. 1526-1528) beneath which he adds a caption:

If you...are moved towards the sun through that water which finds itself between that sun and its image...you will be navigated along a continuous image which will be the length of your motion.

On CA243vb (1510-1515) he pursues the theme, beginning with a by now familiar formulation:

The image of the sun is all in all the water which sees it and is all in every minimal part of it.

This is proved because /there/ are as many images of the sun as /there/ are positions of the eyes which see part of it.

(figure)

Figs. 1529-1530): Sun's image in water and time factor on CA243vb.

This idea he restates in two visual statements (figs. 1529-1530).  One diagram (fig. 1529) effectively develops his sketch on C17v drawn 25 years earlier (fig. 1519), and the accompanying text discusses the case of a boat also mentioned on C17v:

Again moving the eye,...carried along a line by a boat, one sees the image of the sun moving along the same line as the motion of such an eye, but it is not parallel because, with the sun moving towards the west, the line of the image moves in a curve towards the sun in such a way that ultimately it joins the image of the sun in appearance...when it is joined to the horizon.

A more precise description follows:

If the motion of the ship occurs at noon and the sun is in the middle of the sky, the line of the image of this sun is curved and will always go enlarging itself in such a way that in the end it will join up with the sun at the horizon and the image appears euqal in size to that of this sun.

To the right he draws a second diagram (fig. 1530) which he then explains:

Let abc be the middle of the course of the sun in our hemisphere.  Let edc be the shape made by its image on the sea.  Let fg be the maximal /mo/tion of the ship, which carries the viewer that much /away/ from the image.

Even so his caption leaves much implicit.  We are expected to realize that during the time when the ship moves from f to g, the sun moves from its noonday position at a to the horizon at c, while its corresponding reflection in the water grows as it describes an arc edc until it ends at c coincident with the setting sun itself.  These verbal and visual statements on CA243vb (c. 1510-1515) constitute his last extant answer to questions first broached on C17v (1490-1491).

3. Size of the Sun’s Image

One of the diagrams of C17v (fig. 1519) implicitly demonstrates a basic tenet of linear perspective:  that as the eye is moved back, the image on the glass plane, here the water's surface, increases proportionately.  On CA250rb (1490-1591) he carefully redraws this diagram (fig. 1521) letters it and adds a caption which broaches both the eye's size (see below pp.    ) and distance:

If the eye or indeed the point were as large as the sun and at a distance equal to that of the sun from the sea, that sun which, mirrored in water appears the size of a platter, would appear to occupy all that part of the sea which can be seen by you.

A more detailed explanation follows in the upper left-hand column:

This is clear...ly shown in the book of mirrors, how each body appears by images /from/ plane mirrors to the extent that these bodies are distant from the surface of these mirrors.  Whence, for this reason, if you are close to the said surface with your eye, as appears at r, the sun will appear mirrored the size to, because so great will be the intersection of the pyramid made by the surface of the water; and if the eye he /moved/ to the point f, the image of the sun will occupy that much more water, as there is from t to n and if you raise yourself...to the point m, the reflected sun will occupy a greater/er/ sum of water and thus it would do step by step successively /.../ such that, if it were possible that you raise yourself to the moon when, during the day when it passes without light through our hemisphere; the sun, reflected in the water would occupy all the waters illuminated by it.  It being so, /our/ world would function for him who was on the moon as the moon appears to us at night when it shines.

This passage suggests that by 1491 Leonardo had written "books on mirrors" in which he had explored thoroughly the connection between perspectival intersections and mirror images.  He had also begun contemplating the astronomical implications:  that the earth seen from the moon must appear as the moon appears from the earth.  This will become an important theme (see below p.    ). On CA250rb he next considers the factor of the eye's size:

And if our eye were the size of the world, even if this /eye/ were close to this world, it would see all the waters of the sea, lakes and rivers luminous with the image of the sun.  But since this eye is small, it operates through a small point, to which a small image /comes/.  Nonetheless, that which confirms my opinion is that, walking along a stream, throughout the entire voyage, the sun, reflected in the water appears to walk along with the traveller.  And this is because the sun is all in all the parts illuminated by it through its images.

On A96v (BN 2185 16v, 1492) he pursues the consequences for astronomy, beginning with the phrase:  "the particles must correspond to their parts and the parts /cor/respond to the whole," which may be a variation of his familiar principle of images being "all in all and all in every part." This is followed by a (fig. 1531):

Demonstration (pruova) how to the extent that you are closer to the cause of the rays of the sun, the larger the sun reflected in the sea will appear to you.

If the sun adopts its splendour with its centre fortified by the power of the entire body, it is necessary that its rays, the further that they go out from it, the more they open out.  If it be so, you who are with the eye close to the water which reflects the sun, see a minimal part of the rays of the sun carry the form of that reflected sun on the surface of the water.

And if you were close to the sun, as would be /the case/ when the sun is at its zenith and the sea in the west, you will see the sun reflected on this sea in the largest form.  /This is/ because, you being closer to the sun, /and/ your eye drawing the rays closer to the point, it draws more and hence there results a greater brightness and by this reason/ing/ one could prove that the moon is another world similar to ours and /that/ that part of it which shines is a sea which reflects the sun and that which does not shine is land.

Here links with the moon are mentioned as a possibility.  On A64r 91492) he pursues these connections in a more affirmative tone in a passage entitled


What /kind of/ thing is the moon?

And if you see the sun or the moon in water which is near you, it will appear to you in that water to be the size that appears to you in the sky.  And if you go back a mile, it will appear 100 times larger.  And if you see it reflected in the sea at sunset, the reflected sun will appear larger than 10 miles to you because in that reflecting it will occupy more than 10 miles of sea.  And if you were where the moon is, it would appear to you that the sun is reflected in as much sea as it illuminates by day and in the evening there would appear in that water what appear like the dark spots which are in the moon which, standing on earth, show themselves as such to men, exactly as our world would do those men who live on the moon.

Some three years later on CFA351vb (c. 1495) he draws a diagram (fig. 1520) showing the eye at different levels above water looking at the reflected image of the sun.  On BM25r (c. 1508) he develops this diagram (fig. 1523) this time adding an explanation:

The image of the sun will occupy more space on the surface of the water which is more distant from the eye which sees it.

Let a be the sun; pq is the image of this sun; ab is the surface of the water where the sun is reflected; let r be the eye which sees this image occupying the space om on the surface of the water; c is the eye remoter from this surface of the water and thus /remoter/ from the image.  Hence this image occupies a greater space of water to the extent of the sapce no.

On CA243rb (c. 1510-1515) he makes explicit the connection between this intersection in water and his transparent plane (pariete) of linear perspective:

If you have the distance of a body you will have the size of the visual pyramid which you will cut near the eye on a transparent plane (pariete) and then you remove the eye to such an extent that the intersection is doubled and note the space from the first to the second intersection and state:  if in so much...space the diameter of the moon increases by this much relative to the first intersection, how much will it grow in all the space which there is from the eye to the moon?  It will make the true diameter of this moon.

This passage suggests that the principles of linear perspective can be combined with the rule of three (cf. Mad II 51r) to determine quantitatively the size of the sun's image.  On G20v (c. 1515) the develops this idea in a passage entitled (fig. 1524):


Explanation of the moon with the image of the sun.

If the sun f mirrored in the surface of the water nm appears to be at d, (i.e., going under water to the extent that this /eye/ is above water) and to the eye /at/ b it appears to be the size a and if in removing the eye from b to uc the image doubles, how much would the image grow if the eye removed itself from c to the moon /?/

Do /it/ with the rule of 3 and you will see that the light which the moon has on the fifteenth /day, i.e., when it is full/ can never be the light which this moon would receive if it were /a/ spherical /mirror/.  Hence it is necessary that this moon is water.

Some explanation is needed to understand how he arrives at this dramatic conclusion.  The laws of perspective show that an image on the intersected plane, here the water's surface, increases in proportion as the eye is moved further back.  If one knows the distance of the moon one can apply the rule of three to the perspectival pyramid and determine the size of the intersection when seen from the moon. All this assumes reflection in a plane mirror and Leonardo knows only too well that the surface of both the earth and moon is spherical.  His experiments with convex spherical mirrors (see below pp.     ) confirm, however, that these produce reflections much smaller than the original light source.  Hence if the moon were a spherical mirror the sun's image would be reflected from only a small part of the moon's surface.  Further study of the sun's image in water shows him that if there are waves, each of these can function as a cylindrical mirror and reflect the sun in every part of its surface. The moon, he reasons, must have oceans with such waves (see below pp.    ).

4. Size of the Pupil

The web of Leonardo's associative mind does not stop here:  he also connects the sun's image in water with the problem of variable pupil size.  If the pupil is tiny it can effectively be drawn as a point, and be forgotten, as he does in his early diagrams (figs. 1519-1524).  But if the pupil were larger then its size would also affect apparent size. Leonardo considers this possibility in the passage on CA250rb (1495-1497 ciated above p.    ), where he states that if the eye were as large as the sun, the sun's reflection would stretch across any sea in which it was seen.  On Leic. 7v he broaches the problem again:

The sun reflects itself all in all and all in every part of the water placed opposite it, but the eye which sees its image is of minimal size and hence this image appears amll under water, as that of the sky.  And if the eye were as large as the sphere of the water, this eye would see all the waters resplendent with the image of the sun.

A demonstration follows:

(figure)

Figs. 1532-1534: Apparent size of the sun if the eye were smaller, the same size, or larger than the sun on C237ra.

And I prove it as follows. You see the sun mirrored in our seas when it is in the west and it  does the same to all the antipodes which are on the horizons positioned on the circle which separates day from night on earth.  Now imagine a combined visual power which terminates...its circle with the circle of the eyes of these antipodes.  Hence there will be in this combined visual power all the power of the eyes which, in the hemisphere see the sun mirrored in its waters through diverse countries.  But a single eye is of the nature of a point to which the rays...from the terminus of the image...converge, which concourse of pyramidal lines, being cut at the surface of our waters show to what extent such an image appears large in such an interseection of a pyramid, which intersection will be smaller to the extent that the eye which sees this image will be closer to the surface of the water where the sun is reflected.

These ideas crystallize on CA257ra (1505-1508).  Here he begins with the now familiar diagram of the sun's image in water (fig. 1532) and adds the caption:  "Because the eye is small it cannot see the sun in image except as small."  Directly beneath he draws a second diagram (fig. 1533) in which the eye is now as large as the sun and as the caption explains: “If the eye were equal to the sun, it would see in the waters, provided they were smooth, the image of the sun equal to the true body of the sun.” He then adds a third variant, in which the eye is larger than the sun (fig. 1534), with the caption:  "if the eye were larger than the thing mirrored it will see on the mirror the image larger than the said thing."  He draws another enlarged eye on W12587v (fig. 1525) and explains:

(figure)

Figs. 1535-1538: Pyramids of light on F63r, CA237ra, CA243rb and CA243vb.

Figs. 1539-1542: Reflected light at sunset on CA208vb

If the eye were /as/ large in diameter /as/ all of ab, the image m would appear on the surface of the water...of such size that its diameter would be the whole of cd.

On D6r (1508) he mentions how there are as many images of the sun in water as there are eyes seeing it and then pursues the theme of the eye's size:

If the eye were as large as the sphere of water, it would see the image of the sun occupying a great part of the ocean.

This can be demonstrated because if you move on a bridge, from which you see the image of the sun in the water of its stream and...move some 25 braccia to the side, you will see that the image of the sun moves on the surface of this water and thus he who puts together all the images seen in such a way that you would have made a single image in the form of a flaming beam.  Now imagine making a circle of which this flaming beam is the diameter and that this entire circle is filled with images.  Without doubt you would see an image of which the diameter would be 25 braccia.  How you have to imagine that there is a pupil which has /as/ its diameter the same 25 braccia which, without moving would see in the same water, a reflection of the sun which would have a circumference of 78 and 4/7 braccia.

He summarizes this discussion with a marginal note:

The small quantity of the pupil is the cause of making the image of the sun appear a minimal thing on the surface of the water.

(figure)

Figs. 1543-1546: Demonstrations that the sun's image is everywhere in water on CA208ra. 

If the eye were as large as the sphere of the water, this water, when seen by the sun, would be all a single image of the sun.

In the lower part of D6r he considers a further alternative:  if the eye were so distant from the sphere of water that its size was reduced, then the entire sphere of water would appear as a single image of the sun. On CA208ra (fig. 1544, c. 1513) he illustrates how the sun's image in water produces a fiery beam such as that described on D6r.  Beneath this diagram on CA208ra he notes that this is a:  "proof how...the images of the sun in water are as many as...the sites of the eyes which see it in water."  He then draws a second diagram (fig. 1545) with a draft caption "move many eyes" and a third diagram (fig. 1546) showing:  "eyes placed in a circle in a pond where the sun is at the zenith," which leads to a:

Conclusion:  if the eye were as the earth or if the earth through distance

diminished as an eye...that our earth would appear a celestial body

which was like the moon or another star.

In Leonardo's mind the sun's image in water has become intimately linked with problems of astronomy. To understand why this is so we need to consider his studies of water with waves.

5. Water With Waves and Lunar Considerations

Ptolemy in his Optics 1 had noted that waves increase the size of the sun's image in water.  Leonardo's first extant comment concerning this phenomenon occurs on W12350 (c. 1493) where he points out (fig. 1590) that:  "the sun will appear greater in moving and wavy water than in still water:  example of the light seen on the chords of the monochord."  On H76/28v/ (January 1494) he mentions it again under the heading of:

(figure)

Figs. 1547-1554: Pyramids of sight and light in water.  Figs. 1547-1551, CA112ra; figs. 1552-1553, CA112va; fig. 1554, CA243rb.


Perspective

The shadow(s) or the thing(s) reflected in moving water, that is, like small waves, will always be larger than the thing outside where it originates.

In the period 1505-1508 he explores this problem more thoroughly.  On CA112va, for instance, he notes that: “The image of the sun on a wave of water increases to the extent that this wave diminishes in size through the long distance of the eye.” This idea he reformulates on F38v (1508):  "the image that is reflected from the wave to the object acquires size in every degree of its distance," which is followed by a diagram (fig. 1592) and caption:

The image f rebounds to cd and the image of the wave e rebounds to ab.  These 2 percussions of reflected rays mutually superimpose themselves on one another in cb and there the light is doubly more luminous than in ac or bd.

On F39r, opposite, he develops this principle to show how the sun is reflected over the entire ocean (fig. 1593) and not just a small stretch of waves.  On F63v discussion of the distance factor continues with case where the eye is close to the water:

If you hold the eye as close to the surface of the sea as you can you will see the image of the sun in a single wave of the water which you can measure and which you will find to be very small.

He then describes what happens if the eye is removed to a distance of several miles:

(figures)

Figs. 1555-1557: Rough sketches of the sun's image in water.  Fig. 1555, CA112ra; figs. 1556-1557, CA112va. 

Figs. 1558-1560: Sun's image in water at sunset.  Fig. 1558, CA237ra; figs. 1559-1560, F63r.

If you hold your eye near the surface of the water of that sea or pond which interposes itself between your eye and the sun you will find the image of the sun on that surface showing itself /as/ very small.  But if you remove yourself from that sea by a space of several miles you will see the image of the sun make itself an equal number of miles and if the first image retains the true shape and light of the sun, as do mirrors, this second one will reserve neither the shape nor the light of that sun but /rather/ a shape with interrupted and with diminished light relative to the first.

Why the shape of the sun should become unclear, (a theme considered in draft on CA112ra, c. 1505-1508) is the subject of the next paragraph:

The shape of interrupted and confused boundaries will be generated by a composition of many images...of the sun reflected to your eye from many waves of the sea...And the diminished brightness derives because the umbrous and luminous images of the waves come to the eye mixed together, whence their light is altered by their shades /which/ cannot happen on the surface of a single wave which you have placed close to the eye.

These thoughts are restated visually on F63r under the heading:  "Every image of the sun grows in being removed from the eye which sees it."  He draws one eye close to the waves (fig. 1575), a second further away (fig. 1574), and demonstrates (fig.     ) that:  "even if the waters are separated all their images run to the eye."

(figure)

Figs. 1561-1564: Crests of waves as mirrors on CA237ra, F63v, F62v and BM28r.

He also draws (fig. 1535) an eye positioned well above the surface of the water, from which viewpoint it sees at least seven waves.  This he redraws (fig. 1562) practically as a ground-plan, showing the waves as a series of circular forms presumably as equivalents of individual mirrors.  An earlier version occurs on CA237ra (fig. 1567, c. 1500).  On F62v this is further developed (fig. 1563) and explained.

If the shape of the waves were in the shape of a half sphere as are the spheres of water, the concourse of images of the sun which part from these waves and come to the eye would be of a very great angle when this eye is on the shore of this sea which interposes itself between it and the sun.

On F62r he explores the alternative that the water's surface is hemicylindrical inshape.  He draws a cylinder (fig. 1576) and adds the caption:  "The ray of the luminous body makes its angle of incidence under 4 equal angles, that is, the axis of the angle."  Beneath a second diagram (fig. 1572) he notes:  "Here the angle acm, not being equal to one mcb opposite it, the eye o does not see n in c.  The axis of the angle of incidence falls between four right angles." In the right-hand margin he makes two more drafts of a diagram (figs. 1569-1570), redraws this (fig. 1571) and adds an explanation:

Cad is the angle of incidence on the cylindrical object eg and the axis of such an angle ba terminates at a between 4 equal...angles, that is to say each of these angles is equal to its corresponding one, as daf is equal to cah, its corresponding one and likewise bae to bag.

On F61v he pursues the problem (fig. 1573):


The angle of incidence always terminate among equal angles each corresponding to its own.

(figure)

Figs. 1565-1573: Reflection from cylindrical mirrors.  Figs. 1565-1568, F61r; figs. 1569-1572, F62r; fig. 1563, F61r.

Above this explanation on F61v the reason for these theoretical discussions becomes clear.  He draws a diagram (fig.   ) showing the sun at d, an incident ray, da, from the sun; a central ray ab; a reflected ray ae; an eye e as well as nine other points identified by letters.  The curves are clearly meant to be waves which Leonardo assumes are equivalent to a cylindrical mirror and this provides him, as his caption states, with an

Explanation why waves of water well removed from the concourse of the rays reflected to the eyes from these wavbes nearer by do not render the image of the sun which illuminates them.

In the upper right-hand corner of F61v he adds a further note:  "In all places that the sun sees the water, the water (sees the water) sees it and can, in each part, render to the eye the image of the sun."  This is clearly a restatement of an idea expressed earlier on C17v (1492):  "If the sun is seen by all the seas which have day, all these seas are seen by the sun."  On F61r (1508) he also draws four cylindrical objects (figs.    ) this time with only a brief caption:  "If the sun is seen by all the seas which have day, all these seas are seen by the sun."

Let the angle of incidence be onp.  Let its axis by mn which terminates at n among infinite equal angles...each equal to its corresponding one.  Here I take only 4 as examples and let the first be odn equal to its corresponding one mnc because these two are each equal to a curved and a straight side and the curves dn and cn are of equal curvature because they are placed on a columnar body of uniform size.  The other two angles are...at mna and mnb which have their straight sides but are not equal because mnb is less than its corresponding mna.  Therefore the angle will be lower.

Among the 4 angles abcd one can place infinite other angles and each will be equal to its corresponding one.

In the upper portion of F61v the reason for these theoretical discussions becomes clear.  He draws a diagram (fig. 1579) showing the sun at d, an incident ray, da, from the sun; a central ray ab; a reflected ray ae; an eye e as well as nine other points identified by letters.  The curves are clearly meant to be waves which Leonardo assumes are equivalent to a cylindrical mirror and, as his caption states, this provides an:

Explanation why waves of water well removed from the concourse of the rays reflected to the eyes from these waves bearer by do not render the image of the sun which illuminates them.

In the upper right-corner at F61v he adds a further note:  "In all places that the sun sees the water, the water...sees it and can, in each part, render to the eye the image of the sun."  This is clearly a restatement of an idea expressed earlier on C17v (1492):  "If the sun is seen by all the seas which have day, all these seas are seen by the sun."  On F61r (1508) he also draws four cylindrical objects (figs. 1565-1568) this time with only a brief caption:  "if the sun is seen by all the seas which have day, all these seas are seen by the sun."

Among the 4 angles abcd one can place infinite other angles and each will be equal to its corresponding one.


On BM28r (1508) he pursues this theme with a diagram (fig.    ) and detailed explanation:

This demonstration of so many spherical bodies interposed between the eye and sun is made to show that, just as in each of these bodies one sees the image of the sun, so too can one see this image in each globosity of the waves of the sea.  As in many of these spheres one sees many suns, so too in many waves does one see many lustres and, at a great distance, each lustre in itself makes itself large to the eye and since each wave does this, one sees the sapces interposed between the waves consumed and for this reason there appears to be a single continuous sun in the many suns mirrored in the many waves and the shaded parts mixed with the luminous spaces have the effect that this brightness is not lucid like that of the sun mirrored in these waves.

On CA155rc (1516-1517) he describes how this principle of reflection can also be observed in a storm:

The lustres of clouds (little) will not show themselves in those places where the dark rains with their clouds reflect.

But where the flashes generated by lightening in the sky reflect, one sees as many lustres made by the images of their flashes as are the waves which can reflect to the eyes of those standing about.

The number of images made by the flashes of lightening on the waves will increase to the extent that the distance of the eyes of their viewers increases.


And likewise this number of images diminishes to the extent that they approach the eyes which see them as is proved in the definition of the brightness of the moon and of our maritime horizon when the sun is reflected with its rays and the eye which receives this reflection is distant from the said sea.

He consdiers the role of distance in this reflection from waves once more on CA174vb (1518) beginning with a comment that

the spherical bodies of blobulent and terse surfaces are those of which surfaces are composed of various globosities.

This demonstration of so many spherical bodies interposed between the eye and sun is made to show that, just as in each of these bodies one sees the image of the sun, so too can one see this image in each globosity of the waves of the sea.  As in many of these spheres one sees many suns, so too in many waves does not see many lustres and, at a great distance, each lustre in itself makes itself large to the eye and since each wave does this, one sees the spaces interposed between the waves consumed and for this reason there appears to be a single continuous sun in the many suns mirrored in the many waves and the shaded parts mixed with the luminous spaces have the effect that this brightness is not lucid like that of the sun mirrored in these waves.

On CA155rc (1516-1517) he describes how this principle of reflection can also be observed in a storm:

The lustres of clouds...will not show themselves in those places where the dark rains with their clouds reflect.

But where the flashes generated by lightening in the sky reflect, one sees as many lustres made by the images of their flashes as are the waves which can reflect to the eyes of those standing about.

The number of images made by the flashes of lightening on the waves will increase to the extent that the distance of the eyes of their viewers increases.

And likewise this number of images diminishes to the extent that they approach the eyes which see them as is proved in the definition of the brightness of the moon and of our maritime horizon when the sun is reflected with its rays and the eye which receives this reflection is distant fromt he said sea.

He considers the role of distance in this reflection from waves once more on CA174vb (1518) beginning with a comment that

The spherical bodies of globulent and terse surfaces are those the surfaces of which are composed of various globosities.

(figure)

Figs. 1581-1586: Sunlight reflected by waves of water.  Figs. 1580, CA120vd; figs. 1581-1582, BM104r; figs. 1583-1584, CA249rc; figs. 1585-1586, CA237ra.

A smooth convex surface, he explains, would produce only one image hence:

It follows that a surface which is terse and globulent renders as many images to the eye which sees it as are the number of globules seen of the real thing and from the eye which stands before them.

A number of images of any object seen on the spherical bodies with a terse and globulent surface will be as many more or less as the eye...seeing such images is remoter or closer to the above mentioned terse body.

The diagram (figs.      ) and other texts on this folio again point to a connection with astronomy. This astronomical connection becomes clearer on BM104r (1506-1508) where he makes two sketches of the moon's surface (figs.     ) and seven diagrams showing the relationship earth, sun, moon and earth (figs.    see below pp.    ) in the lower part of the folio.  In the upper part, a further diagram (fig.    ) shows the sun and moon and, as he explains in a draft, demonstrates:

How the sun cannot be reflected in the body of the moon it being a convex mirror in such a way that, to the extent that this sun illuminates, this moon reflects to that extent, unless such a moon already had a surface capable of reflection which was rough like the surface of the sea when it is partly moved by wind.

Directly beneath this passage he makes a draft sketch (fig. 1581) of the sun's rays being reflected from such rough waves and adds the caption:  "These waves produce at every line /an effect/ like the surface of a pine cone."  Beside this he draws a second draft sketch (fig. 1582), which leads to a third and much larger draft (fig. 1587), with a caption:  "These are 2 figures thus you will make the one different than the other, /one/ with wavy water and/ the other/ with level water."

(figure)

Figs. 1587-1588: Sun's image in smooth and rough waters on BM104r and BM25r.

He has, in fact, taken the familiar diagram of the sun's image in water (cf. figs. 1519-1524) and has integrated it with a dynamic situation where the water is ruffled by waves.  In a further caption he adds that "the waves of the water increase the image of the thing which is reflected." He redraws this diagram on Bm25r (fig. 1588) where he repeats the caption and adds a more detailed explanation:

Let a be the sun.  Let mn be the water with waves, b the image of the sun when the water is without waves.  Let f be the eye which sees the image in all the waves which are contained in the triangle cef.  Hence the sun, which on the surface without waves occupies the water cd, on the surface of the water with waves now occupies all the water ce (as is proved in the fourth of my perspective) and it would occupy more of this water to the extent that this iamge is more distant from the eye.

His reference here to a proof in "the fourth of my perspective" invites comparison with a reference on F69v to a "fourth book on the earth and water" and to a passage on F38v headed:


Perspective of solar rays

The solar rays reflected on the surface of the water with waves make the image of the sun appear to be continuous throughout all that water which is between the universe and the sun.

This is illustrated by a diagram (fig. 1592) followed by a proof:

It is proved.  Let a be the body of the sun.  Let bc be the surface of the water with waves.  Let dt be the universe which sees this water between it and the sun.  By the 2nd of the 1st the image of the sun which comes from this sun to the wave m is necessarily reflected at t and not somewhere else and similarly the image (which) of the sun which comes from the sun to f rebounds to /d/ and not elsewhere and so too does every wave interposed between these 2 (extremities) said extremities.  Whence by necessity the entire line dt (interposed in) positioned opposite these images is seen (by all) and illumined by all these images where the reflected rays are enlarged and it will, at some distance, be discontinuous in brightness as is shown here.

(figure)

Figs. 1589-1593: Sun's image ont he waves of the ocean(s).  Fig. 1589, CA27ra; fig. 1590, W12350; figs. 1591-1592, F38v; fig. 1593, F39r.

This is the proof to which he appeals on BM25r.  Hence F38v is a draft for a treatise "on the earth and its waters," to which he also refers as a treatise "of perspective" because it deals with linear perspective, optics and the reflection of images from waves.  This treatise, if it was ever written, is now lost.  Nonetheless, Manuscript F and the Codices Arundel and Leicester contain a series of drafts which permit at least a rough reconstruction of his astronomical treatise.

The Moon and the Book on the Earth and its Waters

Introduction
In the period 1505-1508 Leonardo begins to plan a treatise on the moon.  On CA74va, for instance, he jots down two chapter headings:


On the water that is in the moon.

On the perspective of reflections of water with principles which prove that water is around and within the moon.

In 1508, on BM94r, an outline follows:


On the moon.

Wishing to treat of the essence of the moon it is necessary first to describe the perspective of mirrors plane, concave and convex the image of the sun which comes from this sun to the wave m is necessarily reflected at t and not somewhere else and similarly the image...of the sun which comes from the sun to f rebounds to /d/ and not elsewhere and so too does every wave interposed between these 2...said extremities.  Whence by necessity the entire line dt...positioned opposite these images is seen...and illumined by all these images where the reflected rays are enlarged and it will, at some distance, be discontinuous in brightness as is shown here.

This is the proof to which he appeals on Bm25r.  Hence F38v is a draft for a treatise "on the earth and its water," to which he also refers as a treatise "of perspective" because it deals with linear perspective, optics and the reflection of images from waves.  This treatise, if it was ever written, is now lost.  Nonetheless, Manuscript F and the Codices Arundel and Leicester contain a series of drafts which permit at least a rough reconstruction of this astronomical treatise.  This we shall examine in the chapter that follows.
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(chart)

1. Introduction

In the period 1505-1508 Leonardo begins to plan a treatise on the moon.  On CA74va, for instance, he jots down two chapter headings:


On the water that is in the moon.

On the perspective of reflections of water with principles which prove that water is around and within the moon.

In 1508, on BM94r, an outline follows:


On the moon.

Wishing to treat of the essence of the moon it is necessary first to describe the perspective of mirrors plane, concave and convex...and before that what /kind of/ thing is a luminous ray and how it is bent by various kinds of mediums.  Then where the reflected ray is more powerful, whether it is on the side of an incident ray that is acute, at right angles or obtuse or whether it is on /surfaces that are/ convex, plane or concave, or from a body /that is/ dense or transparent.  Besides this, how the solar rays which percuss the marine waves show themselves to the eye of such a size as the size of the waves at the end of the horizon and from this it follows that such solar brightness reflected from marine waves is of a pyramidal shape and consequently with every degree of distance it acquires degrees of size even if as far as our vision /is concerned/ it shows itself /as/ parallel.

In modern terms this outline could read as chapter headings one to five in Chart 30. Other notes in Manuscript F help provide outline sketches of later chapters.  A note on F41v, for instance, indicates that he plans to write a chapter on the earth's position at the centre of its elements (see chapter seven in Chart 30):

How the earth is not in the centre of the circle of the sun, nor in the centre of the world but in the centre of its elements which accompany it and are united to it.  And for him who stands on the moon when it, along with the sun, are above us, this our earth, with its element of water would appear and perform the same function as the moon does to us.

A discussion of the balance of the elements assumes a knowledge of their nature and weight and hence it is likely that he planned a chapter on this (see chapter six in Chart 30). On F77v (1508) he draws the sun's rays reflected from the wavy surface of the moon (fig. 1689) with a one line caption:  "this will be preceded by the treatise on shadow and light," which must also have constituted a chapter in his book on astronomy (see chapter eight in Chart 30). Leonardo's theory is that the earth reflects the sun's light as do the moon and the stars.  This requires that he must eliminate a contending theory that the moon has light of its own and establish that the sun is the sole source of light.  He alludes to this on F4v while praising the sun: “All souls descend from it because the heat that lives in these animals comes from such souls and there is no other heat nor light in the universe as we shall show in the fourth book.” If the reflection of sunlight depends on water, then the earth which was covered with water at the time of the Flood must have lost a considerable amount of its former light.  This too is to be included in the treatise on astronomy (chapter ten in Chart 30) as is confirmed by a note on F69v (1508):

How the earth performing the function of the moon has lost a considerable amount of its former light in our hemisphere through the lowering of the waters as is proved in the fourth book on the moon and its waters.

Having discussed how the earth's waters reflect light he intends to explain how the moon's waters also reflect light (chapter eleven in Chart 30).  There is a contemporary theory which contends this, claiming that water being heavier than air would fall back onto the earth.  To refute this Leonardo needs to show that the moon has its own elements which remain in equilibrium (see chapter twelve in Chart 30). 
If the nature of the moon is essentially the same as the earth's, it follows that the moon also has its days, months and seasons as does the earth or as he puts it on F63r (see chapter thirteen in Chart 30): “Define the earth with its long and its short days in the North and in the South and do the same for the moon and determine them accurately.” Having established that the nature and function of the earth and moon are fully equivalent, he wishes to push the comparison further and argue that the earth from a great distance is like a star (chapter fourteen in Chart 30) or as he puts it on F56r:

Your entire discourse has to conclude that the earth is a star and practically the same as the moon and thus you will prove the nobility of our world and will make a discourse on the sizes of many stars according to the authors.

Taken as a whole the above notes provide important clues concerning the structure of Leonardo's proposed treatise on astronomy.  To gain some impression of the contents of the treatise, we need to consider what material exists for each of the hypothetical chapters listed in Chart 30.

Chapter 1 The Eye as Source of Astronomical Illusions

In the outline on BM94r Leonardo states that his book is to open with "the nature of the luminous ray."  A passage on F25v clarifies what he means by this:


Order to prove that the earth is a star

First define the eye then show how the scintillation of each star comes to the eye and why the scintillation of these stars is more for one than for the other.


And how the rays of the stars arise in the eye.

In other words he considers the nature of the "luminous ray" (which is his term for the light that causes twinkling of stars) to be an optical illusion. Another optical illusion in astronomy interests him also as becomes clear from F5r/4v where he discusses why Epicurus and others maintain that the sun is only as large as it appears:

I think that this reason/ing/ is taken from /the fact that when/ a light /is/ placed in this our air equidistant from the centre, he who sees it does not ever see it diminished in size at any distance and the reasons for its size and power I /shall/ reserve for the fourth book.

These illusions interest him so much that he decides to make it the opening theme of his fourth book as he epxlains on F94v:

My book sets out to show how the ocean with the other seas, through the intermediary of the sun, makes our world shine like a moon and /that/ from a greater distance it appears like a star and this I prove.

First show how every light remote from the eye produces rays which appear to increase the shape of such a luminous body.

From our earlier analysis (see above pp.     ) we know that this passage marks the beginning of a treatise which continues on F95r, skips to F40r and then proceeds in revcerse until F28v. The chief themes of this treatise are (1) why lights further in the distance do not appear smaller and (2) the role fo the eye, and the pupil in particular, in producing these illusions, i.e., precisely the themes with which he proposes to open his book on astronomy.  But this treatise within Manuscript F is, in turn a development of Manuscript D.  Hence Leonardo's two principal works on optics are intended to serve as an introduction to his projected astronomical treatise.

Chapter 2. Atmospheric Refraction Through Different Mediums

The outline on BM94r also alludes to illusions from atmospheric refraction.  A note on F25v clarifies what this chapter was to entail:

Then prove how the surface of the air at the boundaries of fire and the surface of fire at its boundary is that which, when penetrated by solar rays, carries the images of the celestial bodies large in their rising and setting and small when they are in the middle of the heavens.

This problem, why planets appear larger at the horizon than overhead, had been mentioned by Ptolemy, Alhzen, Witelo and Pecham, Leonardo's interest in it can be traced back to A64v (1492) in a passage headed:


Proof of the growth of the sun in the west

Some mathematicians claim that the sun grows in the West because the eye always sees it through air of greater thickness, alledging that things seen in mist and water appear larger.  To these I reply that this is not so, because things seen in mist are similar in colour to things far away and not being similar as regards diminution they appear of greater size.  Again no object increases in level water and you will prove this in tracing /the aize of/ a board that is positioned under water.  But the reason that the sun increases is that every luminoug body, the further away it is, the larger it appears.

(figure)

Figs. 1594-1595: Atmospheric refraction and apparent size of the sun on A64r and Mad.I5v.

Figs. 1596-1600: Atmospheric refraction.  Fig. 1596, CA272va; fig. 1597, I34r; figs. 1598-1599, F25v; fig. 1600, F60r.

On A64r he gives a succint explanation (fig. 1594)


Why the sun appears larger at the horizon than at midday which is closer.


Every body which is seen by a curved medium appears of a larger size than it is.

He returns to this problem on Mad II 5v (fig. 1595):

I say that when the sun appears ont he horizon and even when it leaves the horizon, that it is of a much larger size than that which is overhead and it is more distant to the extent of half the diameter of the earth, as is shown in ab.

Now the reason for this is said by some to be on account of the medium, which is of a great variety of thicknesses and through this its rays /are said/ to be bent and curved outwards, moving further away from the central line which goes from the eye to the centre of the solar body.  But for me this explanation does not hold for, if it were so, the sun would throw its rays beyond itself in the west before it appears on the horizon.

On F25r he draws two further diagrams (figs. 1598-1599) and adds a caption for the first of these:

Let a be the earth.  Let the surface of the air which borders on the sphere of fire be ndm.  Let the course of the moon or, if you wish, the sun be hfg.  I say that when the sun appears on the horizon g, that its rays are seen to pass through the surface of the air under unequal angles, i.e. om which is not /with-/ in /the radius/ dk and moreover it passes through a greater thickness of air.  All of om is a thicker air.

In 1492 he had rejected thickness of the air as a factor.  Here on F25r he explicitly accepts it. 
On F60r (fig. 1600) he pursues the theme of atmospheric refraction:

Why the planets appear larger in the east than overhead which ought to be the contrary...being 3,500 miles closer to us when in the middle of the sky than when at the horizon.

All the degrees of the elements where the species of celestial bodies pass which come to the eye are curved and the angles of...the central line of such species which penetrates them are unequal...and the distance is greater as the excess of ab over ad and by the ninth of the sixth the size of these celestial bodies is proved.

The proof to which he alludes my well have been an experimental demonstration using a model (see Appendix    ).

Chapter 3. Mirrors

In his outline on BM 94r he mentions a further chapter on "mirrors plane, convex and concave and the conditions producing the most powerful reflection."  There is a particular incentive for this interest:  a contemporary theory claims that the moon is a /convex/ mirror.  Leonardo therefore studies the properties of convex mirrors.  On CA353rb (fig. 1674) for instance, he asks:

(figure)

Figs. 1601-1604: Reflection in mirrors.  Figs. 1601-1603, CA251ra; fig. 1604, CA125vb.

Whether a gilded ball will be seen by the sun through the whole medium or in every part of the medium?

If you move from place to place you iwll be able to see the source of its light.  If you move from point a you will see it at b, at c, at d and so on.

On CA251ra he again broaches the question of reflection from convex surfaces under the heading "of the mirror between the centric line /of sight/ and the pyramid," this time with three diagrams (figs. 1601-1604) to which he alludes as proofs in the caption that follows:

A ball can never be seen from a single point, except as half or less, depending on whether it is less near. The proof is above. To the extent that point c sees the mirror, that amount of the mirror sees it and likewise it happens at the point f.

Hence the point c, the pyramidal lines departing from it make  terminus and base at the points ab...and cannot see, nor be seen by the greater quantity of the spherical body.  And this pyramid makes its centre at the centre of the mirror and the point f does the same, making /its/ base at the points d /and/ e.

This "proof" is based purely on geometry and not on observation.  Soon afterwards, however, observation brings him to a different conclusion.  On CA125vb (c. 1492), for instance, he studies reflection in and from transparent glass spheres and discovers that an image is reflected in but a tiny part of its surface, hence (fig. 1604 cf. figs. 1605-1613):  "In n, ab will appear...the size of rt."

(figure)

Figs. 1605-1613: Sunlight and convex mirrors.  Fig. 1605, CA141ra; fig. 1606, CA237ra; fig. 1607, F85r; figs. 1608-1610, K/P 117v; figs. 1611-1613, BM107r.

Over a decade later he alludes to the problem again in three diagrams on BM107r (figs. 1611-1613, 1506-1508).  On CA131vb (figs. c. 1508) in a text cited elsewhere (see below p.    ) he suggests that from a sufficient distance the reflection would appear larger than the surface of the object reflecting it. Further studies lead him to abandon this possibility.  On F76r (1508), for instance, he simply claims: “The image of the sun in a convex mirror increases in going further from this mirror and the solar body would disappear in going /still/ further.” On CA28ra (1505-1508), he makes a careful drawing (fig. 1614):


To find here the position and size of the image of the sun.

Given...a spherical mirror...and the position of the eye and object, it is asked /what is/...the size and position which the image of this object has?

He uses effectively the same diagram on BM28r (fig. 1615, c. 1508) where he applies these mirror studies to speculations on the nature of the moon:

Either the moon has light of its own or not.  If it has light of its own, why does it not shine without the help of the sun?  And if it does not have light of its own, necessity makes it a spherical mirror and if it is a mirror, is it not proved in perspective that the image of a luminous object will never be equal to the part of that mirror which is illuminated by that luminous body.  And if it be thus, as the figure in rs shows here, whence comes so great a quantity of splendour that the full moon has, which we see on the fifteenth /day/ of the moon/"s phase/.

He restates this idea that the moon cannot be a spherical mirror on F93r (1508) in a passage headed:

(figure)

Figs. 1614-1615: Sun's image in a convex mirror on CA28ra and BM28r.


Of the moon and if it is polished and spherical.

The image of the sun is powerfully luminous in it and in a small part of its surface and you will see the proof in taking a polished gold sphere with a light source at a distance from it such that, although it lights about half of this sphere the eye does not see it except in a small part of its surface and all the rest of such a surface reflects the darkness that surrounds it and for this reason only the image of the light appears in it and all the rest remains invisible, when the eye stands at a distance from this sphere.  The same would happen with the surface of the moon if it were polished, lustrous and dense as are the bodies which reflect.

Hence his study of mirrors leads him to refute the possibility that the moon is a mirror. In the meantime his fascination with mirrors has become a study in itself, the details of which will be discussed elsewhere (see Appendix   , pp.    ).

Chapter 4. Reflection in Dense and Transparent Bodies

The outline on BM94r (c. 1508) suggests that a next chapter would consider whether reflection is greater in dense or transparent bodies.  Although we know that he studied reflection in transparent spheres, spheres of polished gold and various mirrors, there is no record of his studying reflection in objects of different densities in a systematic fashion. Even so the reason for his interest in this problem can be reconstructed.  There is a theory among his contemporaries that the spots on the moon are due to different degrees of density in the surface:  as he notes on F85r (1508):


Of the spots of the moon

It has been said that the spots of the moon are produced in this moon from its being of various rarities and densities which, if it were so, the solar rays would penetrate through some parts of the aforesaid rarity in eclipses of the moon and since such an effect is not seen, such an opinion is false.

Others say that the surface of the moon, being terse and polished, that it receives the image of the earth in it like a mirror.  This opinion is false because the earth not covered by water has different shapes from different points of view.  Hence when the moon is in the east it would reflect other spots than when it is /directly/ above or where it is in the west.  Yet the spots of the moon as one sees in the full moon never vary in the movement which they make in our hemisphere.

A 2nd reason is that the object reflected in its convexity occupies a small part of this mirror as was proved in perspective.

A 3rd reason is that during the full moon, the moon only sees half the sphere of the earth illuminated in which the ocean and other waters shine and the earth makes spots in this brightness and hence one would see the half of our earth girdled by the brightness of the sea illuminated by the sun and in the moon such an image would be a minimal part of this moon.

/A/ 4/th reason/ is that a bright object does not reflect in another bright object.  Hence the sea /of the earth/ takes light from the sun - as does the moon - and such an earth could not be reflected in it /i.e. the moon/, and if it were reflected one would not particularly see the body of the sun and all the stars opposite it.

On F84v, opposite he pursues this problem:


Concerning the spots of the moon.

Others claim that the moon is composed of more or less transparent parts, as if one part were of alabaster and another were of crystal or glass, whence it would follow that the sun, shining with its rays on the less transparent part, the light would remain on the surface and hence the denser part would remain illuminated and the transparent part would show the dark shadows of the depths and thus the quality of the moon is composed.  And this opinion is favoured by many philosophers and especially by Aristotle and, nonetheless, it is a false opinion, because in the various aspects in which the moon and sun find themselves with respect to our eyes, we would see such spots vary and sometimes they would be dark and sometimes bright.  They would be dark when the sun is in the west and the moon is in the middle of the sky, when the transparent concavity would take the shadows to the summit of the boundaries of this transparent concavity because the sun could not penetrate with its rays into the mouths of such a concavity which would appear bright in /the time of/ the full moon, where the moon is in the east when the sun is in the west.  Hence the sun would illuminate to the depths of such transparent parts and, thus not generating shadows, the moon would not show the aforesaid spots at that time and likewise now more, now less, according to the change of the sun relative to the moon, and of the moon from our places as was stated above.

Having dismissed existing theories concerning spots on the moon, he is challenged to propose his own explanation. On Leic 5r he mentions "how the spots of the moon are different from that which they once were as a result of the course of their waters."  This idea he develops on CA112va: “If you look at an island surrounded by waves filled with images of the sun it appears to you as if you see one of the spots of the moon surrounded by its brightness.” As early as 1490 he had considered another explanation concerning the haloes of the moon on CA349vc:


On the circles of the moon.

I find that those circles of various sizes and thicknesses which appear to surround the moon at night are caused by various qualities of thickness of humours, which are situated at various heights between the moon and our eyes.  And the largest circle which is less red is lower than the said humours in its first part; the second, smaller one is higher and appears redder because it is seen through 2 humours and likewise the higher they are the smaller and redder they will appear because between the eye and this there are more solid humours and for this reason it is proved that where greater redness appears there is a greater sum of humours.

On F84r (1508) he mentions the possibility that these vapours or clouds could also account for spots on the moon, but rejects the idea:


Spots of the moon

Some claim that there arise from this /moon/ vapours in the manner of clouds and that these interpose themselves between the moon and our eyes which, if it were thus, such spots would never be stable in either position or shape and seeing the moon in different aspects, even if the spots were not varied, they would change shape as does that thing which is seen from different sides.

Nonetheless, he is prompted to make extended observations of the moon and record the results (figs. 1668-1673).  Thereby he discovers that the spots of the moon do indeed vary considerably.  Hence on BM19r (c. 1508) he adopts the theory which he had previously rejected:

If you continue to observe the details of spots of the moon you will often find great variety in these and I have experienced this myself in drawing them.

And this occurs from the clouds which raise themselves from the waters of this moon which interpose themselves between the moon and this water and with their shade they take the rays of the sun from such water whence this water, not being able to reflect the solar body, will remain dark.

Chapter 5. Visual Pyramids


The outline on BM94r refers to a further chapter:

how the solar rays which percuss the waves of the sea show themselves to the eye as the same size at the angle of the eye as at the last summit of the waves of the horizon and for this reason it does not fail that a solar brightness reflected by the waves of the sea is of a pyramidal shape and consequently it gains degrees in size with each degree of distance, even though it shows itself as parallel to our sight.

Interest in the nature of visual pyramids was part of his Euclidean heritage (see above pp.      ).  But that which Euclid had studied purely geometrically in two planes Leonardo explores in terms of three-dimensional situations complete with interposed planes (figs. (1191-1193).

(figure)

Figs. 1618-1622: How the sun's image expands pyramidally although it appears parallel.  Figs. 1616-1617, BM94r; figs. 1618-1621, BM62v; fig. 1622, BM94r.

This leads to systematic diagrams, first rough as on BM62v (figs. 1618-1621), then more polished as on BM94r (figs. 1616-1617, 1622).  On CA112ra, va he relates this three-dimensional pyramid to the sun's image in water (figs. 1547-1557).  Frontal views of the same situation on F63r (figs. 1559-1560) CA237ra (fig. 1558), and CA243rb, vb (figs. 1537, 1700) go hand in hand with these.  And as is clear from the passage on G20r (fig. 1524, see above p.    ) he intended to analyse this pyramid quantitatively. Whether he intended to include the Euclidean comments concerning pyramids in this short chapter is not certain.

Chapter 6. The Nature of the Elements

Leonardo wished to establish that the earth is at the centre of its elements (see chapter seven in Chart 30).  A preliminary discussion of the nature and weight of these elements was therefore fitting (chapter six in Chart 30). His interest in the elements earth, air, fire and water can be traced back to CA284va (c. 1497) where he mentions:  "I believe that the air will have that proportion in resistance with fire that air will have with water," and discusses the balancing of weights of water and air.  On CA180ra (c. 1505) he refers to the weights of elements in each other, a theme which he puruses on CA79va (1505-1508) where he makes a list of combinations:  fire, earth > in water and in air; water, fire > in air and earth, air> in water. On CA79rb he makes mention of a fifth element, discusses the transformation of elements and conjectures concerning their relative weights: “one measure of fire weights 2 weights, and one measure of air weighs 4, one of water, 8, one of earth 16, and one of gold 32.” On CA72va (1508-1510) this conjectural discussion of weights is pursued: “Let us posit that air has 4 of lightness being under water and 8 if it is under simple earth.  Hence water has 4 of gravity between air and earth has 8.” This leads, on CA72va and ra, to discussion of how elements interpenetrate one another posed in the form of problems such as:


I have air that weighs two and water 4 and earth 8.

Now I want that air and earth remain at the level of the water.  And by the ninth of the fourth this cannot be done.

A complex explanation describes what must be done to make this combination possible.  On CA244va (1508) there is further discussion of fire in air, water in air, and air under water (cf. CA131rb and CA190rb, c. 1508) this time in connection with weights being attracted to the centre of the world. 
On F62v (1508) he draws a cubic piece of lead inside a spherical dew drop (fig. 1623) and explains that this is intended to simulate the relation of earth ot water:

In a dew drop which is well rounded, one can consider many cases of the function of the sphere of water, how it contains the body of the earth inside it without destruction of the sphericity of its surface.  First let a circle of lead be taken, the size of a grain of panic /grass/ and with a very thin thread attached to it, let it be submerged within such a drop.  And you will see that such a drop does not lose its first rotundity even if it be made larger to the extent of the cube enclosed within this dew drop.

The convertibility of elements into another interests him increasingly.  On CA172vc (1508), for instance, he claims:


The elements are equal if they are made with equal subtlety.

With a unity of earth is convertged in 10 it is similar to the density of water and when this earth is converted into hundred, it would be similar to air and air would do the same converted in 10.  And when this air converted itself in thousand it would be similar to fire, and water would do the same converted in hundred and air converted in 10.

This tenfold ratio of the elements is mentioned again on Leic. 35v (1506-1509). As might be expected Manuscript F, which contains numerous astronimical notes, develops this theme of the elements at some length.  On F69v, for instance, there is a general discussion concerning their weight:


Earth is heavy in its sphere but the more so to the extent that it is in a lighter element.


Fire is light in its sphere and the more so to the extent that it is in a heavier element.

No simple element has weight or levity in its own sphere and if the vescicle full of air weighs more in the balances than...being empty this is because such air is condensed and the fire which is heavier than the air could condense, or equal to the air and perhaps heavier than the water and make itself equal to the earth.

A specific discussion of the shape of the elements follows on F27v:


On the 5 regular solids.

They say that the earth is tetracedronic, that is cubic, that is a body of 6 bases and this they prove saying that there is no body among the regular bodies of less movement and more stable than is the cube.  And to fire they attribute the tetrahedron, that is a pyramidal body which is more mobile (according to these philosophers) than is the earth.  Hence they attribute this pyramid to fire and the cube to the earth which, if one had studied the instability...of the pyramidal body and compared it with the cube, /then one would find that/ without comparison this cube is more mobile than the pyramid and this is proved as follows.  The cube has 6 sides and the regular pyramid has 4 in the margin in a /and/ b, a is the cube; b is the pyramid and in order to define such a proof I shall take one site of the cube and one side of the pyramid and they will be...c /and/ d.  I say...that the cube c will be more apt to rotary movement than the pyramid d and let the beginning of this movement d be e /and/ f below.  I say, in fact, that...if the base of the cube and the base of the pyramid are placed on a same plane that the pyramid will throw a third of its quantity to fall on its other side and the cube will throw a quarter of its circumference to change to the other side in order to make its base.  It follows from these 2 demonstrations that one has concluded that the cube makes a complete turn with 4 of its sides on a same plane when the triangle or pyramid makes its entire turn with its three sides on a same plane and the pentagon will place all 5 of its sides and therefore the more sides the easier the movement is, because it approaches the sphere more.  Hence I wish to infer that the triangle is of slower motion than the cube and consequently it is fitting to place this pyramid and not the cube for the earth.

That the cube makes its entire revolution with a same impetus along a same line and the pyramid not, as is seen.

This passage is of great importance because it helps explain why Leonardo devotes so much attention to the centre of gravity of pyramids (see figs. 1625-1651 and below p.    ). On F27r, he considers relative weights of the elements and their motion:

The weight of air, when it is in fire has the same proportion as water which is in air and such air falling from fire into another air would give the same proportion as the water which falls from the air into water.

How winds can arise from the motion of air in air as the motion of water in water and both are a motion of one element in itself which arises from the falling of a lighter element such as air fallen from fire, whence it would rain.

He next discusses the:


Shape of the Elements.

On the shape of the elements and first against he who denies the opinion of Plato, who states that these elements enclosed in one another with the shapes that Plato posits, that a vacuum would be caused between them and this is not true and here I prove it but first it is necessary to propose some conclusions.

It is not necessary that any element which encloses another is of equal size in all its quantity among the parts which enclose it and that which is enclosed.

We see that the sphere of the water is clearly of different sizes from its surface to the bottom and that although it would cover...the earth if it were the shape of a cube, that is with 6 angles as Plato wishes, this covers the earth which has unnumerable angles of reefs covered with water and various globules and with cavities and there is no vacuum generated between the water and the earth.  Again the air which covers the sphere of the water together with the mountains and valleys which cover this sphere, and there does not remain a vacuum between the earth and the air such that he who states that a vacuum is generated would have a sad story.

To Plato it is replied that the surfaces of the shapes which he proposes that the figures have, could not remain.

Every flexible and liquid element by necessity has its spherical surface.  This is proved with the sphere of the water, but first it is necessary to propose some conceptions and conclusions.

In 1515 he returns to the theme of elements. On CA200ra, for instance, he points out:

Water has its motion only through its gravity and levity and these are its accidents because this does not have gravity or levity or levity in itself, but it acquired gravity when it is above or in the lateral confines of air or some other liquid lighter than it and it acquires levity when in evaporating it becomes thinner through heat and then it stands above cold water.

This idea of changing gravity and levity he pursues on CA219ra (1515):

The air and water and the earth are continually changeable in their levity and gravity through the heat of the sun which heating lightens that part of the element that is closer to it and it does the contrary in the opposite part of these elements.

(figure)

Figs. 1623-1626: Models of the earth, pyramids and gravity.  Fig. 1623, F62v; figs. 1624-1626, Leic. 35v.

Chapter 7. Centres of the Elements and the World

If the earth's stability depends on its being in the centre of the world, then the moon's stability must depend on something else.  If he can show, however, that the earth's stability arises through its being at the centre of its elements, he is then free to argue that the moon's stability also arises through its being at the centre of its elements.  This would help support his further aim of showing that the earth and moon are equivalent to one another. His interest in these problems can be traced back to 1492.  On A20v, for instance, he describes a method of measuring the distance from the surface of the earth to its centre.  On A58v he ponders


On the centre of the ocean.

The centre of the sphere of water is the true centre of the rotundity of our world, which is composed of water and earth in rotund form.  But if you wished to find the centre of the element of the earth, this is contained in a space equidistant from the surface of the ocean and not equidistant from the sruface of the earth, because it is clearly comprehended that this ball of the earth does not have anything of perfect rotundity except in that part where a sea or marshes or other waters are dead.  And every part of the earth that rises above this sea is further from its centre.

He develops these ideas in a series of drafts on CA153va (1495-1496) beginning with a general claim:

(figure)

Figs. 1627-1637: Pyramids and centres of gravity on BM72v.

Figs. 1637-1644: Centres of gravity.  Figs. 1637-1639, BM111v; figs. 1640-1642, BM108r; figs. 1643-1644, BM124r.

<If> bodies were perfectly spherical and of equal material they would have a single centre.  But this appears to be impossible, because matter is unequal.

A long discussion of common centres and centres of true gravity follows which leads to the claim:

The common centre and the centre of the earth are not the same.  Rather they are very different and of a different nature, because the common centre does not move, /since/ the site of the air and fire do not change and the centre of the earth is in constant motion, because it moves as often as the winds carry the water of the seas covering or uncovering various shores with their waves.

He next demonstrates how a weight b will descend to a common centre a, and not rise up to the centre of the earth.  This leads to a further distinction between different kinds of centres:

The centre of the universe is not the centre of any element, because the continuous revolution and various accidents that arise from the continuous celestial influxes, hold these elements in a continual change of site.  For the earth, in large part surrounded by the sphere of water, makes a same body as these waters and as a ball stands suspended in the air and the centre of the sphere of the water is not the centre of its gravity and the centre of its gravity is not the centre of gravity of the earth.  Rather it is a good distance away.  Whence the surface of the sphere of water is not equidistant from its centre.

He broaches the question of the earth's centre in passing on CA284v (1499) and CA120=rd (1504-1507).  How to find these various centres becomes a practical question in the Codex Arundel.  On BM111v (c. 1505), for instance, he notes:

(figure)

Figs. 1645-1647: Accidental and real centres of gravity on BM111v, 108r, 124r.

with the centre of natural gravity and with the centre of accidental gravity of the two parts in which a body is resolved, the accidental centre of the entire body is found.

With the centre of accidental gravity to find the centre of natural gravity of one of the 2 parts in which a body is resolved and the centre of accidental gravity of the other part.

Beneath this he draws a geometrical diagram with a pyramid (corresponding to the element earth) which he lables (fig. 1645):


c is the centre of natural gravity of the cone:  acrm


b is the centre of natural gravity of the bisected cone anec


d is the centre of natural gravity of the pyramid cnr.

This diagram he develops on BM108r (fig. 1646, c. 1505) with a more developed caption:


abc is a conical body


zt is the centre of its size


op is the centre of its accidental gravity


de is the centre of its natural gravity


kh is the centre of natural gravity of the greater pyramid which


 the cone has


gi is the accidental centre of the pyramid.

He also drafts another method for finding various centres.  On BM124r (c. 1505) this diagram is further developed (fig. 1647) and explained:

(figure)

Figs. 1648-1651: The earth's centres of gravity on BM72v.


Of the cone abc the centre of its magnitude is the line de.

The centre of its accidental gravity is in the line no.  The centre of its natural gravity is in the line fg. The centre of the magnitude of the largest pyramid that can be found in this cone is in the line de.


The centre of accidental gravity of this pyramid is in the line rt.


The centre of gravity of such a pyramid is in the line hi.

He then outlines another practical problem:

With knowledge of the centre of natural gravity of the cone and with knowledge of the centre of natural gravity of the greatest pyramid which can be imagined in this cone, I wish to find the centre of natural gravity of the aforesaid pyramid.

This time he provides a solution as well (fig. 1644 cf. figs. 1640-1643):

Cde is a pyramid divided by the cone cdef; the centre of its natural gravity is at ab and such a pyramid cde is 1/3 of all the cone cdef.  Gh is the centre of natural gravity of the entire cone.  Hence being certain of this centre of natural gravity of the pyramid and similarly of the centre of gravity of the cone, and knowing that the pyramid is 1/3 of the gravity of the cone we shall make a converse proportion of 2 of space against 2 of weight and divide the space uag in 2 equal parts and place one of these spaces in 1k and have there the centre of natural gravity of the pyramid def.

On BM72v (1505-1508) he pursues this theme, now providing a succinct description of the different centres:

(figure)

Figs. 1652-1563: The earth and its waters on BM236v and Leic. 36v.


In every heavy body there are found to be 3 centres of which one 

is the centre of natural gravity, the 2nd accidental gravity, 3rd of 

the size of the body.

He goes on to relate these to the question of the earth's centre:

1/4 of 12 is 3/12/ and 1/3 of 12 is 4/12.  Hence the difference that there is from 1/3 to 1/4 is 1/12.  Now imagine that if the earth were not in its site and that this pyramid fell from on high to this central site, that the centre of gravity would be 4000 miles distant.

On F27r (1508) Leonardo disagrees with Plato and argues that the shape of the earth must be pyramidal (see above p.    ).  Out of context this appears to be merely a philosophical quibble.  This series of folios in the Codex Arundel reveal that he had studies the gravitational properties of his earth-pyramid very carefully and had related it to his general studies of different centres of weight. In the Codex Leicester he pursues the question of the earth's centre and the centre of the world.  Following a preliminary passage on Leic. 36r (figs. 1653, 1657), he distinguishes, on Leic. 34v (figs. 1658-1659 cf. fig. 1651), between a universal and a particular centre of sphericity of water.  This leads to a long discussion on Leic. 35v (figs. 1624-1626, 1660-1664) of the relation of this sphere of water to the centre of gravity of the earth and centre of the world, the conclusion of which is that there are only:


2 ways /that/ the gravity of the earth is concentric with the centre of the world.

That is either by being totally submersed in water or in having the opposite part of equal weight outside the water.

(figure)

Figs. 1654-1659: Gravity and the earth's centre.  Fig. 1654, 
Forst.II136r; figs. 1655-1656, Leic. 35v; fig. 1657, Leic. 36r; figs. 1658-1659, Leic. 34r.

The centre of gravity of the waters and of the earth would be concentric with the centre of the world if the earth were perfectly spherical.  Then the centre of the world would be the centre of the sphere of the earth, as the sphere of water.  But this would not produce terrestrial animals.

In other words the gravity of the earth could only be concentric with the centre of the world in hypothetical situations.  In practice they are separate (fig. 1651).  Conscious that this is a dramatic claim he adds: “It is in the power of the orders of Nature to make it that the earth stands by itself through its shape, outside the whole sphere of the water.” He pursues these problems in a series of passages on F22v, 27r, 69r, 70r, and 83v which, as he explains on F41v, all have the purpose of showing:

How the earth is not at the centre of the circle of the sun nor at the centre of the universe but is rather, at the centre of its elements which accompany it and are united with them and if a person were on the moon when it, along with the sun is beneath us, this earth with its element of water would appear and would function as does the moon to us.

Chapter 8. Light and Shade

On F77v (1508) he draws a viewer looking at a wave filled moon reflecting sunlight (fig. 1689).  Above this he writes:  "This will have in front of it the treatise on light and shade."  What this treatise entailed is not indicated, but almost certainly it would have included basic definitions and his distinction between explanding, contracting and parallel shade.  It is likely that it would have included most of his first two books on light and shade (see above pp.    ).  Given the specialized problems of the later books it is improbable that he intended to include all of his work on light and shade as an intermediary chapter in  his treatise on the earth and its waters.

(figure)

Figs. 1660-1664: Problems of gravity on Leic. 35v.

Chapter 9. The Sun as Only Light Source

In a eulogy of the sun on F4v (1508) he mentions that:  "there is no other heat nor light than it in the universe as I shall show in the fourth book." On a number of occasions, A64r, BM28r, 104r and 94v, Leic 30r he merely states that the moon has no light of its own without further explanation.  However, in the Codex Leicester, he examines the problem in greater detail, beginning with a draft passage on Leic 36v (1506-1509):

The adversary states that the light of the moon is if not entirely...,/then/ partly of itself and that it shows itself that much more or less illuminated depending on whether the eye sees its greater or less umbrous part, that is, if it is more eastern or western.  Here in this part it is replied that if the

At this point the text breaks off but he takes up the problem afresh on Leic 2r:

When the eye in the east sees the moon in the west near the setting...sun and it only sees it...with its umbrous part surrounded by its luminous part, of which the lateral and superior part derives from the sun and the inferior part derives from the western ocean which still receives the rays of the sun and reflects them to the inferior seas of the moon and again gives to the entire umbrous part of the moon so much brightness which is /equal to/ that which the moon gives to the earth at midnight and hence it does not remain entirely...dark and for this reason some have believed that the moon had, in part, light of its own rather than given by the sun, which light derives from our oceans illuminated by the sun for the aforesaid reason.

He adds two further explanations:

Again it could be said that the circle of brightness which the moon makes when it is in the west with the sun derives entirely from the sun when this and the sun is situated with the eye in the way that is demonstrated above /fig. 1752/.

Some could say that the air..., element of the moon, taking light from the sun as does our sphere of air, would be that which furnishes the luminous circle at the body of the moon.

He now reformulates the whole problem of the moon's light:

Some have believed that the moon has some light of its own which opinion is false because they have founded it on that brightness which is seen in the middle of the horns when the moon is new which at the boundary of the brightness appears dark and at the boundary of the darkness of the background it appears so bright that many believe it to be a circle of new light which finishes by surrounding where the points of the horns illuminated by the sun terminate their brightness and this variety of background arises because that part of this background which terminates with the luminous part of the moon, through such a comparison with brightness shows itself as darker than it is and that part above where it appears a part of a luminous circle of uniform size, it occurs that wehre the moon is brighter by half than the background in which it finds itself, through comparison with such darkness it shows itself as more luminous in that background than it is, which luminosity in such a time arises from our ocean with other mediterranean /seas/ which at this time is illuminated by the sun which is already below the horizon in such a way that the sea then fulfills the same function to the dark part of the moon that the moon does to us on its fifteenth day when the sun has set.  And such is the proportion between the little light which the dark part of the moon has to the brightness of the illuminated part as is that....

(figure)

Figs. 1665-1665: Earthscapes on Leic. 36v.

Figs. 1668-1673: Moonscapes.  Figs. 1668-1689, CA251rb; figs. 1670-1671, BM104r; figs. 1672-1673, CA112ra.

Here the text breaks off once more but the thrust of the argument is clear.  Leonardo claims that apparent differences in light intensity on the moon are due to contrast effects of light and dark backgrounds (see above pp.      ). He concludes his discussion on Leic 2r with an outline of an experiment:

If you wish to see to what extent the umbrous part of the moon is brighter than the background where such a moon is found, occlude the luminous part of the moon with the hand or with some object more distant from the eye.

Accompanying these passages are diagrams (figs. 1750-1752, 1754-1755) which demonstrate the same point visually.  The largest of these (fig. 1752) serves, in turn, as the starting point for a more elaborate diagram on Leic 7r (fig. 1753), to which he adds the caption: “
Here it is proved that in any part of the sky the umbrous part of the moon has some luminosity and that in no part of the heavens is it deprived of this light.” In short, by visualising the various relationships between the sun, earth and moon, he can demonstrate how sunlight reflected from the earth accounts fully for all light on the moon (see below pp.     ). That which applies to the moon applies equally to the stars, as he mentions in passing on D6r (1508):

And the light which you perceive in them /i.e. the stars/ is not their power, but is merely an image of the sun mirrored in them for these stars have no light themselves, but they do have a surface like the sphere of water suitable to receive and return the light of the sun mirrored in them.

On F57r (1508) he pursues this problem:


Whether the stars have light from the sun or from themselves.

They say that they have light of their own alleging that if Venus and Mercury did not have light of their own when they interpose themselves between our eye and the sun, they would occlude this sun to the extent that they...cover our eye.  And this is false because it has been proven how the umbrous body positioned in the luminous body is surrounded and completely covered by the lateral rays of the remainder of such a luminous body and hence it remains invisible.  As is shown when the sun is seen through the ramifications of leaves without foliage /cf. figs. 432-434/.  At a long distance these branches do not occlude any part of this sun from our eyes.  The same happens with the aforesaid planets which, even if they were without light of their own, as we said, they do not occlude any part of the sun from our eyes.

Another objection is now raised:

They say that the stars at night appear very bright to the extent that they are above us and if these did not have light of their own, that the shadow which the earth makes, which interposes itself between them and the sun would obscure them, since they do not see it...nor are they seen by the solar body.

This objection he again counters (fig. 1727):

But these have not considered that the pyramidal shadow of the earth does not reach many of the stars and those which the pyramid reaches, it /the pyramid/ is so much diminished that it occupies little of the body of the star and the rest is illuminated by the sun.

His passing comment on CA300rb (1508-1510) "The sun never sees shadow" (cf. W12700v) is probably intended as a further demonstration that the sun is the only light source in the universe.

Chapter 10. Diminution of the Earth’s Light

On F 69v (1508) he mentions a further problem to be dealt with in his treatise:

How the earth functioning like the moon has lost much of its ancient light in our hemisphere through the lowering of the waters as is proved in the fourth book on the earth and its waters.

This may account for a series of passages on Leic 3r, 8v, 9v, 10v and 20r (1506-1509) as well as those on CA155rb and 92vc (c. 1515) in which he considers the evidence of different layers of shells in the mountains which suggest that the seas reached this height more than once.  During the deluge he estimates that the water reached a point seven cubits (Leic 8v, 1506-1509) or ten cubits (CA155rb, c. 1515) above the highest mountains. This chapter on the earth's waters might also have included passages such as those on CA112ra 915050-1508) where he considers the refelctive properties of waves:

Give me a spherical and lustrous body which, positioned opposite the body of the sun, obstructs the entire image of the sun.

A great part of the earth is covered with water and makes a mirror of itself to the universe in which it receives as many images of the sun as are the waves which are seen by the eye and by the sun.

Each wave of the sphere of water, which refelcts the image of the sun to the eye, reflects with it that part of the universe which surrounds it, which sees and is seen by that wave.

The surface of the water which in itself covers a great part of the earth receives the image of the sun in it.

The mixture of the species created by the sun and by the sky which surround it, over the waves of the sphere of the water make a composition of bright and dark and render the brightness of the sun considerably diminished.

It is possible that this chapter would have included his various demonstrations to show that waves of water function as cylindrical mirrors (see above pp.      and figs. 1565-1573).

Chapter 11. The Moon’s Waters


Consideration of how the earth's waters reflect the sun's light leads to a discussion how the moon's waters do the same. That the moon has oceans he appears to assume from the outset of his writings.  On CA80rb (c. 1490-1492), for instance, he mentions that "the moon cannot move the seas as it can move the lakes," without further explanation.  On A64r (1492) he refers to the moon's ocean:

The moon when it is entirely illuminated to our sight we see its full day and when, through the reflection of rays of the sun percussed in it and thrown off to us, its ocean casts off less humidity and the less light it gives the more injurious it is.

When he broaches this theme anew on Mad II 62v (c. 1503-1505) he draws (fig. 1699) the sun reflecting from a wave ruffled body which as the caption explains shows the "moon or if you wish the earth, that is, waves of water." Thus far he has discussed the oceans of the moon as if no one doubted their existence.  On CA112va (c. 1505-1508), however, he reports a conflicting opinion:

The adversary says that there are no waves on the moon but minute globules, polished, capable of taking the images of the sun.  Here a reply is made with the fourth of the observations of the moon where the variety of the brightness is shown to vary with grater and lesser waves.

A heading on CA74va (1506-1508) indicates that he plans to write a chapter on these problems:

On the perspective of the reflection of waters with the principles of which it is proven that water is around and on the moon.  9m.

(figure)

Figs. 1674-1675: Demonstrations if the moon were a convex mirror on CA353rb and Leic. 1v.

A series of passages in the Codex Leicester very probably constitute advanced drafts of this intended chapter. By of introduction he reminds himself on Leic 36v to list "all the contradictions of the adversary to say that in the moon there is no water."  Chief among them is the notion that if the moon had water it would spill off and fall to the earth (see below p.     ). On Leic 1r he begins with the idea that the moon is a mirror, rejects it and argues that it must have water with waves (fig. 1722):

Here it is shown how the moon, not having...any light of its own, that the light it takes from the sun, it could not take or reflect to us if it wre not a dense and lustrous surface as are the surfaces of mirrors and liquids.  Whence being of the nature of a dense mirror and lustrous, this would give of the entire light nopm only the part op as if the eye which sees it were situated in a point which thing would make the moon very small.  And if its lustre arises /from a/ liquid body /then the/ reflected rays /will again/ not /be/ of a large nature or brightness, but if they are wavy as we see occurs on the waters of the ocean, then the brightness will give itself to each wave all itself and then all together there will be a great quantity of brightness but not as powerful as at first because the umbrous parts of the wave which.

Here the text is interrupted.  Directly following is a further passage (fig. 1701):

(figure)

Figs. 1676-1677: Concerning the oceans of the moon on BM94r.

Here it is shown that even though the body of the moon is equidistant from the eye which sees it, its size will vary a good deal to this eye because here the moon, being in the east in its fullness, the eye does not see it illuminated except in the part between the lines b /and/ f.

In the accompanying diagram is a further caption:  "the part of the sun that regards the earth and the waves of the ocean and the other waters." On Leic 5r he pursues these problems more systematically beginning with a demonstration why the moon must have waves:


On the moon.

No opaque body is struck by the solar ray with equal illumination but the light is that much more powerful to the extent that this body receives the rays of the sun amidst more equal angles.  Whence it remains unequally illuminated and here the sun, being a spherical and opaque body, remains in its parts capable of taking light of equal brightness and this is because that which was said above cannot be if there were water and being spherical water it would not take the solar ray and by reflection render it to our eyes except in an incident ray, that is tiny in comparison to the sun and lunar body.  Whence by necessity marine waves are conceded and each in itself takes a solar ray and the darkness interposed between the peaks of the waves interposes itself amidst the luminous species and does not render such a brightness as would such a water were it without waves.

He interjects, in draft form, what would happen if the moon's waters had no waves:

(figure)

Figs. 1678-1681: Oceans of the moon.  Fig. 1678, BM94r; fig. 1679, CA120va; figs. 1680-1681, Leic. 30r.

If it were so, a part of the moon would be of so great a brightness as if it were the sun itself and it would do as one sees occurs in our waters without waves in which one sees the image of the sun reflected in such a way that it appears not to affect human eyes other than does the actual sun.

We see in water without waves a single image of the sun reflected not luminous in another way than the actual sun.

Immediately following he returns to the idea that water with waves produces darker reflections and explains why:

And we see in an innumerable quantity of waves of water innumerable reflected images of the sun and through the innumerable intervals of the waves which do not receive such an image and remain dark, this multitude of such darkness mixes itself with the said images of the sun and they are confused together through their diminution made after a long distance from our eye /and/ they diminish in such a way that the shape of the umbrous and luminous wave is lost whence there remains such a brightness that the eye can better sustain it.

An exception to this rule follows:

And why the waves of the sea towards the horizon do not let you see their umbrous concavity is because the tops of their peaks occlude them and one sees a much greater and more united brightness than one sees towards the middle of the moon, which would be the contrary if the moon were not water but a bright mirror, which object is more capable of receiving than its own image.

(figure)

]Figs. 1682-1686: Reflection from the moon's oceans.  Figs. 1682-1684, Leic. 7v; figs. 1685-1686, Leic. 30r.

Which leads him to return to the question of the moon having light of its own (see above p.    ):

And if it appears to you that the moon has light of its own you would certainly see it and that light which you see when it is new in the middle of its circle is that which sees our earth which receives the light of the sun and makes itself a moon on the fifteenth /day/ and it /the moon/ does the same by day when it has the sun above but the brightness of the sir removes it, as it does that of the stars.

These passages on Leic 5r serve, in turn, as a draft for a still more comprehensive discussion on Leic 30r where he begins by eliminating the mirror hypothesis:

I say that the moon, not having light of its own..., being luminous, it is necessary that such light is caused by others.  Being thus, it is of the nature of a spherical mirror and if it is spherical it takes light pyramidally, which pyramid makes its base at the sun and its angle terminates in the centre...of the body of the moon and intersecting...the surface of such a body, it only takes as much as is the intersection of this pyramid at its surface.  And this...moon would only appear the size of such an intersection of the pyramid to human eyes.  Whence there would follow with the light of the moon, an effect contrary to that which experience shows and this is that at the new moon, this moon gives with its entire luminous circle...which thing clearly shows that such a lumar body is illuminated more than half of its sphere which could not occur if it were a polished body, as are mirrors.

This leads him to claim that the moon must have water with waves:

Whence through this we are forced to admit through the 5th of this that the surface of the moon is rough, which roughness could not occur, except in liquid bodies moved by the wind, as we have seen in the sea:  the sun is reflected by a few waves near the eye and degree by degree this wave is illuminated more than 40 miles.  Whence it is concluded that the luminous part of the moon is water which, if it did not move, it would not illuminate in such a quantity.

He proceeds to explain why the light reflected by such waves is much dimmer than sunlight reflected in calm water:

But through the motion of this water stirred by the winds, this is filled by waves.  And every wave takes the light of the sun and the great quantity of the innumerable waves reflect the solar body innumerable times.  Which reflected sun would be as bright as the sun seen where the water does not move, which renders the sun to the eye in its proper brightness, as it is naturally.  But there are also innumerable shadows with the waves which interpose themselves between wave and wave.  And their species mix with the species of the solar images which are on the waves and the umbrous and luminous species are confused with one another and darken the luminous ray and make it weak as is manifestly demonstrated by the light of the moon.  And when the sea of the moon is stormy by winds...the waves are larger and the greater shadows mix more with the weak images of the sun on the waves.  And for this reason the moon is less luminous.

As on 5r, exceptions to this rule again follows:

But when the moon is...full and positioned near the middle of our hemisphere, each wave shows the reflected sun and likewise in the middle of the valleys interposed between the waves, as occurs on the peaks of these waves.  For this reason, the moon shows itself more luminous than ever through having doubled the light.

It also shows itself strongly luminous shortly after the new moon because the sun which stands above the moon...percussing the waves at their peaks, these peaks being nearby, the one and the other practically meet in the eye and from this position it occurs that the shadows interposed between the waves do not send their species mixed with luminous species to the eye and for this /reason/ the light of the moon is more powerful.  And that which is proven for one luminary, is proven for all the rest.

When he returns to this problem on Leic 2r he merely refers to

having proved that the part of the moon which shines in water...which reflects the brightness received from it and that if this water were without waves, that it /the image of sun/ would show itself as small, but of a brightness almost equal to the sun.

Even so he is not yet satisfied.  On BM104r (c. 1508) he again mentions why sunlight reflected from water with waves is less intense than sunlight seen directly:

The moon does not shine with its reflected light as does the sun, because the light of the moon does not take the light of the sun continuously in its surface, but in peaks and troughs of the waves of its water and since such a sun is confusedly mirrored in the moon through the mixture of the shadows which are there among the waves that produce lustre, hence its light is not lucid as is /that of/ the sun.

On BM94v he devotes another folio to the problem of the moon's waves.  As in the Codex Leicester (now Hammer) he begins with a claim that the moon has no light:


On the moon

The moon has no light of its own, but is illuminated to the extent that it sees the sun, of which luminosity we see as much as that which sees us.  And its night receives as much brightness as is that which our waters take in reflecting the image of the sun which reflects itself in all those /bodies/ which see the sun and the moon.

This leads to discussion of the moon's waves:

The skins or surfaces of the water of which the seas of the moon are composed and the sea of our earth are always rugged, either a little or considerably, or more or less and this roughness is the cause of spreading the innumerable images of the sun which are in the ridges and concavities and the sides and fronts of the innumerable waves, that is, in as many sites of each wrinkle as are the variety of the sites that the eyes have which see them.

What would happen if the moon had no waves is now mentioned:

(figure)

Figs. 1687-1695: Sunlight reflected by the moon's oceans.  Figs. 1687-1688, Leic.30r; figs. 1689, F77v; fig. 1690, CA112va; figs. 1691-1692, BM94r; fig. 1693, M80r; figs. 1694-1695, CA174vb.

This could not occur if the sphere of water which covers the moon in great part were of uniform sphericity because then the image of the sun would be only one to each and the spherical brightness would be as gold balls, positioned on top of high buildings, clearly show it.

The effects of water with waves are again contrasted with this:

But if such gold balls were wrinkled or composed of globules like mulberries, a black fruit composed of tiny round globules, then each part of this globule, seen by the sun and the eye, will show to this eye the lustre generated by the image of this sun and hence in a same body one would see many tiny suns, which, on account of the long distance, are often united and appear continuous.

The remainder of the passage is devoted to a comparison of light from the new moon and full moon:

And the lustre of the new moon is brighter and stronger than when it is full and this is caused because the angle of incidence is much more obtuse in the new moon than in the old, when those angles are most acute and the waves of the moon reflect the earth in their valleys as in their peaks and the sides remain dark.  But in the sides of the moon the depths of the waves do not see the sun but only see the tops of these waves and for this reason these images are rarer and more mixed with the shadows of the valleys and this mixture of umbrous and luminous species, thus mixed together, comes to the eye with little brightness and in the extremities will be darker because the curvature of the sides of such waves will be insufficient to reflect to the eye the rays /which have been/ received.

(figure)

Figs. 1696-1701: Sunlight reflected by the oceans of the moon. Figs. 1696-1697, Leic.30r; fig. 1698, Leic.1r; 
fig. 1699, Mad.II 62v; fig. 1700, CA243va; fig. 1701, Leic.1r.

The new moon by nature reflects the solar rays more towards the eye through such extreme waves than through any other place as the figure [fig. 1698 cf. 1678] of the moon shows which, percussing with the ray a in the wave b reflects to bd where the eye is situated at d.

And this cannot happen in the full moon [fig. 1692] where the solar ray, standing in the west, percusses the extreme waves of the moon to the east from n to m, and it does not reflect to the eye in the west, but it results in the east, deviating slightly from the rectilinear course of the solar ray and hence the angle of incidence is extremely wide.

A marginal note summarizes this discussion:

The innumerable images which, from the innumerable waves of the ocean, reflect the solar rays which are percussed in these waves are a cause of rendering continuous and very wide brightness on the surface of the sea.

On F77v (1508) he draws another diagram (fig. 1689) of the eye looking at sunlight reflected in the full moon, this time adding only a brief caption: “The extremities of the moon will be that much more illuminated and will show themselves that much more luminous because in these there only appear the summits of the waves of its waters.” He refers to the moon's waters once more on CA155rc (1516-1517, see above p.    ) and on CA174vb (1516-1517) again discusses reflection from terse globulent surfaces:

Spherical bodies of globulent and terse surfaces are those of which the surface is composed of various globosity.

(figure)

Fig. 1702: The sun at different seasons on CA332vb.


When the moon is nearer the sun it has a lesser quantity of light from it and conversely.


The uniform sphericity of the terse body renders a single image to the single eye that sees it.

It follows that the terse and globulent surface renders as many images to the eye which sees it as are the globules seen by the real object and by the eye which stands in front of it.

So much greater or less is the number of images of a given object seen on the spherical bodies of globulent and terse surfaces as the eye...seeing such images is more remote or close to the aofresaid terse body.

As a result of these discussions he has convinced himself that the moon has oceans like those of the earth and that their function in reflecting light is identical.  This is a first step in his aim to show that earth and moon are interchangeable in their functions as planets.

Chapter 12. The Moon’s Elements

The claim that the moon had water contradicted the contemporary theory of cosmology which held that the earth is the centre of the universe.  According to this theory, if there were water on the moon, it would fall back to earth, because the heavens were strictly the domain of air, fire and the empyrean. Leonardo does not broach this problem until K1r (1503-1505) where he asks:  "The moon /is/...dense and heavy.  How does the moon stay /up?/."  In the next years he arrives at an ingenious answer.  If the moon has water, it must also have elements and will therefore have its own centre of gravity around which it turns, or as he puts it on CA112va (1505-1508):

If the moon has waves and waves are not without wind and wind does not generate itself without terrestial vapours carried by the humidity drawn from the heat which is below the air, it is necessary that the body of the moon has earth, water, air and fire with the same conditions of motion as have our elements.

And if you said that weight is nothing other than the one element taken into the other then it follows that where there are no elements there is no weight.  Hence the moon does not have weight in its elements and it cannot fall from its site.

By 1508 the problem is playing on his mind.  On BM94r, for instance, he jots down a series of prelininary thoughts:


No very light object is opaque.


No lighter object remains below a less light /object/.


If the moon has a site in the middle of its elements or not?

And if it has a particular site such as the earth has in its elements, why does it not fall to the centre of our elements?

And if the moon is not in the middle of its elements and it does not descend then it is lighter than another element.


And if the moon is lighter than another element, why is it solid and not transparent?

On BM94v (fig. 1703, 1508) he describes an unexpected analogy to this phenomenon of the moon not falling from its position:

(figure)

Figs. 1703: Comparison between the earth and an egg-yolk on BM94r.

The yolk or yellow of an egg stands in the middle of its white without descending to any side and it is either lighter or heavier or equal to this white and if it is lighter it should rise above all the white and stop in contact with the shell of this egg.  And if it is heavier it should descend and if it is the same /weight/ it could equally stand in one of the extremities as in the middle or below.

On the same folio he decides that

The moon is an opaque and solid body and if, as according to the adversary it were transparent it would not receive light from the sun.

In the Codex Leicester (1506-1509) the problem of the moon's elements is discussed in mored etail.  On Leic 1r, for instance, he begins by describing a paradox of optics (fig. 1722):

Here there occurs an effect contrary to perspective, that is that those which are more remote from the solar body are seen less, that is, that those which are facing the two poles such as (g) f/and/ m, that the sun does not come except from the part an and the part mr.

This passage prompts an adversary to challenge his theory concerning the moon's waters;


The adversary opposes

Here the adversary, who admits that the lunar body does not have light in itself, states that through the foregoing proofs he is constrained to admit it, but that he does not believe it to be a liquid body and that if it were liquid it would pour its waters onto the earth and consequently /it could not/ be wavy because there is no wind up there.

(figure)

Figs. 1704-1706: Earth and moon on CA300rb.

The adversary's own solution to the problem is duly recorded:

But /he believes/ that this lustre is made in the manner of a dense mirror which even if it be in a small part of the moon it enlarges itself as do other lustrous objects /and/ at a long distance this enlargement occupies the other part of the moon at the eye and makes it luminous and consequently shows itself to be with great light.

Which solution, in turn, is dismissed:

Now he contradicts himself through the 2nd of the foregoing because if it were thus when the place of reflection occured on the far side of the moon such a moon would remain dark and if the new /moon/ showed itself falcated when the place of reflection was so covered in the new moon, the entire moon would appear round and not falcated and such brightness would partly appear outside of the moon.

On Leic 2v, Leonardo answers the problem with an appeal to common sense and experience:

Here it is disputed whether the ocean, which we have proved stands in the moon,...tends to the centre of the moon as does ours to the centre of the earth or not, and it appears to be so, and that the moon has its elements around it, as does our earth and that if it were not so, it /the water/ would spill itself from the moon and descend to cover the earth together with our ocean and not only the water of such a moon but the entire moon along with its water would descend as a heavy object to the centre of the world.  Since it does not do this, by necessity it needs to have a stable site with its elements around it as was said.

(figure)

Figs. 1707-1709: Phases of the moon.  Figs. 1707-1708, W12326v; fig. 1709, Leic. 29v.

On Leic 2r under the heading "On the moon" he opens with the claim: "No solid is lighter than the air."  He refers to how he has shown that the moon has waves (see above p.     ) and then returns to the question of the moon's weight:

Now it is necessary to prove whether this moon is a heavy or light body, for if it were heavy, acknowledging that above the earth in every degree of height one acquires degrees of lightness, such that the water is lighter than the earth and the air than the water and fire than air and so on, successively.  And it would appear that if the moon has density as it has, that it would have gravity, and having gravity that the space where it finds itself could not sustain it and consequently it would have to descend towards the centre of the universe and joint with the earth and if not it, then at least its waters would have to fall and spill from it and fall towards the centre /of the universe/ and leave the moon stripped of its /waters/ and without lustre.  Whence, not following that which reason pormises him and is manifest to him, I note that if such a moon is covered with its elements, that is, with water, air and fire and if it likewise sustains itself in that space as does our earth with its elements in this other space,...that those heavy bodies perform that function in their elements which other leavy bodies perform in our elements.

In short the moon, like the earth, has its own elements and centre of gravity, and as such is not in danger of falling to the centre of the universe. On Leic 36v he reformulates these ideas beginning with the adversary's objections:

(figure)

Figs. 1710-1712: Concerning the moon's orbits?  Fig. 1710,BM52v; figs. 1711-1712, BM212r.

Of the moon: all the contradictions of the adversary to say that in the moon there is no water.

Every body...denser than air and heavier than this air,...cannot sustain another thing on it without some other thing.  And the more it rises the less it is resisted from the middle.  Hence if the water were on the moon it would spill itself from the moon and it would cover our earth because in this moon the water will always be above its air.

Leonardo then gives his defence:

Here it is replied that if there is water on the moon, then there is also earth on which the water is sustained and consequently the other elements and these sustain water amidst the other 3 elements as here our water amongst the elements has its sequence.  And if, according to the adversary, the water of the moon should fall, it should sooner be that the moon falls, as a body /that is/ heavier than water.  Now since it does not fall, this is a manifest sign that the water on it and earth with its other elements are not sustained differently /on the moon/ than the elements heavy and light which are sustained here /on earth/ in their space heavier or lighter.

When he returns to this theme on cA243va (c. 1515) he simply repeats his conclusion without further ado:

If the water of the moon weighed towards the centre of the world it would spill from the moon and fall on us.  But the weight is at the centre of its sphere.

Having shown that the earth and moon both have their own elements and independent centres of gravity, he has established that they are effectively identical in nature.  It only remains for him to show that they are also identical in function.

(figure)

Figs. 1713-1715: Phases of the moon.  Figs. 1713-1714, CA208ra; 
Fig. 1715, CA243vb.

Chapter 13. Earth and Moon

As early as 1492 Leonardo had begun playing with the idea that the earth and moon have identical functions as planets.  On A86v (BN 2038 16v), for instance, he mentions that: “it might be proved that the moon is another world identical to ours and that the part of it which shines is a sea which reflects the sun and the part which does not shine is earth.” On A64r (1492) he takes this comparison further:

And if you were wehre the moon is, it would appear to you that this sun is reflected in as much sea as it illuminates by day.  And the land /on earth/ would appear amidst the said water as the dark spots which are in the moon which, when looked at by men standing on our earth show themselves precisely as our earth would appear to men who live on the moon.

To prove that the earth and moon are fully equivalent, he needs to show that the moon has its cycle of days, months and seasons as does the earth.  This requires a systematic study of positions of the moon relative to the sun and earth.  This leads him to study the phases of the moon with elementary sketches such as those on CA300rb (figs. 1704-1706, 1508-1510).  On BM212r (1500-1505) he sketches eight phases of the moon (fig. 1712, cf. figs. 1710-1711).  Further drafts follow on W12326v (1506-1508).  Here he keeps constant the moon and systematically alters the position of the sun (fig. 1708) adding a caption which has been interrupted:  "the moon in the east which from the...."  In a further diagram (fig. 1707) he keeps the sun constant while systematically changing the position of the moon.  This approach he develops on CA208ra (c. 1513) where he points out (fig. 1713):

(figure)

Figs. 1716-1720: The Sun, moon and earth.  Figs. 17816-1719, BM104r; fig. 1720, CA303vb.

Every evening that the sun finds itself in the west it has opposite it the moon in one of its aspects.

The sun standing in the west, the full moon in the east and that part which it always shows is entirely illuminated.

Beneath this he draws (fig. 1714) twenty phases of the moon, adding a caption which refers to more phases:

These are the 30 aspects whicht he moon has with the sun, the sun customarily standing in the west each evening.

Here I begin with the moon in the east and the sun in the west and I follow its variety each day until /both/ the moon and the sun are in the west, which are 15 days and proceeding thus until the moon in the east faces the sun in the west another time and thus is finished a lunar /month/.

He draws the chief phases of the moon again on CA243vb (c. 1513) for which he drafts an explanation, which has been rendered almost incoherent through a mutilated left-hand corner of the folio:


Here is shown...in 15 days being consumed in night in...

This demonstration...as many moons as...days in the month, which are 30 and...12...30 through operating without interruption...the sun finding each...by as much variety it makes day by day...position and figure illuminated...such rule you see every evning of...of a month to the extent is the...ofthe moon from its full moon...in the west to the consummation of such a light in the west.

(figure)

Figs. 1721-1722: Sun's light and moon's shadow on Leic.7v and 1r.

Figs. 1723-1725: Shadows of the earth and moon are on BM100-r, CA28ra and F57r.

Figs. 1726-1727: Shadows of the earth and moon on BM104r.

In spite of mutilation, the basic sense is clear: he is outlining the chief phases of the moon's thirty day cycle. In the moon's monthly cycle he sees an equivalent to the earth's yearly cycle, as he points out on CA303vb (1505-1508):


The moon has a summer and a winter every month.


And it has greater cold and greater heat and its equinoxes are colder than ours.

Or, as he puts it on CA208vb (c. 1513):  "The moon has a year of 12 days and 12 nights."


A preliminary diagram on CA303vb (fig. 1720) helps us understand his reasoning: each month the moon's orbit around the earth brings it closer to the sun than the earth, and these monthly summers can therefore be hotter than those of the earth.  At the other extreme of its orbit, the moon is much further from the sun than the earth.  These monthly winters can also be colder than those of the earth. The rough diagram on CA303vb (c. 1508 /-1510/) serves as a starting point for a series of sketches on BM104r (figs. 1716-1719) above which he writes:

Here you have to prove how the earth performs all the same functions with regard to the moon as does the moon with regard to the earth.

In one series he draws the sun in the north with the moon and earth beneath (figs. 1716-1718), which configuration he draws in more elaborate form on Leic 7v (fig. 1721) and Leic 1r (fig. 1722) and again in slight diagrams on BM100r, CA28raand F57r (figs. 1723-1725).  Complementary to these he draws two other diagrams on BM104r (figs. 1726-1727) in which the sun is in the south and the moon and earth are above.  Such diagrams may have been a starting point for his plan on F63 (1508) to

(figure)

Figs. 1728-1729: The sun in the east and the moon in the west on CA300rb and BM104r.

Define the earth with its long and its short days in the north and in the south and do the same for the moon and terminate them accurately.

Just as he studies the sun in the north and south, so too does he study it in the east and west.  On CA300rb (1508 /-1510/), for instance, he shows (fig. 1728) the sun in the east and the moon in the west, with the caption: “If the moon is mirror of our earth, if it is in the fifteenth /day/, the earth will be ahlf dark and half illumined or perhaps more than half dark.” Corresponding to this he draws a further sketch (fig. 1731) with the sun in the west* and the moon in the east.

*
Leonardo who writes in mirror script also reverses west and east such that west is on the right and east on the left.


A more complex version (fig. 1732) follows on BM104r (c. 1508) where he adds a caption both above:  "the earth between the moon on its 15th /day/ and the sun" and to the side:  "Here the sun is in the west and the moon in the east on its fifteenth /day."  Beneath this he draws a reciprocal situation (fig. 1729) and again adds captions both overhead "moon between the earth on /its/ fifteenth /day/ and the sun" and to the side:  "Moon between the earth on the fifteenth /day/ and the sun." 
This leads in turn to a systematic study of days and nights on the earth and moon.  On F64v (1508), for example, he writes the heading:


Obscuration of the sun, moon and earth

And the moon has its days and nights as does the earth:  night in the part which is not illumined and day in that /part/ which is illumined.

(figure)

Figs. 1730-1732: The sun in the west and the moon in the east. Figs. 1730-1731, CA300rb; fig. 1732, BM104r. 

Beneath this he draws (fig. 1733) a situation where the sun is again in the west and the moon in the east, with the caption:

Here the night of the moon sees the light of the earth obscured, that is, of its waters and the obscured water sees the obscurity of the sun and the night of the moon lacks the reflection of the solar rays which refelct to it from this earth.

He redraws this diagram (fig. 1734) on CA208rb (1513) with the caption: “Here the night of the moon sees eclipsed the ocean of the earth (and the earth sees ecli) and the day of the earth sees the sun eclipsed.” On CA208va (c. 1513) he draws the diagram a third time (fig. 1735), now adding a more elaborate introduction and caption:

The demonstration that the varieties of light and shade /of the moon/ make relative to the earth, is equal to that which the earth and water of our world make with respect to it.


This is proved.

Let a be the sun, b the moon, c the earth.  Here the earth does not see all the sun and the night of the moon does not take the rays from which the ocean usually reflects the solar rays behind it.  Thwrefore in this aspect the earth sees the obscuration of the sun and the night of the moon sees the obscuration of our light or day.

On F64v (1508) he also draws a complementary diagram (fig. 1737) showing the sun in the west and the moon in the east, with the caption:

(figure)

Figs. 1733-1736: Night of the moon and day of the earth.  Fig. 1733, F64v; fig. 1734, CA208rb; figs. 1735-1736, CA208va.

Figs. 1737-1739: Night of the earth and day of the moon on F64v, CA208rb and 208va.

Figs. 1740-1743: Half day of the earth and moon.  Fig. 1740, A64r; fig. 1741, CA208rb; figs. 1742-1743, CA208va.

In this other figure is shown the day of the moon being obscured and the night of the day remains deprived of solar rays reflected from the sun.

When the moon is in the east and the sun in the west...the whole day that the moon had when it was with the sun...in the west...is changed into night.

The day that the moon has which looks at the sun in the west will be entirely night when this moon is in the west with the sun.

This diagram he redraws (fig. 1738) on CA208rb (c. 1513) with the comment:  "Here the day of the moon sees eclipsed...the sun, and the night of the earth sees the moon eclipsed."  On CA208va (c. 1513) he draws this a third time (fig. 1739), with almost the same caption:  "Here the day of the moon sees the sun obscured and the night of the earth sees obscured the light, day of the moon." In addition to these situations he draws a case where the moon stands at right angles to the earth and sun, first on A64r (fig. 1740, 1492), again on CA208rb (fig. 1741, c. 1513) and a third time on CA208va (fig. 1742, c. 1513) to which he adds the caption:

Here the half...day of the earth sees the half...day of the moon and similarly the half...day of the moon sees the half...day of the earth and /both/ the earth and moon see the sun in the west.

Here the sun is in the west.  Directly beneath, on CA208va (fig. 1743) he draws the reverse situation with the sun in the east:

(figure)

Figs. 1744-1745: Motions of the moon and sun on CA208rb and 208va.

The same demonstration would occur in the sun were in the east and the earth and moon were in the west, that is that it would do the same as the penultimate, /such/ that the half of the night of the moon sees the night of the earth and the half of the night of the earth similarly sees the midnight of the moon and the midday of the moon does the same with the midday of the earth.

On CA208rb (c. 1513) he also draws a composite diagram (fig. 1744) showing the moon in four different positions relative to the earth and sun, explaining:

Here these 2 luminaries are without light of their own and to the extent /each/ sees the sun, to that extent it shiens and, standing in this aspect, the eastern evening of the earth sees the day of the moon.

As an afterthought he interjects the question:  "What difference does it make to the light of the moon /reflected/ from the ocean whether it is in storm or in fair weather?" Another composite diagram (fig. 1745) follows on CA208va (c. 1513) this time showing the sun in two different places, which leads him to conclude: “In approximately 30 days every part of the moon /has/ had sun and its night antipodal to the full moon requires 15 days in order to see the sun.” His next step is to integrate drawings such as those on F64v, CA208rb and CA208va into synthetic diagrams such as those on CA208ra (figs. 1713-1714) to which he adds both general comments (see above p.     ) and particular ones:

(figure)

Figs. 1746-1751: The moon between the sun and the earth.  Figs. 1746-1747, F64r; fig. 1748, Leic. 7r; fig. 1749, F85r; figs. 1750-1751, Leic. 2r.

Every evening that the sun finds itself in the west it has the moon in front of it in one of its aspects.

The sun standing in the west, the full moon in the east and that part which it always shows is entirely illuminated.

Such systematic studies convince himt hat the earth and moon are fully equivalent in their functions and hence he claims, on F94v (1508), for instance:  "Our sea has the same influence on the moon as the moon has on us." Even so, he decides to study more carefully situations in which the moon is between the earth and the sun.  On F64r (1508), for example, he draws the situation twice (figs. 1746-1747), and adds an unfinished caption:

When the intersection of solar rays which...pass the moon touching its extremities produces a right-angle with the intersection of the rays reflected from the earth which pass the moon touching its extremities then....

This leads to a further sketch on F84r (fig. 1749, 1508) which he then develops dramatically on Leic 2r (figs. 1750-1751) and Leic 7r (fig. 1478) where he asdds a long explanation:


On the water of the moon.

Here it is proved that in some aspect of the sky the umbrous part of the moon has a luminous part and in some part of the sky it is deprived of this light.

Let ab be the site of the sun.  Let en be the site of the moon.  Let pq be that of the earth.  I state that the dark part of the moon eo is seen and illuminated by the part...of our seas...which are seen by the sun in psq, which seas function...with respect to the seas...which cover this moon, as the seas of this moon function with respect to the seas...of the earth when that part of the sea shows itself and /when/ the moon is positioned in the east and the sun stands in the west....

Therefore the new moon positioned together with the sun in the west will show itself with two sorts of light, of which the one comes from the sun and the other is reflected from our seas, percussed and illuminated by solar rays.  And if it were not so the comparison of the incident solar ray which is that much more powerful where it percusses the moon than is that of the solar day reflected in the moon from our seas, you would see the part of the moon surrounded by the illuminated circle illuminated by the sun appear to retain in itself some of the brightness which in itself is of so much lesser power as is the illuminated part of the sun when our seas, illuminated by the sun are of less brightness than the light of the sun.  And if you wish to see the true comparison, hold in mind when, the moon and sun are in our hemisphere by day.

He goes on to mention another situation:

But when the moon passes the aspects of the meridian towards...the east, then only that nocturnal part of the moon receives the solar ray reflected from our oceans which is facing the said oceans and the other part remains solely illuminated by the rays reflected by the stars which stand as its objects.

(figure)

Figs. 1752-1753: Sun, earth and moon on Leic. 2r and 7r.

Figs. 1754-1755: The new moon on Leic. 2r.

He ends with a consideration when moonlight is brightest:

But when the moon passes above us, the sun standing at midday, this moon receives in its nocturnal seas a great light reflected from our seas, reflected from the sun, which /seas/ show themselves to this moon as does the moon to us on the fifteenth day in the middle of our night.  And the greatest light is shown when it interposes itself between us and the sun, because then the reflected rays...of our seas, which reflect the sun are shorter and more powerful than in any other aspect of the moon in the sky.  And that part of the brightness which the moon shows at this time arises from the sun which is not occluded by the moon and these reflect to the oceans of this moon and if you cover the part of the sun which advances beyond the moon you will see the night of the moon produce some brightness more than if you cover this sun behind it.

In the late period he returns to this question of where moonlight is brightest on CA243va (c. 1513):

Why the moon surrounded by the illuminated part of the sun in the west has a greater brightness in the centre of such a circle than when this is eclipsed by the sun.  This occurs because, in eclipsing the sun, it o'ershadows our ocean, which does not occur when it is in the west and the sun illuminates this ocean.

Which leads him to ask:

Why when the centre of the moon is in the central line which extends itself between the centre of the sun and the eye, the moon does not show an illuminated circle around itself, it being seen by the sun on this side of the same diameter, and the eye even it should see it on this side of the diameter, it should see that which is seen by the sun on this side and does not see it?  And this occurs because our sight is so much below the moon to the extent that one cannot see as far as the sun sees.

 This he demonstrates (fig. 1677):

This is proved. Let a be our eye.  Let cdb be the umbrous pyramid of the moon clothed with the luminous rays of the sun which, terminating in the point b, is such that what is inside this pyramid does not see any part of the moon which is seen by the sun.

Hence it is concluded: a being inside this pyramid does not see any part of the moon which is illuminated by the sun.

Chapter 14. The Earth as a Star

Leonardo shown that at a certain distance the earth functions as a planet equivalent to the moon.  But the ultimate aim of his treatise of astronomy is to show that at a great distance the earth functions as a star. This aim emerges gradually.  On F5r (1508) where he describes looking at stars through a small aperture (see above p.    ) and begins thinking about his future treatise, this aim is still implicit:

Now think of how our star would look at so great a distance and then consider how many stars, both in length and width one could put between the stars, which are seen in this dark space. I can never do other than blame many of the ancient authors who say that the sun does not have a size different from that which it shows.  Among these [authors] was Epicurus.  And I believe that the reason derives from the fact that a person who sees a light placed in our air equidistant from the centre, never sees its size diminished at any distance, and the reason for its size and power, I reserve for the fourth book.

By F25r (1508) his aim is clear and hence his outline has the heading:  "Order to prove that the earth is a star."  This aim he restates on F93r:

Prove how, if you stood on the moon or a star, our earth would appear to have the same function with the sun as does the moon.

On F94v, he puts it even more clearly: 

My book aims to show how the ocean...makes our world shine in the fashion of /the/ moon and from a greater distance appears as a star.

A slightly more detailed statement of purpose follows on F56r

In your discourse you have to show that the earth is a star nearly like the moon and thus you will prove the nobility of our world.


And likewise you will make a discourse on the size of many stars, according to the authors.

Although no lists of the sizes of stars have come down to us, a few scattered notes give us hints concerning this intended final chapter of the treatise on astronomy.  On CA112va (c. 1505-1508), for instance, he describes:


How the earth is a star.

The earth through the sphere of the water which covers it in great part which takes the image of the sun and brightens the universe as do the other stars, demonstrates that it too is a star.

The water which covers a great part of the earth with itself receives in its surface the image of the sun and with this it brightens the universe.  It makes a star of itself with the same brightness that one sees the other stars make for us.

He develops this idea on D6r:

How if the sphere of water diminished to the appearance of a star through long distance, the image of the sun would occupy it entirely.

...If through the long distance, which the eye had from the sphere of water, the sphere of water diminished to the size of a common image of the sun as is shown in perspective you would see the sphere. of this water when...seen by the sun

Which leads him to raise a related question:


How distance makes stars many times larger than the earth appear minimal.

This is proved in perspective how things remote from the eye even if they are very large show themselves of a minimal size which thing, without too many demonstrations...if you raise...the eyes to the starry heavens you will see many stars in this...which are much larger than the earth and appear minimal through the long distance and the light which you see is not their own power but an image of the sun which is mirrored in them because in themselves these stars have no light but have a surface like the sphere of the water apt to receive and render the light of the sun mirrored in them.

(figure)

Figs. 1756-1759: Plans for overies.  Fig. 1756, B21v; fig. 1757, B13r; figs. 1758-1759, CA8va.

In the late period he returns to this phenomenon once more on CA208vb (fig.    , c. 1513).

From a to b/c/hk is so remote from the eye that it diminishes and makes itself equal to the eye.  I say this because I have already said that if the eye were like the world or the world diminished at a distance such that it made itself equal to the world, this would be seen all illuminated as /are/ the stars and the moon.

Leonardo's quest to establish that the earth is a star may, in turn, have prompted his interest in overies.  He drafts such an instrument on B21v (fig. 1756, 1490-1491) with the caption:  "Instrument of the spheres."  This he develops on B13r (fig. 1757, 1490).  It is likely that his diagrams on CA8va (figs. 1758-1759, 1493-1495) also relate to an overy.  Hence, just as he had built models in order to understand the human body (microcosm, see vol. one, part II.3), he also builds models to understand the planetary system (macrocosm).

Conclusion

As in the case of Leonardo's work on light and shade, his studies of astronomy follow a plan which is sufficiently detialed to permit a reconstruction of his proposed treatise.  This treatise confirms the scope of the work that he envisaged, ranging from illusions in the eye, the nature of basic elements, to relationships of earth, moon and sun and ultimately, the equivalence of planets and stars.


The treatise opens (chapter one) with a demonstration that the eye is a source of astronomical illusions or, as he puts it on CU15 (1500-1505), that "the science of astronomy is born of the eye."  A consideration of astronomical illusions due to atmosphere refraction follows (chapter two).  Some of his contemporaries hold that the moon is either a convex mirror or a body with variable density and transparency.  To counter these theories he examines the reflective properties of different kinds of mirrors (chapter three) as well as of dense and transparent bodies (chapter four). In this context he also considers the nature of visual pyramids (chapter five).

The prevailing cosmology of the time assumes that the earth is at the centre of the universe and that if there were solid elements on the moon or other planets, these would fall from the heavens towards the centre of the earth which is also centre of the world.  To confute this theory Leonardo makes his own study of the nature of the elements (chapter six) and concludes that the earth is not at the centre of the world but only at the centre of its elements.  Similarly the moon and other planets are also at the centre of their own elements (chapter seven).

An outline of the physics of light and shade (chapter eight) next leads to the claim that the sun is the only light source in the universe (chapter nine).  From a distance the earth's light is due to sunlight reflected from its oceans.  Because these waters have receded since the time of the flood, the earth's light is now less (chapter ten). In like manner, the moon also has oceans which reflect sunlight (chapter eleven), as well as elements (chapter twelve).  Indeed, the functions of earth and moon, in terms of their having days, nights, summers, and winters are equivalent (chapter thirteen), and if seen from a still greater distance, the earth functions as a star (chapter fourteen).

Leonardo's treatise On the Earth and its Waters thus emerges as a synthesis relating microcosm and macrocosm, beginning with the sight of a single eye and ending with a vision fo the universe.  Vasari1 had a good reason to emphasize Leonardo's work in astronomy.


In one late note Leonardo does on to claim that the sun does not move (K/P 127r, W12669v) but he does not pursue the idea.2  His concept of the universe remains geocentric. Even so he implicitly challenges traditional cosomology.  He has abandoned a heirarchical notion of the elements with a chain of being (Lovejoy3) from the baseness of earth to the purity of the heavens.  Earth and star are now equivalent.  He has opened the way for an infinite universe, but it remains for Copernicus, Brahe, Kepler and Galileo to explore its dimensions.

CONCLUSIONS

A survey of the literature shows that previous scholars have concentrated on details of Leonardo da Vinci's optical researches, and have taken into account little more than five percent of the extant diagrams. The present study, with 2,150 diagrams, is the first comprehensive treatment of the subject. 
By way of introduction the chief themes of classical and mediaeval optics are outlined.  A gradual shift towards optics as a problem of physics is identified.  Leonardo's role in this shift is suggested. In the Epilogue to Volume One attention was drawn to Leonardo's visual literalism in general.  In Volume Two, which is a case study of how he approaches a specific branch of science, it is shown that this mentality underlies his physics of light and shade.


Writers in Antiquity such as Aristotle, Seneca and Vitruvius, had used verbal metaphors and analogies in their claims concerning the natural world.  For instance they compared both sight and sound to the blow of a hammer or a bell, and compared the propagation of light and sound to circular waves produced by a pebble when thrown into water.  Leonardo uses the same similes but with an important twist.  He explores the similes literally (a heightened nominalism?) and records them visually.  Hence traditional verbal comparisons between percussion, light, sight and sound become translated into diagrams.


This visualisation of verbal concepts is part of Leonardo's quest to analyse Nature in terms of mechanical principles.  As he explains on K/P153r (W19060r), he has drawn up the rules of the four powers of Nature in order to account for movement in animals in mechanical terms.  This is also why he plans that his "book of elements of mechanics" should precede "the demonstration and the force of man and of other animals."  Leonardo thus points to a strictly mechanical model of Nature as later codified by Huygens and Newton.


Nonetheless, a careful analysis of Leonardo's definitions of basic concepts such as point and line confirms that he has neither Huygens' purely atomistic corpuscular theory nor Newton's wave theory.  Using Euclid's Elements as his starting point, Leonardo attempts to make a non-material point the basis of his physics of light and shade. From this analysis it becomes clear that Leonardo must have been familiar with a number of traditional sources, hardly surprising for a man who studied with the humanist Latin scholar, Nicolo Perotti,1 and who, by 1504, had a library of 119 books.


Nonetheless, the question of how Leonardo used his sources, permits no simple answer.  On occasion, as in the case of Pecham or Alberti he copies out or translates passages of earlier authors.  When he reads Francesco di Giorgio Martini he adds his comments in the margin.  We have no evidence, however, that he made a systematic study or commentary of the optical writings of Euclid, Alhazen, Witelo or Pecham.


Detailed study of his work on light and shade confirms that although his notes are scattered and repetitious, they contain the outlines of coherent treatises which, in a number of instances, involves a systematic experimental approach now associated with modern science.  He isolates key variables in a problem, keeps all but one of these constant and examines the consequences of changing one variable, step by step.


He applies this experimental approach to his study of one to four light sources, to interposed objects of different shapes such as a pole and cross, and to his studies of the camera obscura, which he examines the effects of light passing through triangular, square, slit-form, cruciform, octagonal and other apertures.  In contrast to his predecessors who had examined isolated aspects of these problems, Leonardo considers a series of situations.  He frequently offers concrete and abstract solutions to a given problem.  He does not, however, arrive at general laws.  Algebra as a means of expressing formulae remains foreign to him.


He devotes over 270 diagrams to the camera obscura alone.  This is because the instrument serves to demonstrate a number of basic optical phenomena - such as inversion and non-interference of images or their property of being "all in all and all in every part."  Because the camera obscura simulates basic aspects of the opticsl process, his well-known comparison of camera obscura and eye takes on new meaning.  Far from being a passing simile, it is a bold claim based on a series of empirical studies.  For instance, he studies slit-form apertures in camera obscuras becasue he wishes to understand the properties of cats' eyes which are slit-formed.


He also makes glass models of the eye in order to simulate aspects of the visual process.  These models are not entirely accurate and even lead him to wrong conclusions, such as the conviction that a double inversion of images occurs in the eye. The real importance of these models lies, however, not in the conclusions which they prompt, but rather in the approach which they assume, namely, a redefinition of vision strictly as a problem of physics.


Leonardo's treatment of various parts of the eye varies considerably, ranging from passing comments in the case of the optic chiasma to very detailed discussions concerning the nature and function of the pupil.  Although he plans a thorough anatomical study of the eye and other parts of the visual process, his extant notes suggest that he did not carry out his intent in full.  As early as 1489-1490 he studies the sockets of the eye and optic foramen.  In the period 1506-1508 he makes experiments using wax injections to determine the shape of the ventricles in the brain and also makes careful studies of the optic nerves and eyeball.  There is no conclusive evidence, however, that he ever made an actual dissection of the eyeball.


With respect to the visual process he considers various arguments in favour of an extromission theory of vision, but then rejects these and later unequivocably supports an intromission theory of vision.  In his early writings images are discussed in purely theoretical terms.  By 1508, the question of image formation has become a physical problem.


Both the Greek and Latin terms for images (Eidolon, imago, simulacrum) had referred indiscriminately to (a) literary images (b) mental visual images such as dreams and hallucinations and (c) visual images.  Leonardo's model-making as well as his visual testing of verbal images cuts through this polyvalence of meaning and prepares the way for Kepler's subsequent distinction between imagines rerum (subjective images) and picturae rerum (objective images on walls, etc.).


His theories of the visual process change with time.  At first he accepts that images coverge towards a single point.  By 1492 he is exploring the possibility that images intersect and subsequently diverge again.  Experiments with small objects inf ront of the eye and with objects seen beyond a pinhole aperture convince him that the visual power is spread throughout the eye.  These experiments, along with his models of the eye, lead him to conclude that a double inversion of images occurs in the visual process.


With respect to visual appearances and illusions there are may parallels between propositions in Euclid's Optics and claims made by Leonardo in his notes.  Even so, there are a number of Euclid's propositions which Leonardo does not consider. Euclid's Optics was devoted primarily to the perception of isolated objects.  Leonardo, by contrast, studies the perception of objects in context, including effects of background on apparent size and brightness.  Some of his examples have their roots in mediaeval procedents.  Other experiments appear to be his own and are again characterized by a step by step method.


These trends are also evident in his study of optimal and minimal conditions of vision.  His treatment of problems such as the central ray, the limits of the visual field, perception of objects smaller than the eye and diplopia also buids on the mediaeval optical tradition.  But here again his use of diagrams, models and experiments sets him apart from his predecessors.


In part four it is shown that manuscripts D and F are advanced drafts in which a series of ideas are restated, often more than once.  It is found that the sequence of his arguments does not follow a straightforward page sequence.  This is important because it establishes that the inherent order of Leonardo's ideas cannot be achieved by a simple reshuffling of pages and is only possible through a thematic treatment such as in this study.


An analysis of Manuscripts D and F confirms that Leonardo's optic studies have a practical goal of understanding illusions in astronomy.  This leads to an outline of his treatise On the Earth and its Waters in which he uses everyday experiences of the sun's image reflecting in water on earth as a basis for his claims that the sun's image is equally reflected by the oceans of the moon and that the planets are therefore, ultimately equivalent in their functions.  He concludes that from a great distance, the earth is effectively a star.


In the Appendices Leonardo's writings on optical instruments are analysed.  In the case of spectacles, it is shown that he considered both bi-convex and bi-concave lenses.  His notes concerning early forms of telescopes are assessed and his various lens grinding devices are described. Leonardo gives relatively little attention to plane mirrors.  By contrast, he makes detailed studies of convex and concave mirrors in order to determine the location of the angle of incidence.  For this difficult task, today remembered as Alhazen's problem, he appears to have relied very little on Alhazen and focussed instead on his own experimental evidence.  He does not, however, achieve his own stated aim to discover a general rule.Leonardo's notes on refraction, the rainbow, and other meteoreological effects do not incorporate the findings of his late mediaeval predecessors.


A complex picture of Leonardo's position within the optical tradition thus emerges.  In some cases he did not know of, or ignored the work of his predecessors.  In many cases he used their examples as a starting point for more systematic studies. This systematic aspect of his work helps explain the great increase in visual expressions - sketches, diagrams, drawings and paintings - at the end of the 15th Century.  With the development of methods for rendering individual organs and objects came a challenge of drawing from four, six or eight viewpoints and in as many as eight or ten layers.  Hence there evolved also a commitment to consider a problem in as many situations as possible.  Instead of mentioning camera obscuras in passing, Leonardo draws over 270 examples.  Instead of copying a traditional model of the eye, he draws at least 30 variants.  A systematic play with variables thus generates an unprecedented number of images both in science and in art.


The explosion in artistic activity, now associated with the Renaissance, is thus, in large part, an active process on the part of a handful of exceptionally conscious individuals. This bears emphasis in order to balance a fashion which explains this increase in the scope of art as a passive response to economic and social factors, one argument being:  newly affluent bankers and capitalists wanted novel means of displaying their wealth and thus created a demand for more art.


In Leonardo's case the situation is more complex.  Some of the commissions for which he is specifically paid he never completes.  The practical tasks for which he is paid, as engineer, architect and military advisor, he does well, but these do not explain his universal fame. His patrons, the Medici, the Sforza and ultimately Francis I have the wisdom to leave him alone sufficiently to enable his exploring many "useless" pursuits:  anatomical drawing, perspective, movement of water, flight of birds, principles of mechanical motion, geometrical transformations and a theory of four powers of Nature.  Paradoxically it is precisely these activities which his contemporaries would have dismissed as useless and a waste of time that later become cornerstones of early modern science and art.

Optics was among these useless activities.  There was no profit to be gained from studying the physics of light and shade, drawing models of the eye or examining illusions of sight.  Yet such studies are a central dimension both of his own development and that of the Renaissance.  The Sforza court where Leonardo works for more than fifteen years is an experiment in creating a context where individuals pursue study for its own sake, and results in studies which, in the long run, prove more useful than the most practical machine or financially attractive investment.

On the other hand it is mistaken to imagine that Leonardo is centuries ahead of his time.  In the case of optics his insights and experiments may often presage the later work of Kepler, Huygens or Newton, but he lacks their mathematical formulation of optical principles.  He lays the cornerstones for a new study of optics strictly as a problem of physics, independent of philosophy and theology.  But it remains for others to complete the construction that he begins.

The full story of how that edifice is built requires much further study.  This contribution has analysed only writings unquestionably linked with Leonardo.  Other scholars, will need to correlate these with the Zaccolini manuscripts to which Pedretti drew attention, and which Clearfield Bell has examined in part. It will then be necessary to reassess Leonardo's influence on Jerome Cardan, Fracastoro, Maurolyco, G - B della Porta and other sources that lead to Kepler, Snell, Grimaldi, Huygens, Hooke and Newton in the seventeeenth century.

Many of us imagine that a genius is one who is ahead of his time, an individual who warrants study because he has quick ways of reaching answers, possesses an easy way to truth.  Perhaps, however, a genius is precisely he who knows that restatement, repitition and even blind alleys are essential aspects of profound searching.  If so a genius confronts us not with the simplicity of intellectual pregress, but with its complexity, prompts us to reflect upon the cumulative nature of knowledge and the continuity underlying innovation.  He knows that there are ultimately no short cuts and, like Leonardo, rejects abbreviators.

The problem is rather the unity of his thought.  Every subject he approaches seems to absorb him completely and yet so expands under his gaze that we gain the impression that nothing else could have mattered to him throughout his life and that even his art should best be approached from this angle.

E. H. Gombrich1
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1. Introduction

This journey into Leonardo's writings has been to reconstruct the inherent system underlying his work and give some indication where his claims stand in the modern framework of science, asking positivistically: what did he do and what did he get right? To understand Leonardo, however, also requires insight into why he arranges his notes in the way he does.  Why does a potentially organized mind produce such seemingly disorganized notes:  This problem permits no simple answer.


His ideas keep changing and developing.  As a young man in Florence he does not yet have the systematic view of knowledge that he begins to put to paper in Milan in 1492 as he turns forty.  In the years that follows, under Luca Pacioli's influence, he studies Euclid's Elements and incorporates a more formal geometrical framework into his world-view, especially in the period 1505-1508. The focus of his thought also changes.  In the 1480's and 1490's he believes that mathematics and science can explain the whole of Nature.  The four powers promise to solve not only everyday problems of mechanics but even the intricacies of the human body which he sees as a wondrous mechanical instrument created by God, "the Inventory" (K/P166r, W19073-4r).  At this stage his emphasis is on the regularity of Nature, its objectivity and predictability.


In the period after 1508 the unpredictable aspects fo Nature come to the fore.  There is, for instance, geological evidence of multiple layers of shells in rocks high in the mountains.  Had there been only one Deluge there would be only a single layer.2  There are also reports of earthquakes and other natural disasters.3  In the end, Leonardo continues to approach Nature mechanistically, but is also aware of her irregularity and mystery.  The Landscapes of his late paintings are one expression of this new sense of wonder, the Deluge series, a second; his long notes on earthquakes a third.


There is a span of forty years between his first recorded notes (c. 1478) in the Codex Atlanticus, to his last notes (c. 1518) in that same work. At the outset his notes are often sporadic and, if systematic, tend to reflect models of verbal thinking associated with scholasticism (S2). As his work progresses he composes no less than 18 other notebooks.4  Their different sizes provide clues to their divergent functions (S3).  In these notebooks thematic presentation is a key to his organization.  The problem is that his themes and combinations thereof are often unexpected (S4).  Further study of the notebooks reveals distinct stages in the development of his ideas, ranging from near chaotic scribble sheets to folios intended for publication (S5).  These developmental stages in turn throw light on four types of presentation ranging from purely verbal to fully visual.


As long as verbal thinking had dominated there had traditionally been a series of different kinds of explanation each of which dealt with aspects of a problem.  The advent of visual thinking brought with it a single standard of truth with different levels of abstraction (S6). While Leonardo is probably the first to discuss the advantages of visual thinking and presentation explicitly, his approach has its origins among the very Greek philosophers who favoured verbal thinking.  And he, in turn, is only partly aware of the consequences of this new way of thought which points to a separation of physics from metaphysics and implies a new system of experiments (S7).  The tension between his emergent visual thinking and his inherited verbal thinking helps explain his problems in presenting knowledge.  Part of the disorder of the notes reflects the conflict of two modes of thought.


This tension is again better understood when it is seen as part of a tradition of architect-artist engineers that includes Villard de Honnecourt, Buonaccorso Ghiberti, Francesco di Giorgio Martini and leads to later authors such as Besson, Ramelli, Bettini, Kircher, Weigleb and the Encylopaedists. Leonardo's notebooks thus reveal developmental and cumulative dimensions of knowledge both in the case of an individual, and of a culture as a whole.  They can be seen as part of an encyclopaedia of practice (S8) as well as of theory, that offers new insights into problems of continuity and innovation (S9) and provokes us to think afresh about the organisation of historical knowledge (S10).

2. Verbal Thinking

In his notebooks Leonardo often presents his idea, then introduces the opinion of an adversary, which he, in turn, refutes. 
This approach to knowledge as if it were an argument, here termed "verbal thinking," stands in a long tradition that goes directly back to the Greeks.  Many of us remember it simply as the Socratic method, which Plato made famous in his Dialogues.


Aristotle, in the Analytica priora gives this approach a cloak of respectibility and in the process reduces demonstration to premises, terms and syllogisms. Premises he subdivides into:  universal, particular and indefinite. Particular he defines as that which "belongs to some or not to some or not to all."5 This definition reduces the particular to being aprt of the universal and thus subtly removes the autonomy of the individual.  This is important because it means that while Aristotle may pay lip-service to the value of particular objects, the thrust of his verbal argument is in terms of logical universal categories which exclude the visual evidence of individual objects that a modern mind associates with demonstrations.


The result of Aristotle's assumptions is a form of treatise which is a discussion or argument in disguise, in which verbal thinking dominates. In De Caelo, for instance, he introduces the opinions of Empedocles and Democritus and soon afterwards insists:  "this they are obliged to assert and do assert."6 In this verbal struggle there is no room for points of view. What seems at first an open discussion is, in fact, a clsoed net leading the unwary into a reductio ad absurdum.7  The adversary is ultimately a straw man whose freedom is purely rhetorical.


Roman thinkers such as Seneca unconsciously adopt this type of verbal thinking and present it in less subtle terms. His Natural Questions is actually structured as an argument.  Hence he writes: “These objects which you have put forward as well as others that no less call for refutation, I will endeavour to refute.”8 On other occasions he reports on what his opponent says9 or retorts10 or how "some one interposes, I can draw from this same material an argument to confute you."11


In the Mediaeval period this argumentative type of verbal thinking flowers as is shown, for instance, by Biagio Pelacani's Quaestiones de perspectivae. His fourth questio asks: 

Whether the rays of light passing through triangular apertures naturally tend towards rotundity and are always larger the further they are from the aperture.12

From a modern viewpoint this is a question of physics requiring a simple yes/no answer with a possible definition of the parameters within which it is true. Biagio's reply is less direct. He begins with an argument on the negative side.  This is followed by a second, third, fourth and fifth argument on the negative.  The master then replies in three parts.  In the first part he limits the question with six pieces of evidence.  Five interim conclusions follows, then a corollary, a second part of the fifth conclusion and a sixth conclusion.  In the second part of the master's reply, two difficulties are raised.  In the third part he gives his final reply to each of the six arguments raised earlier.


An awareness of the tradition which produces such convoluted forms of verbal thinking casts light on some aspects of Leoanrdo's presentation of ideas. On CA270vc (c. 1490), for instance, he introduces an argument in favour of extromission (see above p.    ). To support this he gives an example, following which he explains that this is "to confute" the intromission theory.  A second example in defence of extromission follows and under the heading of "examples," he cites six further cases in defence of extrmission.  Two more follow on CA270vb.


It is only now that he itnroduces a contrary position in favour of intromission, beginning with four examples, followed by three more on CA270rb.  These /seven/ opinions, he explains, are to establish that vision takes place through intromission.  He then introduces a "contrary opinion" in favour of extromission, which he eliminates by means of both a "confutation" and a "proof to the contrary."


Leonardo's presentation of these pro's and con's of argumentative verbal thinking may lack the elegant numbering of Biagio Pelacani's university approach, but is clearly in the same tradition.

It is very likely that Leonardo's many references to an adversary also grow out of this tradition of argumentative verbal thinking.  Indeed, if the adversary is a rhetorical straw-man, this would explain why scholars have such difficulty in trying to identify who might have been intended.

There remain, hwoever, many aspects of Leonardo's thought which cannot be explained through this tradition of verbal thinking as, for instance, his answer to the question Biagio had posed concerning light passing through triangular apertures.  Where his mediaeval predecessor had launched arguments, Leonardo simply draws six stages in the situation (figs. 783-788) demonstgrating visually how the projection changes as the relative distances of light source, aperture and projection plane are altered.  Involved here is a method of visual thinking and demonstration that deserves closer examination.  But before so doing it will be useful to examine his different kinds of notebooks, his thematic presentation and stages of organisation.

3. Kinds of Notebooks

It is customary to refer to the notebooks as if they were all very similar.  In fact they differ considerably in format from tiny pocketbooks to large folios, and in function from field, studio, study and research notes, through drafts at various stages, to presentation sheets. The smallest notebooks are 320o in format13:  Forst II, which is devoted almost exclusively to weights and balances and Forst III, which treats a diverse number of themes.  Forst II is characterized by a number of folios headed "experimented," which suggests that it served to record a series of experiments in statics.


Only fractionally larger are a series of five other notebooks in 24o format: H, I, K, L, M.  In these manuscripts he is studying grammar and mathematics and collecting material for later treatises.  In H (1493-1494) he concentrates on water, devotes sections to allegory, grammar and mechanics, and some notes to optics and music.  In I (1497-1499), he again concentrates on water, and includes sections on geometry, grammar and allegory.  In M (before 1500) he devotes a first section to geometry (1-36), a second to weights in connection with the four powers (36v-62v) and a third to the four powers with special reference to bows and cross-bows (63-94). In between he adds notes on water and allegories.


L (1497, 1502-1503), by contrast, is much less coherent.  Its only sustained theme is military architecture.  There are brief sections on the flight of birds, mathematics and water, as well as a miscellany of notes on topography, architectural details, clocks, and mechanical devices.  He almost certainly used this pocketbook for making quick sketches and field notes during his travels.14 K (after 1504-1509) has four clearly defined themes.  The most important of these is mathematics (both geometry and arithmetical proportion).  The flight of birds constitutes a second important theme.  Optics and painting are a third theme and water is a fourth.


Four notebooks are in 16o format:  Forst I, E, F and G.  In the early period he uses this size for advanced drafts.  Hence Forst I2 (c. 1489) is a treatise on water screws and other water raising devices.  Forst I1 (1505) is a near finished treatise in three books with numbered propositions on transformational geometry. The three later notebooks in this format have multiple themes and are less near completion.  In F (1508) he makes drafts for his treatises on water, optics (see above p.     ) and astronomy (see above pp.     ), interspersed with notes on geometry, the four powers, the elements, and painting.


In E (1513-1514) he makes an advanced draft of a treatise on the flight of birds.  He also devotes sections to weights, painting, geometry, the four powers, water and optics.  In G (1510-1515) he is primarily concerned with a draft devoted to light and shade in plants and trees for his projected treatise on painting.  He also drafts notes concerning a mechanical device (the sagoma); quadrature of the circle; water, the four powers and the flight of birds.


He employs both a small and large 8o format.  He uses the small version for two study books:  Triv and Fol B.  In triv (1487-1490), he is chiefly concerned with learning the vocabulary befitting a courtier.  Between these lists of words he adds sayings, a few architectural drawings and related mechanical devices.  In Windsor Fol B (K/P39-81) he makes studies of the human body beginning at the head and ending with the feet.


He uses the larger 8o format for seven notebooks (B, A, Mad I, Mad II, Turin, D and BM) which range from rpeparatory to advanced drafts.  B (1490), the earliest of these is primarily a collection of notes and ideas on military and civil architecture and related mechanical devices, with a section at the back devoted to manpowered flight.


A (1492) contains an advanced draft of a treatise on perspective (see Vol 1, part I.2), drafts for his projected treatise of painting and esections on optics, geometry and the four powers. In Mad I (1493-1494) he devotes sections to fortification, transformational geometry, topography, surveying and construction of his equestrian monument.  Mad II (1503-1504) contains drafts of a treatise on mechanical devices and parts such as screws, wheels and gears, as well as a treatise on weights and balances, for which he has numbered some two hundred figures.  The Turin notebook is an advanced draft of a treatise on the flight of birds with an introductory section on weights and balances to deal with the principles of equilibrium in flight.  D. (1508), as has been shown (see above pp.     ) is an advanced draft of a treatise on the eye intended to serve as a chapter in his astronomical work (see above pp.   ). A number of the folios in BM Arundel are also a large 8o format and deal chiefly with weights and balances, mirrors, optics, geometry and water.  In the case of this notebook he explicitly states that he is concerned with arranging things roughly, and hopes to improve upon the order later. 


He reserves the 4o format for specialized studies:  C, Leic (Hammer), Fols A, CI and CII.  In C (1490) he concentrates on light and shade, and as a result of analogy devotes some folios to percussion and water (see above pp.      and figs. 1760-1761).  Leic (Hammer) is an advanced draft of a treatise on water, with some notes on astronomy.  Fol A (K/P134=151) is an anatomical treatise on arms, hands and legs and feet.  C (K/P153=161) concentrates on the diaphragm and internal organs.  C (K/P162-183) is also anatomical and devoted to the heart.


In addition there are two works of folio format.  Of these the Codex Atlanticus is the largest (650 x 440 mm) and the longest.  Its folios range from very large size (eg. CA103rb, 450 x 285 mm) to extremely small (eg. CA11vd, 35 x 32 mm).  It is very likely that these small pieces were originally parts of larger folios, as Pedretti15 has shown to be the case with a number of fragments at Windsor.


When Pompeo Leoni compiled the Codex Atlanticus in the sixteenth century he referred to it as "Drawings of machines, the secret arts and other things."  By secret arts he no doubt meant (1) military studies including burning mirrors; (2) transformational geometry using lunules, by means of which he believed he could master all changes in shape in objects and (3) perspective, which provided a method for reproducing Nature and a means of analysing Nature's powers such as heat and force (see Vol 1, parts I-II).


In modern terms Leoni attempted to collect sheets dealing with the physical sciences in the Codex Atlanticus.  Those dealing with the life sciences he put together in a second group which is now the Collection of Her Majesty the Queen at Windsor. Here the chief themes are human anatomy, drawings and caricatures of the human figure, studies of horses and of Nature, with a few folios on animals and gometry.


Before Pompeo Leoni compiled them the CA and Windsor folios almost certainly lay about loose in piles in Leonardo's studios.  These loose sheets primarily served as an interim stage in the development of his ideas, between the rough notes in the field and more advanced drafts in notebook form, which explains why they range from scribble sheets (fig. 1817) to carefully presented folios (figs. 1812).  Among these loose sheets he also kept his advanced technical (fig. 1811) and artistic drawings.  This is a further reason for the remarkable variety of the folios in CA and Windsor.


Hence the notebooks contain seven quite distinct kinds of notes:  (1) random field notes; (2) thematic and/or systematic field notes; (3) study notes especially concerning grammar, geometry and arithmetic; (4) research notes on a specific subject such as anatomy, weights and balances; (5) studio notes; (6) drafts for technical and artistic drawings and (7) drafts for treatises.

The contents of these notebooks are often cited as evidence that Leonardo was a universal genius.  Closer inspection reveals, however, that the themes which fascinated him were considerably more specialized than is usually assumed.  Mediaeval learning had directed its energies on three major fields; theology, law and medicine.  Leonardo ignored theology and law and focussed on one branch of medicine: anatomy.
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Chart 31. Survey of the format and function of the notebooks

At a more general level mediaeval learning had been based on the seven liberal arts; the trivium of grammar, rhetoric and dialectic and the quadrivium of arithmetic, geometry, astronomy and music. Leonardo has a passing interest in grammar, ignores rhetoric, (except insomuch as it serves him practically in his paragone) and dialectic; learns a minimum of arithmetic; becomes fascinated by geometry in his later forties and then concentrates on lunules and transformational geometry; appears to have learned little traditional astronomy but develops his own views on the subject and with the resepct ot music, concentrates on its practical aspects.

Although there are at least 50 topics which receive mention in the notebooks, the themes which interest him profoundly and concerning which he writes or plans to write treatises are, roughly in the order of their importance to him, about a dozen:  geometry, mechanics, water, optics and perspective, painting, anatomy, the four powers light and shade, the flight of birds, nature, mirrors and regular solids.16  His mediaeval predecessors would have clased most of these among the illiberal arts. In other words, Leonardo the so-called universal man is, in fact, a specialized researcher whose energies are focussed on technology, the physical and the life sciences. How is it possible, one might ask, that he has been so utterly misunderstood?  An important clue lies in the themes he uses to present his ideas.

4. Thematic Presentation

With the exception of a few scribble sheets, (see below pp.      ), Leonardo devotes most folios to a specific theme or combination of themes.  One might expect that this should be obvious but there are at least three reasons why it is not:  (1) he employs very general themes; (2) the themes are often unusual, and (3) he presents unexpected combinations of themes based on analogies which assume an understanding of the material.

(figure)

Fig. 1760: Percussion of hammers and light on C22r.

(figure)

Figs. 1761: Percussion of hammer, knife, light and water on C7r.

The first of these requires little explanation.  Because he employs generic themes such as  mechanics, a folio often contains a variety of apparently unrelated machines and devices. 
His choice of unusual themes is best illustrated with examples. As Dr. Keele17 has shown, the four powers (percussion, force, movement and gravity) play a central role in his concept of science.  Leonardo frequently uses one or more of these powers as the theme of a folio.  On C22r (fig. 1760, 1490-1491), for instance, the theme is percussion.  At the bottom of the folio he draws three diagrams showing percussion of light in the open air (see above pp.   and figs. 476-478).  In the central portion of the folio he draws four diagrams in which different sizes of candle and distance produce shadows of varying intensities (see above p.    and figs. 398-340).  In the right-hand margin he draws three diagrams of an axe striking wood and finally three diagrams of a nail which is driven in a straight or a bent form.  In Leonardo's mind these diverse topics are intimately connected:  direct or oblique light striking an object and a direct or oblique hammer striking an object are all cases of percussion which deserve comparison.


Percussion is also the implicit theme on C7r (fig. 1761, 1490-1491).  Here he arranges in a row the blows of hammers, of a knife, of light passing through an eight sided aperture (see above p.    and fig. 819    ), and of water passing through multiple apertures  Once one recognizes his logic, it is surprisingly sensible.

(figure)

Fig. 1762: Light and shade studies on CA195va.

(figure)

Figs. 1763-1764: Light striking a St. Andrew's cross and apertures 
on CA177rb and ve.   Comparison of four shadows and four lights.

(figure)

Figs. 1765-1766: Shadows produced by St. Andrew's cross and variants on CA37vd and BM243r.

(figure)

Figs. 1767-1768: Preparatory demonstrations involving a St. Andrew's cross on CA229rb and BM248v.

(figure)

Figs. 1769-1770: Advanced demonstrations involving a St. Andrew's cross and pinhole apertures on CA241rbc, vbc.

A third reason why the underlying structure of many folios is difficult to discern is because he combines themes on the basis of analogy. On CA195va (fig. 1762) for instance, the chief theme is clearly light and shade.  Indeed a reader unfamiliar with Leonardo's through, may assume that it is due to a quirk or simply a mistake that he interjects a paragraph on hammers in the midst of this folio.  In Leonardo's mind, however, light and hammers are both examples of percussion.


Analogy sometimes leads him to combine obvious themes in unexpected ways.  For instance, he thinks of shade as a negative light and hence compares the effects of multiple shadows produced by one, two or more columns with the effects of a light source passing through multiple apertures in a camera obscura on CA177ve, 177rb, 229vb, and 241rcd.  The same basic associations lead him to compare irregular projections of shade and light on CA241vbc (fig. 1770).


This does not, of course, prevent him from dealing with the problem of columns in isolation on CA37va, 229rb, BM243v and 248v.  Indeed such folios with isolated themes play a basic role in the development of his ideas.  Hence the CA drafts (figs. 1763-1765, 1767) lead to BM248v (fig. 1768) which, in turn, serves as a draft for CA241rbc (fig. 1769).


On D10v (fig. 1771) his starting point is a straightforward analogy between eye and camera obscura.  His studies of the camera obscura have revealed that boundaries of light and shade inside such a chamber are unclear.  By way of analogy he considers the unclear boundaries of an object in front of the eye in his third diagram on D10v.  On CA190vb (fig. 1772), an earlier draft, these same themes are in evidence. In addition, he is aware that a camera obscura inverts imnages and that a mirror reverses images. He therefore compares the two in relation to what happens in the eye.

(document)

Figs. 1771-1772: Eye-camera obscura analogies on D10v and CA190vb.

Figs. 1773-1774: Parallels between light/shade and sight on CA204rab and CA298va.

Fig. 1775: A preparatory sheet on BM104r.

Fig. 1776: A development of the foregoing on BM25r.

Figs. 1777-1778: Optics and astronomy on CA112ra and CA208vb.

(document)

Figs. 1779-1780: Optics, water and astronomy on CA237ra and CA251rb.


The underlying analogy between light and sight of the above folios, recurs in another form on CA204rb (fig. 1773,**  ) where he implicitly compares the angles of light passing through a camera obscura with the maximal angle of vision.  This leads on CA204ra to a study of how angles of light produce shade.  On CA298va (fig. 1774) this sight-light/shade analogy leads him to compare effects of occluding objects in front of both eyes and light sources.


His reasons for relating themes frequently assume an understanding of his work.  We have examined why he relates the size of pupils to the size of the sun in water (see above p.    ) and why he associates the sun's reflection from waves of water with the moon (see above p.     ).   This explains why studies of the sun's image in water occur on folios which also deal with optics as on BM25r (fig. 1776) and astronomy as on BM104r (fig. 1775).


In this context it also makes sense that the theme of sunlight from waves and the moon should appear on the same folio on CA112ra (fig. 1777) and CA208vb (fig. 1778 cf. 2779) or that water and the moon are discussed together on CA251rb (fig. 1780). Because he is also concerned with possible illusions in astronomy produced at the eye, he includes both visual angles and reflections from eyebrows on CA208vb (fig. 1778).  Viewing distant planets and stars reminds him of the question of minimal size of objects seen.  Hence occlusions at the eye and astronomy occur together on CA112ra (fig. 1770) and CA237ra (fig. 1779).  Moreover, because he thinks of the eye as a camera obscura, he compares these problems of visual angles and occlusion at the eye with those in a camera obscura on CA112ra (fig. 1777).

Fig. 1781: Optics and water on F95r.

Fig. 1782: Intersecting circles in water and geometry on cA281ra.

Figs. 1783-1784: Geometrical lunules and convex mirrors on CA241ra and 279ra.

Figs. 1785-1786: Transformational geometry and transformations of images in camera obscuras on CA187ra, va.

The reasons for his analogies between water and optics run deeper. Water produces visible equivalents to the invisible waves of light, sight and sound in the air. It is thus fitting that his optical treatise withint the manuscript F should begin on F95r amidst studies on water (fig. 1781). Circular waves of water produce complex transformations of shapes.  By analogy, water and transformational geometry appear together on cA281ra (fig. 1782).  Circular waves of light passing through comera obscuras also produce complex transformations of shapes.  By analogy, camera obscuras and transformational geometry appear together on CA187ra, va (figs. 1785-1786).     Circular waves of light striking convex mirrors produce similar transformations.  By analogy, convex mirrors and transformational geometry appear together on CA242 (fig. 1783, cf. figs.     ) and CA279ra (fig. 1784, cf. figs.    ).


Such examples illustrate how themes dominate his draft folios and how anlogy often leads to unexpected combinations thereof. The drafts, in turn, mark a stage in the development of his ideas and with each stage his presetnation changes.

5. Stages

Leonardo is very conscious of the provisional nature of his notebooks and plans to arrange them more systematically.  This is on his mind when he starts the Codex Arundel, (fol 1r):

Begun...in Florence in the house of Piero di Baccho Martelli on the 22nd day of March 1508. And this will be a collection without order taken from many pieces of paper which I have here copied hoping later to put them in order in their places according to the material of which they treat and I believe that before I am at the end of this, I shall have to repeat a same thing many times.  Hence, reader, do not reproach me because the subjects are many and the memory cannot retain them all and say:  this I do not want to write because I wrote it earlier.  And if I did not wish to fall into such an error it would be necessary that every time I wished to copy something out, in order not to repeat it, I would have to read all that came before and especially if there is so much with long intervals of time in writing from one time to the other.

In the Codex Leicester he makes a further comment concerning the organisation of his notes (2v):

I shall not consider the demonstrations here because I shall reserve them for the ordered work; my concern how is to find cases and inventions, gathering these as they occur to me; then I shall have them in order, placing those of the same kind together; therfore you will not wonder nor will you laugh at me, reader, if I here make such great jumps from one subject to the other.

His conscious efforts to organize the notes first become evident in the late 1480's in the Codex Trivulziano. Among his earliest attempts are folios dealing with unrelated subjects, such as grammar, historical anecdotes, physics and optics as on Triv 11v (fig. 1787, 1487-1490).  In the simplest cases an optical diagram on such a folio can lead directly to a folio such as C21r (fig. 1788, c.1490-1491) where the diagram recurs in the right-hand margin of a sheet devoted to light and shade.

Fig. 1787: Preparatory sketch on light and shade on Triv. 11v.

Fig. 1788: Advanced version of the same sketch on C21r (upper left).

Figs. 1789: Preparatory sheet on Triv. 29r.

Fig. 1790: Development of same on A90v.

Figs. 1791-1792: Three themes in no apparent order on CA37va and one theme in no apparent order on CA144va (Stages 1-2).

Figs. 1793-1795: Rough columns with figures interspersed on K/P 22v; columns with figures to the side in some order on K/P 118r and CA237rcd (Stages 3-4).

In other early cases his starting point may be a folio dominated by a single theme, such as Triv 29r (fig. 1780), which may lead directly to a systematic treatment of an individual item as on A90v (BN2038 10v, fig. 1790).  Here a heading introduces a centrally positioned diagram which is followed by an explanatory passage.

He first mentions this manner of presentation on CA109vc (c. 1490):  "Make the simple propositions and then the demonstrations with figures and letters."  On A31r he considers a modified version:

I remind you that you make your propositions and that you adduce the above said things with examples and not with propositions which would be too simple.

In more complex cases an idea may undergo a number of drafts in the Codex Atlanticus and/or elsewhere.  Sometimes a draft will contain several themes as on CA37va (fig. 1791).  At other times a draft may have but one dominant theme as on CA144va (fig. 1792).  Crossed out passages indicate that he has developed his ideas elsewhere.

As his ideas progress, he organizes them in columns.  In the early period these columns are frequently rough with figures interspersed throughout, as on W19147-19148v (K/P22v, fig. 1793).  By the late period the columns are regular and figures tend to be in the right-hand margin, as on W19149-19152r (K/P118r, fig, 1794) and CA237rcd (fig. 1795).

Fig. 1796: Single theme, columns, with figures to the side in some order on A56r (1492).

Figs. 1797: The same topics C. 20 years later on Leic.3v.

Fig. 1798: Text with systematic figures on Leic. 14r.

Fig. 1799: Text without figures on Leic.16.

Fig. 1800: Figures with captions in the Sketchbook of Villard de Honnecourt.

Figs. 1801-1803: Text and captions on CA92vc, 92ra and 167rab.


Sometimes as on CU524 (TPL507, 1510-1515) the figure has been drawn in the centre of the folio, but with a note indicating that it is to be moved later:  "Placed in the margin this figure will be put into the 42nd of perspective." A format using a single column of text with figures in the right-hand margin emerges as a method of presentation in manuscript C (fig. 1788, c. 1490).  Comparison of two folios, Manuscript A 56r (fig. 1796, 1492) and Leic 3v (fig. 1797, 1504-1509), both dealing with water and analogies between underground rivers and arteries in the body, gives some indication how constant this mode remains.


Some folios in the Codex Leicester are more sophisticated. On Leic 14r (fig. 1798), for instance, he begins with the heading "26 cases," each of which is introduced by a capital letter in the column that follows.  In the right-hand margin he illustrates fifteen of these with diagrams.  On Leic 16r (fig. 1799), he lists 23 propositions in a similar fashion, except this time without illustrations.


Villard de Honnecourt, in his Sketchbook, (fig. 1800) had used another method of presentation, arranging a series of diagrams horizontally, each with a brief caption underneath.  Some of Leonardo's drafts lead to this mode of presentations (figs. 1801-1803).  Such examples show that Leonardo uses between two to five stages in arriving at a finished folio with text and figures (Chart ** ). There are, however, three further alternatives for finished folios:  some have only text; others have a series of diagrams in sequence and some have presentation drawings, either technical or artistic.  Each of these have their own stages of development (Chart 32).

Chart 32: Stages in the development of different kinds of folios.

Figs. 1804-1505: An early case of text only with headings above the paragraphs on A 104r, 1492 and a late example of text only with headings in the margin on D 5v, 1508.

Figs. 1806-1808: Three stages in the organisation of Leonardo's visual demonstrations on A87v, CA274va and CA149rb.

Figs. 1809-1811: Three stages in the case of a technical drawing on CA353va, CA15ra and CA391va.

(diagram)

(diagram)

Figs. 1812-1815: A case where an early drawing is more elaborate than later ones.  Fig. 1812, CA1vb; fig. 1813, Forst.III 56v; fig. 1814, CA298rb; fig. 1815, Mad. I43r.

Figs. 1816-1817: Detailed drawings of the three ventricles on K/P 104r (1506-1508) and later rough sketch of same on K/P 127v (c. 1510).

In the early period finished folios which have text only, have headings followed by paragraphs as on A104r BN2038 24r (fig. 1804 1492).  By the late period the headings have become miniature passages in the columns as on D5v (fig. 1805, 1508). Series of figures have their own development.  They begin with rough folios, as in cases with text and figures.  At a second stage a series of diagrams is arranged in columns, without any particular order (fig. 1806).  At a third stage a clear sequence in the diagram evolves (fig. 1807).  At a fourth stage diagrams are both carefully arranged and numbered (fig. 1808).


In the case of technical and artistic drawings, a diagram often makes its first appearance as a quick sketch among others devoted to a given them.  On CA353va (fig. 1809), for instance, a first draft of a rampart appears amidst other military sketches.  At a second stage, such a rampart may recur as one of the dominant drawings on a folio (fig. 1810).  At a final stage a single drawing dominates the folio (fig. 1811).

While Leonardo's approach is basically developmental and cumulative, it is important to recognize that this is not always the case.  On CA1vb (fig. 1812, 1490) he draws an elaborate crane for digging canals.  Some ten to thirteen years later he draws a much more primitive version of such a crane on Forst III 56v (fig. 1813).  He subsequently makes a series of drafts on CA298rb (fig. 1814, c. 1495) which then lead to a further presentation drawing on Mad I 43r (fig. 1815).

One further example of this "retrogressive" tendency may be cited.  On W19127r (K/P 104r, fig. 1816), he makes his famous wav injections of the three ventricles.  Some two to four years later, a rough sketch of these three ventricles recurs amidst sketches on geometry, optics, statics and caricature on W12669v (K/P127v, fig. 1817). To an untrained eye this folio has all the appearances of an early draft.  It is, in fact, an exception: one of the very few late examples which is effectively a scribble sheet, not devoted to a clearly defined theme.  That it is a late folio is confirmed by the numerous sketches relating to transformational geometry, a theme which concerns him in the period after 1505.


An understanding of these stages in the development of the note-books confirms that he aimed at a much more systematic form of presentation than some rough folios might suggest.  He is not just writing for his own sake.  His many references to "O reader" are no accident.  Nor can his comments about intended publication be dismissed so lightly.18  As Vasari reminds us, the possibility of publishing the work was still being explored after Leonardo's death.19


A prerequisite for visual thinking is a firm belief in the veracity of vision, in the importance of observation and the visual evidence that it brings.  In a sense, Ancient writings on optics were attempts to establish criteria for the reliability of visual evidence (see above pp.  ), but their success was limited. Plato and Aristotle both developed an ambiguous position on the reliability of vision.  Plato, for instance, praises the importance of vision in the Timaeus:

we must go on to describe the chief benefit of the function of sight, which was God's reason for giving it to us.  For I reckon that the supreme benefit for which sight is responsible is that not a word of all we have said about the universe could have been said if we had not seen stars and sun and heaven.

As it is, the sight of day and night...has...given us the notion of time and made us inquire into the nature of the universe; thence we have derived philosophy, the greatest gift of the Gods ever given or will give to mortals.  This is what I call the greatest good our eyes give us.21  

However, the same Plato becomes famous for his attacks on the deceptiveness of vision in the Sophist, the Republic22 and elsewhere. Aristotle's position is no less complex.  In his biological writings he emphasizes the paramount importance of vision and observation.  In De generatione animalium, for instance, he emphasizes the priority of observation; over theory:

The facts however have not yet been sufficiently grasped; if ever they are, then credit must be given rather to observationthan to theories and to theories only if what they affirm agrees with the observed facts.23

In the same treatise, he emphasizes the need to examine all particular cases of a problem:

This mistake, then, was due to his speaking generally without examining all the cases, but this is what we ought to do, for any one who makes any general statement must speak of all the particular cases.24

He again mentions the need to include sense evidence in De motu animalium:

And we must grasp this not only generally in theory, but also by reference to individuals in the world of sense, for with these in view we seek general theories, and with these we believe that general theories ought to harmonise.25

In De generatione et corruptione, he critizes those who disregard sense perception in favour of the arguments of verbal thinking: “Reasoning in this way, therefore, they were led to transcend sense perception and to disregard it on the ground that one ought to follow the argument.”26 Notwithstanding this criticism of others, he himself argumes both in terms of sense evidence and theory as in De generatione animalium: "This is clear not only tot he senses (for it is so) but also on theoretical grounds,"27  which idea he restates in the Physica: "not only on the strength of observation, but also on theoretical grounds."28 In Meteorologica he mentions his criteria for phenomena inaccessible to observation:

We consider a satisfactory explanation of phenomena inaccessible to observation to have been given when our account of them is free from impossibilities.  The observations before us suggest the following account of the phenomena.29

But in his theoretical writings the role of observation emerges in a different light.  In the Posterior Analytics, he makes a clear separation between scientific knowledge and perception:

Scientific knowledge is not possible through an act of perception.  Even if perception as a faculty is of 'the such' and not merely of 'this somewhat,' yet one must at any rate perceive 'this somewhat' and at a definite place and time:  but that which is commensurately universal and true in all cases, one cannot perceive, since it is not 'this' and it is not 'now'.... Seeing, therefore, that demonstrations are commensurately universal and universals imperceptible, we clearly cannot obtain scientific knowledge by the act of perception.30

It is possible to interpret this passage as claiming that perception is a preliminary stage to the higher abstractionsof science.  It is equally possible, however, to read this passage as a claim that temporal-spatial knowledge of the particulars of sense perception is ultimately incompatible with the universals of scientific knowledge.  This interpretation could seem forced. But the passage in the Posterior Analytics goes on to point out that:

there are cases when an act of vision would terminate our inquiry, not because we should be knowing, but because in seeing we should have elicited the universal from seeing; if, for example, we saw the pores in the glass and the light passing through, the reason of the kindling would be clear to us because we should at the same time see it in each instance and intuit that it must be so in all instances.31

Hence visual sense perception is only of interest in exceptional cases.  By implication, the acquiring of scientific knowledge can basically do without observation. Aristotle's statements in favour of observation clearly outnumber this rejection of sense evidence.  In the centuries that followed, however, the fate of individual works varied considerably. The Analytica Posteriora became a standard textbook while biological works such as De generatione animalium remained virtually unknown.32  Aristotle could thus play a significant role in undermining attention to visual evidence.


Meanwhile, within the optical tradition study of the criteria for accurate vision continued (see above pp.    ), and the study of individual cases grew in significance. Alhazen's work provided a compendium of specific phenomena relating to vision and mirrors.  Witelo added a repertoire of mathematical works to his optical thesaurus, and his contemporaries Roger Bacon and Dietrich von Freiberg emphasized the importance of collecting examples of visual evidence when trying to solve a given problem.33  Others emphasized a metaphysics of light34 and stressed the religious and scientific implications of vision (Pecham).


Leonardo inherits this late mediaeval belief in the veracity of vision and the importance of observation (see above p.    ).  At the same time he emphasizes the significance of recording observations in the form of diagrams and drawings, and insists on their supremacy over words (see Vol 1, pp.    ).  Or to put it differently, he insists on the primacy of visual thinking and visualisation over verbal thinking and verbalisation.

(chart)

Chart 33. Eleven types of visualisation.

Visualisation today connotes a rendering of the natural world as if seen through a perspectival window:  the equivalent of a photographic approach.  Leonardo inherits this simile from Alberti, produces such a window and explicitly describes its importance for the artist, a suggestion which his younger contemporary Dürer popularizes (see above Vol 1, part I.4). Nonetheless, a small minority of Leonardo's paintings and drawings have anything approaching this photographic effect.  This is partly because his concept of visualisation involves a spectrum of possibilities including many dimensions of the inner world of the mind (see Chart 33).


Moreover, when he represents the natural world he often draws in a type of shorthand whereby he isolates a function or essential aspects of a given phenomenon as, for instance, in the case of the camera obscura, where he shows how rays are inverted without showing the details of the chamber within which this occurs (figs. 690-699).  This tendency to reduce objects to skeletal two-dimensional geometrical diagrams reflects his inheritance from the Euclidean tradition (see below p.    ).


What sets Leonardo apart from his predecessors, however, is his committment to visualize verbal claims and theories.  This applies to Ancient theories, such as Seneca's similes concerning percussion (see above pp.**) or his analogies between arteries in the human body and underground waters in the earth35 (figs. 179601797).  It applies equally to mediaeval theories.  Hence he illustrates visually the techniques for exploring the heart which Mondinus36 described verbally (see Vol 1, figs. 894-897). 
He visualizes his own theories about the spinal cord functioning like the mast of a ship with equal vigour (see Vol 1, fig. 928).

(figure)

Figs. 1818-1819: Leonardo da Vinci, Lady with an Ermine (Cracow, Czartoryski) and detail from Carpaccio, Portrait of a Knight (Lugano, Thyssen).

Fig. 1820: Ermine in J Camerarius, Symbolarum et emblematum ex animalibus...centuria, Nurnberg 1595.

Hence his interest in visualisation is not in opposition to verbal images. Indeed, the great development in visualisation is part of a more complex phenomenon which involves a new literalism in the interpretation of the word - the theological and philosophical aspects of which Ong has explored - which process may be termed visual literalism or literal visualism (see Vol 1, Epilogue).  A revolution of words and pictures thus goes hand in hand, and its effects on literature, art, religion, science and philosophy constitute much of that which we associate with the renaissance and reformation.


Imprese and emblems, the depiction of verbal ideas in visual form are one manifestation of this new approach to words and pictures.  Leonardo is exploring these in the late 1480;s (see Vol 1, Epilogue) and his interest reflects a popular social game of the time as Castiglione reports in his Courtier:

...and sometimes ingenious games were played (now on the suggestion of one person and now of another) in which, using various ways of concealment, those present revealed their thoughts in allegories to this person or that.  And occasionally there would be discussions on various subjects, or there would be a sharp exchange of spontaneous witticisms and often imprese as we call them nowadays were devised for the occasion.37

Courtiers wear such imprese, "appropriate mottoes and ingenious devices"38 on their clothing and armour. The depiction of such emblems varies.  In Leonardo's Lady with an Ermine (fig. 1818) the ermine appears simply as a visual representation of chastity.  In carpaccio's Portrait of a Soldier (fig. 1819) the ermine is accompanied by the caption:  "malo mori quam foedari" (I prefer to die rather than be soiled).  In the North this is reporduced by Camerarius39 in an emblem book (fig. 1820).

(figure)

Figs. 1821: Big fish eating little fish in Mariano di Jacopo detto il Taccola, Liber tertius de ingeniis, (1427-1433).

(figure)

Fig. 1822: Pieter Breughel the Elder, Big fish eat little fish, 1556 (Vienna, Albertina).

(figure)

Fig. 1823: Pieter Breughel the Elder. The Land of Cockaigne, 1567.

Closely related to this is Leonardo's literal visualisation of proverbs in the form of pictograms and sketches. Breughel's Netherlandish Proverbs (see Vol 1, Epilogue, plate 69) is again an extreme expression of the same approach.  The same Breughel makes elaborate engravings of a proverb such as "big fish eats the small"40 (fig. 1822, cf. fig. 1821) or of a Flemish verse concerning the land of Cockaigne:


All you loafers and gluttons who love to be lying:


Farmer, Soldier, or Clerk - you can live minus trying.


Here the fences are sausage, the houses are cake,


And the fowl fly 'round roasted, all ready to take.41

Striking in Breughel's engraving (fig. 1823) is how he literally draws fences of sausage and houses of cake.  This literal depiction is part of another phenomenon: the upsurge of illustrations in literary text, such as Sebastian Brandt's Narrenschiff attributed to Durer. In chapter eight, for instance, the verse reads:


Viel sind von Worten weisen und klug


Die ziehen doch den Narren Pflug 


Many are wise and clever in words


Yet they draw the Fool's plough.42 

The woodcut attributed to Durer shows a fool literally drawing a plough (fig. 1824). Chapter 31 in the same work reads:


Der ist ein Narr


Der singt Cras, Cras der Rabensang


Und weiss nicht ob er lebt so lang.


Who sing cras, cras* the whole day crow's song


And does know whether he lives so long.

(*  the Latin word for tomorrow.)

(figure)

Figs. 1824-1825: Sebastian Brandt, Narrenschiff, 1494.

(figurea)

Figs. 1826-1827: Till Eulenspiegel.

(figure)

Fig. 1828: Virgil, Opera, Lyons, 1529.

(picture)

(figure)

Figs. 1830-1831: Albrecht Durer, Apocalypse, (1511) and Neues Testament, (1522).

The woodcut attributed to Durer (fig. 1825) again shows a fool and crows literally singing "crass cras" (tomorrow, tomorrow). This literal illustration is also apparent in Till Eulensprigel.  The protagonist is meant to throw hops (Hopfen) into a tank and instead throws in a dog named "Hops" (Hopf),44 (fig. 1827).  Or he is requested to cut a measure of cloth termed a "wolf" and instead cuts a measure in the shape of a wolf45 (fig. 1827). Such examples are the more interesting because they reveal that more than literal illustration of the text is at play.  Taking words literally, too literally, is now an aspect of literary style, and a new source of humour.46  Rabelais uses a related literalism when he derives the etymology of Beauce from Beauce47 or Paris from Par rys.48


Nor is this tendency to illustrate verbal textx visually restricted to vernacular literature.  The same artist responsible for the woodcuts to Sebasian Brandt's Narrenschiff, also produces woodcuts for the Comedies of Terence49 and the Apocalypse in the New Testament50 (fig. 1829).  The writings of Virgil undergo a similar visual transformation51 (fig. 1828). Hence a new interpretation of language in terms of literalism generates emblems, illustrations to verse, vernacular writings, classic texts and introduces new dimensions in literary expression and humour.  It also generates the upheavals of protestantism.


Luther's literalism emphasizes the importance of "sola scriptura" and leads to an attack on the loose allegorical and metaphorical tradition of interpretation associated with the Church fathers,52 and mediaeval writings such as Jacobus de Voragine's Golden Legend.53  This new literal interpretation of words goes hand in hand with a more literal representation of words as illustrations. Thus Cranach and his school produce a more literal version of Dürer's conceptions54 (figs. 1830-1831).


The iconoclast tendencies, especially among the Calvinists, are not in contradiction to this approach.  Ultimately the Calvinists are quite content with visual images, witness their many portraits.  Their proviso is that visualisation should be limited to the natural world and should not intrude upon supernatural realms. This is a religious expression of a distinction which Leonardo as a scientist states the other way round, namely, that speculations concerning metaphysics and the invisible supernatural realms should not intrude on physics and the visible natural world (see above p.   ). The subject-object distinction55 is a philosophical expression of the same phenomenon: a distinction between invisible claims which remain subject and visible evidence which is objective and quantitatively measurable.

Approached in this way many seemingly disparate phenomena of the Renaissance and Reformation are recognized as expressions of a basic shift in the meaning of words. Leonardo's tendency to take words literally and render them as pictograms or emblems is also that which leads him to take ancient verbal analogies and visualise them as quantitative experiments. Further changes in literature, science, art and philosophy emerge as aspects of a European phenomenon.


Hence the long standing debate whether early modern science is Protestant (Merton)56 or Catholic (Russo)57, misses the point. The religious controversies were not the cause: they themselves were an effect of something more basic.  The new approach to words and pictures that inspired the rise of science also prompted the debates between protestants and catholics. It is equally misleading to pretend that the shift is fundamentally a Northern phenomenon, that visual thinking or "eye language"58 belong primarily to Dutch art, while Italian art remains part of a "textual culture."  Brunelleschi's perspectival experiments with mirrors differ from Van Eyck's.  But both are exploring how to record the visual world.  So too are Leonardo and Dürer, although the details of their procedure varies considerably.


Ultimately it is a question of North and South; an interplay between English, Netherlandish, French, Burgundian, German, Swiss, Austrian, Hungarian, Polish, Spanish and Italian cultures that serves as a prime catalyst for these developments in literal interpretation and visual thinking.  And because this phenomenon affects the whole of Europe, it becomes easier to understand its impact on the concept of truth itself.

7. Explanations and Truth

Verbal thinking led to an argumentative tradition of disputations with alternative explanations for the same phenomena.  In the case of optics there emerged, in Antiquity, no less than four of these explanations on the part of natural philosophers, philosophical, mathematical and medical opticians (see above p.    ). This helps explain why the Greek concept of truth (episteme) retains connotations such as "acquaintance with a matter," or "understanding" as well as "skill" or "professional skill,"59 thus dovetailing with the meanings of "craft" (techne), an ambiguity that continues in Latin with the terms scientia and ars.60  Aristotle may argue for a single scientific truth,61 but he also assumes that different professions should concern themselves with other aspects of a given problem or object.62

(figure)

Figs. 1832-1835: Diagrams concerning diplopia from Ptolemy's Optics.

(figure)

Figs. 1837-1837: Diplopia experiments in Alhazen (III.12) and Witelo (IV.108).

Visual thinking and visualisation introduces an objective standard of truth, because a visual claim has built into it a challenge of matching a drawing or picture with the original, and the extent to which it matches or fits can be measured quantitatively. Or, to use Popper's term, it is open to "falsification."  Verbal claims, which cannot be translated into visual demonstrations or experiments, lose their authority. Contending explanations give way to a single concept of truth and a new science based on measureable visual evidence emerges.

What is so difficult to understand in retrospect is that these simple logical steps took centuries.  As has been shown (Vol 1, part I.4) the perspectival window invented in the 1420's, is first drawn by Leonardo in c. 1490, published by Dürer in 1525 and is not extensively used for practical military purposes until the turn of the seventeenth century. Similarly, Leonardo makes mechanical models of the human eye, but a model that matches physical reality is first made by Scheiner63 (fig. 1870) more than a century later. Hence the matching process implicit in visual thinking only develops very gradually.64


The roots of this matching process can, of course, be traced back to Antiquity.  Euclid, for instance, renders physical situations abstractly as a series of geometrical lines (figs. 1839, 1842).  In the mediaeval period problems gradually become rendered less abstractly, as is apparent from a comparison of diplopia diagrams in Ptolemy, Alhazen and Witelo (figs. 1832-1837). By the fifteenth century, the anonymous author of Della prospettiva includes both abstract and concrete diagrams (fig. 1838).  A surveying problem which Euclid had drawn abstractly (fig. 1839), is translated into three-dimensional figures (figs. 1840-1841) by the sixteenth century authors.  Similarly, they present in quantitative terms (fig. 1843) a related problem which Euclid discussed qualitatively (fig. 1842).

(figure)

Fig. 1838: Abstract and concrete diagrams in Della prospettiva, (Florence, Riccardiana n. 2110) attributed to Alberti and Paolo dal Pozzo Toscanelli.

(figure)

Figs. 1839-1841: Euclid, Optics, Theorem 19; Apianus, Quadrans, fol. E2r, 1532.

(figure)

Figs. 1842-1843: Euclid, Optics, Theorem 10 and Cornelius de Iudaeis, De quadrante geometrico, Nurnberg, 1594.

(figure)

Figs. 1844-1847: The same problem illustrated at various levels of abstraction.  Figs. 1844-1845, BM248v; fig. 1847, CA177rb; fig. 1847, CA37va.

(figure)

Fig. 1848: Johannes Zahn, Oculus artificialis, 1685.

(figure)

Fig. 1849: J. Doppelmayr, Dissertatio visionis, 1699.

(figure)

Fig. 1850: A crane and hoisting device in Villard de Honnecourt, Sketchbook, Paris, Bibliotheque Nationale, Ms. 19093 fol. XLIV.

(figure)

Figs. 1851-1852: A crane on CA**  and a hoisting device on Mad 1852.

Leonardo often devotes a series of figures ranging from abstract figures to concrete sketches of the same situation (e.g. figs. 1844-1847, see above pp.      ).  By the seventeenth century this leads to textbooks containing both two and three-dimensional diagram (figs. 1848-1849).  A single concept of bruth is now expressed at different levels of abstraction.

8. Encyclopaedia of Practice

This enormous rise in visualisation serves, in turn, to form a new encyclopaedia of practice.

Such encyclopaedic collections of practical knowldge again have precedents in Antiquity, such as Vitruvius.  But the focus of presentation is different.  Vitruvius describes, for instance, how he will:

give brief explanations so that they may be committed to memory; for thus expressed, the mind will be enabled to understand them the more easily.65

Verbal thinking is his main concern.  In his text he also refers to diagrams66 but these are no longer extant. By the thirteenth century practical knowledge in the form of sketches and diagrams emerges within the encyclopaedic tradition, as, for instance, in Villard de Honnecourt's Sketchbook (figs. 1850). Some of his rough sketches recur in more elaborate form in Leonardo's notebooks (figs. 1851-1852).

(figure)

Figs. 1853-1854: Hoists in Buonaccorso Ghiberti and Francesca de Giorgio Martini, Cod. Torinese Saluzziano, 148, fol 52r.

(figure)

Figs. 1855-1857: Hoists on CA 309rb, 37vb and 349ra.

(figure)

Fig. 1858: Water hoisting devices in Francesco di Giorgio Martini, (Turin, Cod. Saluzziano 148, fol 48r).

(figure)

Figs. 1859-1860: Water raising devices on CA386vb and in a sixteenth century manuscript (Florence).

(figure)

Fig. 1861: Francesco di Giorgio Martini, (Turin, Cod.  Saluzziano 148, fol 38r).

(figure)

Fig. 1862: Weigleb, Die naturliche Magie.

Leonardo also borrows from other sources.  As Reti67 and Scaglia68 have shown a crane drawn by Buonaccorso Ghiberti (fig. 1853) recurs in the Codex Atlanticus (fig. 1857).  A similar drawing is found in the work of Leonardo's elder contemporary, Francesco di Giorgio Martini (fig. 1954). 
The same Francesco makes numerous drawings of water hoisting devices (fig. 1858) which, in turn, are copied by Leonardo (fig. 1859) and his sixteenth century followers (fig. 1860.  In the case of a horse driven mill grinder drawn by Francesco (fig. 1861), effectively the same device recurs nearly three centuries later in a work by Weigleb (fig. 1862). These random samples give a hint of the complex cumulative tradition of encyclopaedic practical knowledge, which is the context for Leonardo's notebooks.


At the time of Villard de Honnecourt in the 1230's this tradition is limited to a record of isolated practical experiences.  By the fifteenth century a greater number of examples are collected.  Leonardo's esystematic play with variables (se Vol 1, part I.3; part II2-3) takes this process a significant step further.  This is another reason why his notebooks are so much richer visually than the treatises of his predecessors and why his work prefigures the encyclopaedias of the seventeenth century.

9. Continuity and Innovation
A detailed study of this encyclopaedic tradition of practice would reveal how interest in isolated examples led gradually to systematic records and to that sense of mastery over Nature in all her particulars that inspired seventeenth century natural philosophers to search for universal laws to account for these.

(figure)

Figs. 1863-1865: Life jackets.  Taccola, De ingeniis (Munich, BSB Cod. Lat. 197, fol. 91r); fig. 1864, Guidoccio Cozzarelli, (Florence, Bibl. naz. Palat. 767, fol. 10r); fig. 
1865, Francesco di Giorgio Martini, (London, British Museum Ms. 197, b2).

(figure)

Figs. 1866-1867: Life jackets in Francesco di Giorgio, (Florence, Bibl. Naz., Cod. Magl. II.1.141, fol. 196v) and Guidoccio Cozzarelli, (Turin, Cod. 148, fol. 66v.

(figure)

Figs. 1868-1869: Life jackets on B81v and CA276va. 

Francis Bacon, in his New Organon,69 describes an inductive approach involving a collection of all possible examples.  This is partly an idealized version of empirical science.  In part, however, it describes the activities of the encyclopaedic tradition, characterized by a cumulative development of visual images. As long as practice is recorded verbally a distinction between one source and another remains difficult to determine. Once recorded visually, it is possible to trace how an idea is copied and/or developed in time. Hence visualisation makes continuity a measurable factor and as such provides a new key to understanding continuity and innovation both in terms of individual and cultural development.

9.2  Individual Genius

In the case of individuals such as Leonardo, scholars tend to look at the end products of his work without examining how he got there. Attention strictly to his finished works gives him an aura of being universal, unapproachable and superhuman.70 On the other hand, attention to his preparatory studies reveals how his work evolves step by step, how an idea may haunt him for 20 or 30 years and slowly mature from a rough sketch into an impressive drawing.


Moreover, when seen in the context of an encyclopaedic tradition, many of the problems which concern him are recognized as part of his heritage.  That which we have shown in the case of perspective and optics needs to be applied to the other domains of his study.  He is, for example, credited with having invented the life jacket which, in fact, was familiar to his predecessors Taccola, Cozzarelli and Francesco di Giorgio Martini (figs. 1863-1868).71


A full awareness of the encyclopaedic tradition in which Leonardo is working will diminish his reputation as an isolated innovator.  It will also bring into focus the distinguishing characteristics of his genius.  Whereas his predecessors were content with collecting examples, Leonardo searched for underlying principles, a new king of universal theory based on particulars of experience. And one who had appeared as a mythical figure emerges as an individual who interprets a great tradition in developing a remarkable work view. In the context of this visual encyclopaedia of practice genius becomes humane and accessible.

9.3   Culture

That which applies to individuals applies equally to cultural development. 
Historians of technology search for the first instance of an invention and for its latest development.  This often leads to emphasis on end products of technology with little or no understanding of their evolution.  Historians of science and of culture have a similar approach.  As a result there is an emphasis on isolated formulae and masterpieces out of cotnext and the humane dimension fades, while ergonomics becomes an issue.

Study of the eycyclopaedic tradition of practice would reveal the cumulative nature of technological knowledge.  It would show how machines and inventions of increasing complexity gradually develop.  At the same time it would confirm how an even more systematic recording of practice leads to a sense of mastery over Nature. In the twelfth and thirteenth centuries observations and experiment are frequently rhetorical and theoretical, or if practical, they involve a demonstration of an isolated case.  By the sixteenth century Leonardo is exploring cases systematically by playing with variables.  By the seventeenth century such studies are recorded mathematically and become summarized in terms of formulae.

(figure)

Fig. 1870. Systematic experiments with camera obscuras, eyes and lenses in C. Scheiner.

Devices of the fifteenth and sixteenth centuries frequently recur in the seventeenth and eighteenth centuries (eg. figs. 1861-1862) but the cotnext has changed.  What had previously been a random instance now exemplifies a specific branch of the mathematical sciences and illustrates universal mathematical and/or mechanical principles.  In other words, the encyclopaedic tradition of practice helps explain how the universal formulae of schientific theory become possible.

A new solution to the paradox of continuity and innovation thus emerges.  One can accept that many problems of the thirteenth century continue into the seventeenth century (Duhem).72  One can accept also that basic terms such as "observation" and "experiment," present in the thirteenth century, remain seminal in the seventeenth (Crombie).73 The words remain the same, but their meaning is transformed.  A new visual standard has introduced a quantitative criterion for truth that makes it possible to search for universal laws in terms of particular cases of experience.  Truth is no longer a theoretical quest, but a practical goal.


Seen in this context Leonardo is no longer an eccentric genius at the fringe of culture.  He emerges as a figure in a long tradition whose contributions to visualisation are of central importance to the Renaissance and of seminal importance for the modern world.  He may not be ahead of his times, but he lays the foundations for times ahead.

10.  A New Vision

The great eras of civilisation have been periods of taking stock, with a reassessment of past and present learning, when a new encyclopaedia of knowledge has brought fresh awareness of the continuity of ideas and a deeper sense of the degree to which culture is a cumulative process. Among the Greeks the efforts of Socrates and Plato lead to Aristotle's corpus in which he surveys existing knowledge.  Under the Abbasid Caliphs a great translation project by Hunain ibn Ishaq and Ishaq ibn Hunain preparest he way for Arabic contributions to learning in the ninth and tenth centuries.


From the eleventh through the thirteenth centuries there is an even greater wave of translations from Arabic back into Latin.  This prepares the way for Grosseteste's efforts at Oxford which lead to Roger Bacon's survey of learning. Meanwhile, in Paris, Albert the Great's compendium leads to Saint Thomas Aquinas' Summa of all knowledge. Leonardo da Vinci's writings mark an attempt in specialized fields.  The Encyclopedie of the Enlightenment is perhaps the last serious attempt to survey the whole of learning.


Today, when increasing numbers of persons find it difficult to relate to modern developments and a majority live with little or no historical consciousness, the time may be ripe for a reassessment of the past in terms of a new encyclopaedia. 
In the past century historical research has thrown much light on the contributions of other civilisations, especially that of China and Islam.  In the past decade it has even been shown that Guterberg's printing press with movable type had its precedents in eleventh century Korea.  But the question remains why these countries did not take this and other inventions a critical stagefurther, why it was ultimately in Europe and not in Asia, India or the Middle East that the Industrial Revolution took place.  I McNeill's answer to Spengler a rash hypothesis or an outline of a viable answer?


The problem also has political dimensions.  In the nineteenth century Europe was a natural centre of a world of colonies.  In the past decades virtually all these countries have gained independence and Europe has shrunk to a small community of less than 440 million in a world of more than three billion.  In this context the equality of man has rightfully become a central issue.  There is a profound danger, however, that in attempting to assert man's essential equality, the necessary inequality of man's culture is forgotten.


Europe's value once lay in the knowledge and technology she gave the world.  In her monuments, museums, libraries and archives she retains an untold wealth of experience.  Her future contribution could be that she uses these sources to throw new light on the cumulative dimensions of knowledge and technology.  By means of a comprehensive encyclopaedia of practice and theory she could bring awareness of how and why the world has reached the point if has, and prompt a reassessment of concepts of genius, elitism, culture and values in which many would like to believe, but dare not. It would be fitting if a study of the tradition in which Leonardo stands, sparked a re-examination of the tradition he helped to shape.
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