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FREFACE

lhe English translation that follows is based upon Albert Le

jeune’s cr itical Latin text of 1956, which has res ..-i'||,|:. been :'u'l"l'i:.ln':'i

along with a French translation and supplementary annotations.!
1

With very few exceptions, in fact, | have kept it parallel to that text

in terms of both structure and interpretive intent. My translabion

thus reflects not only various editorial emendations suggested by
Lejeune but also various critical slants brought to bear by him on
ditticult passapes. Indeed, w out Lejeune’s keen insight to guide
me, | would have been hard put to unravel certain linguistic knots
in the Latin text. [ have also taken advantage of his excellent French
translation, drawing upon it freely as both a source of mspration
for, and a check against, my own translation.

At this juncture one might naturally ask why, given the ready
.|'..|'i_|:‘~:|E‘_:-. of Leieune’s French version, an | |'.:,:|.*-!'l translation af
the Opfics is warranted at all. At least three reasons spring to mind.
[he first and most obvious is that many potential readers, even
within the academic community, are effectively restricted to Eng-
lish as far as linguistic competence is concerned. Second, because
Lejeune's translation—along with its scholarly additions—is sim
"-' ,||,'|,::_"||,||,'~._| to rather than i 11-.':,_'|'.|'-.'-| with thie .'l:"I:',II'l-!! edibion of
1956, it is extremely awkward to follow in conjunction with its crit
ical appurtenances.? Third, despite his best efforts to address recent
S :!l.l|.'|l':-.'l'.i"' in the new edition, Lejeune s interpretive [oous remains
undamentally unchanged in its relative narrowness. My transla
tion and its accompanying annotation, on the other hand, reflect a

somewhat broader analytic approach that is more sensitive than
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PREFACE

Lejeune’s o concerns expressed by recent scholars, Consequently,
it is more up-to-date in its critical perspective

As a translator, [ take seriously the notion that any translation, no
matter how literal or liberal, constitutes an interpretation—as in fact
the Latin term wnberprefalbo (= “translabion” ) imphes. What 15 more,
I subscribe to the old-fashioned idea that, although a text may not
;-I_ln'::i-. for itsell, it does Spe ak for its author. | am, in short. a firm be-
liever in authorial intent. [ say this mindtul of the pitfalls associated
with such a hermeneutic position, particularly if it is taken in an un-
compromising way. Thus, on the one hand, [ reject the denotative
extreme that would reduce any text to a bare exposition of fact or
observation. Authorial intent is never that _‘\-i."l'lF"iII_' as wilness po-
etry, most of whose “meaning”™ lies in evocation rather than deno
tation. On the other hand, | reject the connotative extreme that
would strip every text of meaning bevond what the reader chooses
to import into it ‘-iI:II there is no denying that lectorial intent plays
a part in any textual interpretation. How, after all, can we help but

impose our own conceptual categories and predilections upon what
we read? The best we can hope for, then, is not to be too obtrusive
in such 5."||l.'|",‘~r'|._'| Ve Inirusions.

['hese reservations acknowledged, | nonetheless feel secure in as-
suming that Ptolemy's primary—although not necessarily sole—in
tent in the Optics was didactic and, therefore, that in his exposition
T Was .'|rl|'l|._"-||l‘|:.' B0 COTIMITOT -.""-.|'ll. rienice andd |'l:.:i-. A% e |'-|_-.*-:::1
within the context of his time. My goal as translator is therefore to
convey that intent as clearly as possible. This of course is a goal far
easier to set than to meet, particularly in the case of the Optics,
where the |lri_a:_'.!'|.i| text lies at so many linguistic removes from the
surviving Latin version.* Anyone attempting to translate (or inter-
pret) this latest version of the Opticsist |.'|.I*-.-:l.l.l.-.' with a task not dis-
similar to that of a paleographer attempting to decipher the bottom
layer of a double palimpsest. To make matters worse, the text that
i3 J'-Jiiﬂl‘.-il.' today was created by a Byzantine Greek whose Latin
stvle Lejeune h s characterized with at '-.r=|u.1| Callic understatement
as "assez barbare.™ Small wonder, Ii'wn that this text is at best dif-
I‘|._“'I'1 L "~|"'|¢_" ate much of the time and at worst so tortured and
confused as to be virtually incomprehensible some of the time.

For this reason | have taken a rather liberal approach to my trans-
lation, somewhat more liberal than Lejeune’s and |'-|n|'-.'|h:1. b0
liberal by some lights. At times, of course, the style of the Latin
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exemplar is so convoluted that no other tack seems feasible. There
are a bew logi, in fact, where my translation is perforce so liberal as
te amount to little more than paraphrase. Yet even at places where
the text seems clear enough at a superficial level, 1 have felt com

pelled by context to take liberties with the Latin. Ptolemy's discus-
sion of the objective grounds of visibility in book 2 serves as an
illustration.® This discussion revolves about the so-called res o

dende, a Phrase that literally translates to “i Nings to be seen” or, PEr-
haps a little more loosely, “visible objects.” As often as not, in fact,
that is precisely how it is intended in the Optics. Within the context
under consideration, however, the reference is not to visible objects
themselves but, rather, to the various characteristics that make them
visible. [t i:-‘.i'li!-u'!"l.!il'll that I have tried to conv ey |'-1, ,'r_-5|:_‘||,'|"_|',:,{ Fes o

dende as “visible properties” (Lejeune les visibles™).® These
|

properties, the text continues, are differentiated according to thres

categories: que vere videntur (literally, “those that are truly seen™),
gue primo videntur (literally, “those that are seen first™), and que se
(JHEFEEY mideniur {literally, “those that are seen afterward” 1. Here.
again, context indicates what is actually intended: the visible prop-
erties are |:‘-4'il"::.:h subdivided ace l.lI-.|i.'I'.:l tor levels of L'l.‘:l‘.l::".:,_:-:_"'ll,_l, Qr
immediacy. What is "truly seen,” on the one hand, is perfectly self-
sufficient and immediate: ie., “luminous compaciness™ (lucidna
w-lg:_".v-.u |:1|.'I'.-1'.'|:-.'. “luminous :'|||'|".Fl._':|,l :_i"'_|'_:.;=,":_ which -.:I.-l'u,'-n;_j-h Upon
nothing else for its visibility, Hence, [ have chosen to dub the prop-
erties que vere tidenfur as “intrinsically visible” (Lejeune = “vus au
sens vrai du mot”). What is “seen first,” on the other hand., is color,
which is contingent on light for its visibility but which is none-
theless fundamentally visible in itself. It is to convey this sense
of fundamental » i-..'i"i'il_j.. that | have translated primo videnbir as
“primarily visible” (Lejeune = “ce qui est vu [im]médiatement™).
Being wholly dependent upon color (and thus luminous compact
ness) for their visibility, finally, the remaining visible properties—

e.g., size, shape, place, and distance—are “seen afterward” (i.e

sequenter videntur) insotar as they are not visible per s¢ but are only
perceived inferentially. That is why | designate these properties as
"secondarily visible” (Lejeune = “vu médiatement™). In all these
cases it is clear that I (as well as, to some extent, Lejeune) have done
violence to literal meaning in order to convey the ulterior sense of

thee terms at issue,

Sop L'Oebians. oo, 12-14 for th I and pp. 7173 below for the English tranala-
Eiom of ks accouanl
o avobkdied the stock l,li'\-l seophacal t5red o oordor B avoid oconfusion  as

-
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PREFACE

Like Lejeune in his critical text, I have structured my English
translation according to two key subdivisions: books and para
graphs. The constituent paragraphs of each book are numbered in
comEeculive ordoer PIre isely as they are in Lejeune’s text 50 that the
reacer '.'-.I";l_l [t1 '.H."|-.':- LR ] |_|l'|'|::'-'.||_' thie I'."Ij_'hi i=h v |_'|'hi| n b0 the Latin |l."i::_-
inal can do so with ease. Accordingly, all reterences that 1 make to
the text will be by book and paragraph in the form II, 109 (book 2,
paragraph 109). As a further aid to the reader who wishes a handy

reference, | have I,'II'I'I.'I-\.'-:_'n‘I each book with a detailed topical résume

PP 123*=131" of his edition

Althousrh I have, like Lejeune, also subdivided the text according
to propositions, unlike him, 1 have set these propositional elements
._'Q-,'._!'I:. ._1}!._:_|I_ trom the main text, Unlike him, as wall, | have made
distinctions AMGnE these :_'r:_l!‘u isitional elements in order (o render
them more accessible to the interested reader. For example, some of
the propositions constitute actual mathematical proofs. These |
have labaled ™ Theorems.” (Hhers are sim i":".' intended to illustrate
a given point geometrically. These | have labeled “Examples.” Still
others describe empirical procedures, in which case 1 have labeled
them “Experiments.” In certain instances, when the same general

point applies under variable circumstances, | have further sub-

|
divided propositional elements into “Cases.” All of these proposi-
divided proposibional elements ik A5E5 Al OF these props

tional elements are numerically designated according to book and
consecubive order. Thus, for instance, EXAMPLE L6 (the sixth ey
ample in book 2) might be followed by THEOREM I1.3, and so0 on.

45 for diagrams, those that actually accompany the text have
been adapted with very few changes from the figures supplied by
Lejeune, these in turn being adapted from Gilberto Govi's earlier
edition of 1885.7 Like the paragraphs, they are designated according
to book and consecutive order, Thus, for example, the fourteenth di-
agram of the fourth book is referred to as figure [V.14. Diagrams
that accompany the introduction and commentary, on the other
:"I.E:'II1_ ars |"'.||':'||"'|_'|'|'-.| .'|-.'-:'-.:-I'-.‘|:':'l:.'1 o consecubive -:!-r'l.‘ll.'l' .il-:!-l'll.".

A few words, finally, about indexes. [ have included two of them
in this book. The first is general, covering names as well as certain
key words and concepts. The second is intended to serve as a glos-
ATy of sorts. It therefore consists of specific technical terms from the

Latin text keyed to their various equivalents in the English version




(here, again, | must sing Lejeune’s praises for easing my way
having provided an exemplary Latin index for his edition). Fo
instance, in various forms by case and number, the term acfus ap
pears sleven times in the Latin edition and has been rendered six
different ways in my translation: “action”™ (3 occurrences); “actual
actuallv® (3 pccurrences): “effect” (2 occurrences); “event” (1 occur
rence): “inclination” (1 occurrence); and o ration” {1 occurrencae)
A with actus. so with every other Latin term lisbed, there will be
insofar as feasible, a full listing of English equivalents with their
locations in the English text according to page and line number (e
“12.3" indicates “the third line on page 12"). Latin, of course, lends
itself poorly to word-for-word English translation, so many of the
listed “equivalents” will appear improper or bizarre unless they are
understood within their appropriate textual environment,

| would like to take this opportunity 10 acknow ledere the gener

ous support of the MNational Endowment for the Humanities, with-

out which this translation-project would have taken far longer than
it did. So, too, | must acknowledge the support of the University of
Missouri, Columbia, which has been remarkably forthcoming with
supplementary funding,. | would also like to acknowledge the cour

tesy extended to me by the main libraries at the University of Cali-
fornia, Berkelev, and California State University, Hayw ard, as well
as by the Bancroft Library. All three collections were 1 aluable to
miein my research. Credit is also due to Jennifer Erickson for her in-
valuable editorial assistance. Finally, for their help, encouragement,
and inspiration, [ wish to thank specifically: Lois L. Huneycutt,

David C. Lindberg, Marshall Clagett, A. I. Sabra, and Geérard Simaon.







INTRODUCTION

|-"l|'|'.l.':'|‘.".'2 I |:-'.-.';:_.'.:;":'|:|'.| Sketch
As seant as is the evidence from which to chart the course of
Claudius Ptolemy's life, we are at least fortunate enough to have
two definite milestones .'|5|||":_; the wan, AMOnNE the personal obser
vations given by Ptolemy in the Almagest, the earliest dates from the
eleventh year of Hadrian's reign (127 ALDL), the latest from the
fourth year of Antoninus Pius” reign (141 A.ID.)." Taking the mid
point of this interval (134 A.[.) as an approximate floruit, then, we
can reasonably assume that Ptolemy was bormn around 100 A1), an
estimate that squares fairly well with the birthdate derived from
tate Antique and early medieval sources. As to the place of his birth,
we can only conjecture. That it was not Pelusium, as once a.u,uifl_-:-n.._-d_
is now clear; perhaps it was Ptolemais Hermiou in Upper Egypt

Whatever the case, there is no reason o doubt that he was Greco

Egyptian by birth, perhaps also a Roman citizen, as indicated by his

otherwise incongruous forename "Claudius.” As far as we can tell,
his entire working life was spent in Alexandria or its environs, cer

tainly no farther away than nearby Canobus. It is said that he lived
to be seventy-eight and survived into the reign of Antoninus Pius’
successor, Marcus Aurelius (161-180). These two claims, if true,
would lead us to place Ptolemy’s death not only somewhere within
that span, but probably toward the end.*

Suffice it to say, lack of biographical detail makes it all but im-
possible to date Ptolemy’s canon with any precision. We can, how-
ever, place certain kKey works w ithin a rough chronological order
on the basis of internal evidence. In all probability the earliest of his
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PTOLEMY'S THEORY OF VISUAL PERCEPFTICIN

extant treatises, the Mathematibe Synfaxis (or Alnugeest as 1t came o
be known from Arabic sources) had to have been finished after 141,
the latest observation recorded in it. If, moreover, the Canobic In
scription imputed to Ptolemy is genuine, then its date (14//148)
could be—and, indeed, :.:':."'!'I':.'?".'!”:n.' has been—taken as a ferminus .J-'.*
quem for the Almagest. Recent evidence, in fact, suggests that the
magest was not actually brought to completion until somewhat Iﬂl-_-r
Whatever its date of composition, though, the Almagest serves as
a chronological benchmark for the rest of Ptolemy’s writ |r'||¢ For in-
stance, citations of the Almagest in the Handy Tables, the Planetary
Hypotheses, the Tetrabiblos, and the Geography indicate that [,1._-1, were
all written after it. How long after is far from certain, but there are
solid grounds for supposing that the Planetary Hypofheses postdates
the Handy Tables and that both antedate the in'-',\-. raphy.* That the Op
fics, in its turn, postdates both the Almagest and the Flanefary Hy-
potheses is borne out by two cardinal pieces of evidence. First, unlike
the Almagest, where the phenomenon of atmospheric refraction is
virtually ignored, the Optics treats it in a fairly extensive and so
phisticated way.? In short, there seems to be a ml-u.'plw1| evolution
between the Almagest and the Opfics that indicates the former’s
chronological priority. The second piece of evidence lies in the dif-
fering explanations of the so-called Moon Hllusion lh-*l Ptolemy of-
fers in the Alnmagest, the Planetary Hypotheses, and the Optics. A fairly
clear developmental line in his understanding can Iu' traced
through the three: in the Almagest he misconstrues the phenomenon
entirely, in the Planetary Hypotheses he seems to be somewhat con-
fused but on the right track, and in the Oplics he reduces the phe-

MOIMEnoGn -.IlII 2 COTrecy I". o a mere PaYo ol li"',.h.l. al effect.”
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Accordingly, we are fairly safe in concludi 1 thiat the ¢
dates not only the Almagest, but also the Handy Tables and the Pi;

elary Hypotheses, By how much is open to debate. On the one hand,
there 15 no ostensible warrant for the claim that Ptolemy wrote the

i Rt T ;
e Very end of ms e, |.‘--.':|':.I'.'-‘--!"- lake as 175, Un the

¥
Uf_hk" nar LJEUNE 15 Protraiy oD conservative n sSiuaEng 1t

prosso modo within the third quarter of the second century.” Surely
it is reasonable to locate the treatise somewhere within the decade
between 160 and 170. But no matter what date is chosen, the fact re-
mains that, far from being a [ugendwerk, the Optics represents an ad
vanced stage in Ptolemy’s intellectual development

It would be ditficult to imagine an environment more conducive
to such development than that of Alexandria, even in its relatively
lackluster second-century incarmnation ot only was the vaur
Museum still active, but, even more important, the Library
mained unsurpassed within the Mediterranean ambit and perhaps
the entire world ® Moreover, Alexandria had not lost its cachet as a
philosophical gathering-point, where Platonists, Aristotelians, Sto
ics, Epicureans, Skeptics and even Gnostics mingled and argued
I he result was a ferment of ideas about, among other things, the na-
fure of the |'“|‘:'. sical world, the nature of sense-perceplion as an in
tellectual conduit to that wor d, and the nature of know :-_-..,i:l':-,- 1o
ultimately grounded in sense-perception. It is hardly surprising
that, faced with such a welter of conflicting ideas, many thinkers of

Prolemy's day, Ptolemy included, tended toward eclecticism

their ettort to assimilate those ideas svstematically
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PTOLEMY'S THEORY OF VISUAL PERCEPTION

As rich as was the philosophical heritage to which Ptolemy had
recourse in Alexandria, no less rich was the scientific heritage avail
able to him there. For instance, in mathematics, he was heir to the
tradition established |‘-:-. Eucliad (i, o, 30 B.C.Y), himsell an Alexan-
drian, whose great codification of plane and solid geometry, the
Elements, provided a firm developmental basis for the likes of
Archimedes (fl. c. 250 B.C.) and Apollonius of Perga (fl. . 210 B.C.).
In optics, too, it was Euclid who blazed the trail, laying the grounds
tor Ptolemy’s later analysis with his pioneering studies of optics and
catoptrics. In astronomy, as well, Ptolemy had at hand the works of
distinguished Greek predecessors, such as Eratosthenes (fl. c. 235
B.C.) and Hipparchus (fl. c. 150 B.C.), but he also had access to a
wealth of ephemerides dating back to the late Babylonian period.!
More than just observational data, these tabular sources also pro-
vided Ptolemy with important computational techniques that bore
not just on his astronomical work but also, as we shall later see, on
his optical work.!! Finally, in anatomy and physiology, Ptolemy
was heir to the tradition of ”k':-::-P|"-i|l.l.‘~ (died c. 260 B.C.) and ‘:'i.-a
somewhat younger confrére, Erasistratus, a tradition exemplified
by Piolemy’s cantankerous but brilliant contemporary, Galen. On a
less theoretical level, meanwhile, Ptolemy was heir to a tradition of
applied science that was represented par excellence by his Alexan-
drian predecessor, Hero (tl. c. 60 A.D.), who wrote a variety of stud-
ies on practical matters, including a short treatise on mirrors. So,
too, the well-developed technological resources of Alexandria were
critical to Ptolemy’s scientific pursuits. Without a cadre of highly
skilled craftsmen upon which to draw, he would have found it dif-
ficult, it not impossible, to construct the scientific instruments upon
which i'||_' |'|_'|i|_'-:_5 i|‘| S0 TTRLEC |'| i |‘|i;- l.'-.'l_ll!\.\,

lhat Ptolemy’s oeutre reflects the gamut of these intellectual and
technological resources is evident from the extraordinary range
of topics covered in his extant writings. Astronomy or cosmology
is of course amply represented not only by his chef d'oeuvre, the

Almagest, but also by related works, such as his tabular epitome, the
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Handy Tables, and the Mlanetary Hypotheses, in which he attempts to
“physicalize” the mathematical models constructed in the Al
magest.' Within the same general domain of interest we might also
include the Geography and Tetrabiblos, the former dealing with car

11.1:..:F:IE"'|‘1'-._. the latter svith .'_"-\-l."l\."'illllj'-\. and bolh o LiSinE (O what

could be termed practical astronomy. Somewhat farther afield we

tind the MHapmeonics, Ptolemy's treatise on music, whose concern
with sound provides a thematic link with the Optics, where the fo
cus is on the sister-sense, sight.’® Farthest afield of all, finally, we
have Ptolemy’s brief philosophical essay, Peri kriterion kai heg
mrontkoi (O e Criferion of Tridlh and the Governing Faculby) in which
he deals with the problem of knowl dee and certitude. ¥

Although some of these writings, foremost among them On H
Criferion and the Almagest, reveal a decidedly speculative or theo-
retical bent, most of them incline toward application or praxis rather
than theory. This inclination is clear, for instance, in the way
Ptolemy approaches mathematics, not as a subject for analysis in its
own right but as an analvtic tool. The clearest token of his prefer

EN0E [Or PrRExLs OvVer theory, however, 15 his reliance on mstruments
not only for observational prres i=ion but also tod l.'h|'l."i?|'l.'“l'|l.:. cert-
tication. In this regard, of course, the Optics serves as a paradigm,
refle ‘.5:'|:_'1 ol oy th x'i-:.'i"'f;"l of Ptalemy's .".:I.'I"il.'ul.fl.'hl_.:El.'.!.' SO -

ment but also the scope of his philosophical concerns
| he Chpbics: A Biographical Sketch

The Greco-Arabic Phase: The only surviving text of Ptolemy's
I.':'_r.'l'i.: S 15 a |‘.'||1;:', I"|.'|:‘.:;_'||'-::', tweltth-century Latin version of an Ara-
bic translation presumably drawn from the Greek original. Lacking
any trace of that Greek original or its Arabic counterpart, though,
we can only suppose a direct connection between the two. Indeed,
tor all we know, there may be a lost Svriac intermediary. Suffice it
to say, then, that we are hard put to reconstruct the Opfics” early tex-

tual history at all, much less with any certainty, Granted . there are

i1 L s ikl
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PFTOLEMY'S THEQRY OF VISUAL PERCEFTICHS

a few scattered clues to help us in the attempt; yet, despite our best
efforts, a number of f|'|'_'!"-|,||l:._'::'|l, -._i'.ll_"-\.‘.ill!'lri remain unanswered and,
in all probability, unanswerable.

At present we know of only three clear attestations to the exis-
tence of the Greek version of Ptolemy’s Optics, the earliest dating
from the fourth century, the remaining two from the sixth and
eleventh.' The most that we can infer from this sparse evidence is
that Ptolemy’s Oplics was probably still available in Greek by the
Middle Ages. What we cannot determine from it is whether the
cited text was in fact the true source of the Arabic version and thus
ite medieval Latin derivative, Nor for that matter can we even de
termine whether it was genuinely Ptolemaic. Until the Greek and
Arabic texts are unearthed and compared, these issues will never be
satistactorily resolved

About the Arabic-Latin connection we can be a good deal more
certain than we can about the Greek-Arabic one. For instance, there
is some evidence, albeit indirect and inconclusive, that an Arabic
version of the Optics was in circulation by the mid-ninth century at
latest.!® The first direct evidence comes somewhat later, in the form
of actual citations in the tenth and eleventh centuries. Among thiese
citations, the most significant are provided by lbn al-Haytham (d.
1041), author of the monumental Kitab al-Mandzir ("Book of Op
tics”). That Ibn al-Haytham was thoroughly familiar with the Optics
is beyond question; not only did he cite it at numerous reprises, but
he devoted several studies to it. Perhaps the most instructive of
these is his “Doubts on Piolemy,” a critique of various Ptolemaic
tenets, many of them drawn from the Optics. ¥ This work is partic-
ularly revealing because it allows a point-by-point comparison of
what lbn al-Haytham claims on b alf of Plolemy to what the sur-
viving Latin text asserts. On the basis of clues such as these a fairly
clear picture emerges of the Arabic text Ibn al-Haytham had at
hand. According to this picture, his and the medieval Latin text are
identical in four key respects. First, as far as we can tell from an ad-
mittedly limited sample, the content of Ibn al-Haytham's Arabic
Owntics mirrors that of the Latin version. Second, both reflect an Lir
text consisting of five books. Third, both lack the first book in its en-
tirety. And, finally, in both versions the fifth book is incomplete. It
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not conclusive proof, these similarities at least give us strong reason
to believe that lbnal-=1 |._':.- ham's version of the Chalics was virty ._'I!:-.
the same in all important respects as that from which the Latin
translation was derived.

The Early Latin Phase: As far as the textual history of the Optics

ke the passa

IS I.'IZ'I‘:I.'IZ'TI':I.'I.I_. the transibion from Arabic to Latin is

from night into dav. For a start, we know by attribution who

Labin translator was: a certaim amuratus (= “admiral™ or “emir™) Eu-
gene of Sicily. Better vet, we know a fair amount about him
know, for instance, that he was a high functionary in Norman-ruled
-.:-;i:_1,' during the second half of the bwelfth century, when that
land was nearing its cultural apex as a meeting-ground for Arabs,
Byzantine Greeks, and Latins.™ We also know that he was part
F an intellectual élite connecked with the court of William
1166), a group that included the renowned humanist Henry
_".,|'i:.|_irr|_|;._ an avid promoter of scientific learning. € :|'|_._|,|i|;‘;||:'|_ by
birth, Eugene was considered by his contemporaries to be adept in
Arabic and at least competent in Latin. He was thus remarkably
'.'-.u_'§|-}"|.'|{4,'|._5_ in terms of both linguistic capaciby and cultural envi
ronment for the task of rendering the Optics from Arabic into Latin
We know, as well, that this was not his only translation. He was also
involved in the Latin transiation of Ptolemy "'\-.-I..:".E,_'|"H-: trom a Lreek
text supplied by Aristippus. This project was completed around
1160, Eugene’s participation in it evidently due to his scientific ex
|-""-I'i“" l.'k.;"lil_'i' i'!.||_| .'|:|:'.||i_'. ERined |‘:II‘:| a reputanon. He 15 .'||-\.||
known to have translated at least two other works, one from Greek
into Latin and the other trom Arabic into Greek. Unfortunately, de
“'l"il.'k.' thig relative |'l||,'!§"|:-'.-. of details about his scholarly activities,
we know next to nothing about their chronology. The best we can
do is locate them roughly within the second half of the twelfth cen
tury, and this applies to his translation of the Opfics as well
docording to Eugene’s own testimony, his translation was based

|;.|'|l.'\-|'| LW L"\,.l.":'l'.!'\ll.\.”'\-\. 0 An .'l'|||IE"""| VErsion I"'I'I"u q,'\-II-\.I'n. rl'ull'l;-iq.l'::\.'l_i

from the Greek language.”® Of these two exemplars, Eugene
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CONEINues, he drew his translation trom the more recent because it
was better. How poor a “better” it must have been is evident from
the deformed state of its Latin derivative. At the grossest level, for
example, the Latin text is marred by the bwo major lacunae we al
|'|,'._'_|_I'-. ||'\-\. LSSy .L‘I !_|'| absence of |'-|_:._'|-._ | ,.|||-.: I_!'_:_' runcation -.'-I. |'-|'II.:L
5.2 A closer look at the Latin text reveals less obvious internal lacu-
nae as well. But that is not all. In several instances, entire passages
have been transposs d willy-nilly. Even in their proper conbext, cer-
tain passages are simply incoherent, and, to add to these problems,

there are several cases of maladroit interpolation. It is of course pos-
cibile that | uEena hamselt i|:-|||.._-| ted these tlaws into the Latin text,
but, faithful translator that he was, it is far likelier that he simply re-
produced them from the Arabic exemplar w ithout any attempt at
recliticabion. =

The Later Latin Phase: It is more than a little ironic that, almost
as soon as it appeared, | ugene's translation of the Oplics was ren
dered obsolete by the Latin version of Ibn al-Haytham's Kilib
di-landzr, -,-,-:1;._-:; may have been -.-.*I‘.'||"||'||.'-:'. as early as the late
eleventh century.® Circulating under the Latin title D¢ aspectibus
and attributed to “Alhazen” (the Latin transliteration of Ibn al
Haytham's first name, al-Hasan),* this work represented a critical
departure from that of Ptolemy. For one thing, Alhazen’s and
Ptolemy’s theories of light and vision were so fundamentally dif-

ferent as bo be mutually exclusive. For another, Alhazen's analysis

was Far more -;._'-}':I':|.|'_|,.::_‘.|,'|,E_ thorough, and ||'l:.:i..'||:". '.'|'l‘.'|‘.‘!"l.'|i.ll'.:|:

than Ptolemy’s—hence, the De aspectibug’ rapid dissemination
writhin Scholastic circles of the thirteenth century. ';I'.l.ll.'-."l.i, by the
second half of that century, an entire tradition ol optical analysis
(the so-called Perspectivist tradition) had |.||".|.'||'l'!"'|.'l.;. on its basis.
But Alhazen's triumph was necessarily at Ptolemy’s expense, and,
despite evidence of the Oplics’ use during the thirteenth century,
not a single manuscrnpt copy survives from that period

[he thirteen manuscripts that do survive datbe from the early four-
teenth to the early seventeenth century.” Roughly speaking, they
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fall into bwao chir

hree manuscripts i
existence of this |‘:.:'!i. ]

dicate an otherwise hidden sury
garly 130(s 7 |'I.'|"|.Ii"' =, bt it

!"i.'l'- of chance 1n the | R

amorphous than the tirst group, the consists of one manu

script from the fifteenth century, eight from the sixteenth,” and one
trom the seventeenth. The existence of this group is readily ex
plained in terms of the almost slavish classicism of Renaissance
scholars nspired by a Golden-Age view of classical Antigquity, As
part of the classical heritage, the Opfics was bound to arouse the in
||.|'|."'| il:. "|'.|i."| SR ™S, Tk :. "_....' Lo, e B

Ptalemy, author of the vaunted nreest. So lively was this interest,
in fact, that the idea of publishing a printed edifion of the treatis:
was entertained seriously during the Renaissance ™ Yet, in a sense,
this renewed focus on the Optics was its undoing

fully it was scrutinized, the more obvious its deficiency by compar
1s0n with Alhazen s Dy gspeciiins. Kepler's rovisionary work of 1604

and 1610 simply provided the coup de grace.™ As a result, the Oy

fics underwent a radical transformation during the early part of the
seventeenth o Nry: once ||_'_;.;||!|_'._': A% a promising source of opti-
cal lore, it had now become an historical artifact. As such, it it
a desuetude so complete that, by the mid-« h century, it was
‘.!1:'!'.I','.i'! to be lost bv no less a scholar than t
matics, [. F. Montucla

Like Poe’s purloined letter, however
den in plain sight, lurking in mar i
Europe, many of them carefully catalogued. Nonetheless, it re
mained unseen at least in part because scholars such as Montucla
W ere |||-.:-!~-.i|'|:-_'L in the wrong direction. | hev expeched, |,||_|i;;- a5 -

ably, to find it in Greek or perhaps Arabic, but certainly not Latin.
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S0 ks recovery at the very end of the e i:;;:‘:’.-.'l'l":h century was a mat-
ter more of serendipity than of scholarly acumen or careful re
search. The recovery itself was the work of three scholars '.‘\.l.ll'ixll".:ﬂ
indepencdontly {2, B. Venturei, Montucla, and 1. 1. A, Caus=sin de
*erceval—all of whom stumbled upon separate versions.® Within
little more than a decade of these discoveries, preliminary studies
had been presented to learned societies by Venturi, Caussin, and
|. B. Delambre, and by 1822 all three studies had been published

Meantime, serious preparations were underway for the text's I,ll,;:;:
I |

lication. At least three transcriptions had been completed, and by

the early 18205 there could be Little doubt that at least ane of them
would find its way into print. In fact, none of them did, and inter
he Ohitics soon abated

) (s, however, there was renewed enthusiasm for the
publication-project. Doubts about the work's authenticity had fi-
1ally been pul to rest,™ and nearly all of the manuscripts currently
known to exist had been uncovered and examined. 3 Furthermore,
at the prompling of Gilberto Gowvi, who pl'nl!‘lu,l'-.-_._| to carry out the
task of editing, the Royal Academy ot Sciences of Torino had agreed
to underwrite publication. A physicist by education, though, Govi
was ill-suited for the task he set lamself. Mot only did he lack train-
INE Or '.""H.;"".'I':l\.':'l'.l' (14 !'l.'l B !'.'||"!‘:".. LUl e Kew I':l.'|i'I::'I:_; B | I':'II.'
process of critical editing. For him it was enough to copy the “most
correct” (i.e., the earliest) manuscript available. Published in 1885,

the resulbing text was tar from critical; indeed, aside from modern

spuiblishe
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INTRODUCTION

punctuation and lettering, it represented little or no improvement
LN ii:'\- "|'.'.".|'.'."'. -:5i .II'I\.E Renalssance I_""u'l'.\,ll_'- 2Le0rs. NOt I_I'.:'_ LV 5
edition was |'|‘.‘..|'|'|:-. without merit. After all, he did provide some
historical and critical analysis in his brief introduction to the text,
and he took great pains to reconstruct a number of the a company
ing diagrams, which had been distorted out of all recognition in the
course of scribal transmission.

lhe Modern Phase: Whatever its flaws from the standpoint of
critical "'-l.!“.lln'll':‘-\-!'ll',"'. Lovi s edifion |l_'!||:"\-|.'|'!||.':\.! d s1gnin
vance in one respect: it made the Optics accessible to a relatively
wide audience in an |'._:=.'|:-. readable version. It was therefore on the
baszis of this edition that the Opfics entered into the canon of 2ources
for intellectual history in general and history of science in particu
lar. Yet, |.||.'-|'II|:-:' its availability in Govi's edition, the Ot
tie or no real impact among specialists, such as Franz Boll
ignored it |'|'.|:|'|_'|:-. in his |=.:!I:'I!"'-.'.I..hl:'.::" Tatudies” of Ptolemy
vre and its philosophical underpinnings. Understandable as a purist
reaction bo the uncritical nature of Govi’'s editing, this omission is
shill somewhat surprisi ng in view of the obvious philosophical im-
plications of Ptolemy’s account of visual perception and its physi
cal and pasychological grounds.

While Govi's edition had no discernible impact among spe-
cialists, it found a ready welcom among seneralists, such as
George Sarton, who saw in Ptolemy's optical work a prime ex-
ample of Hellenistic applied mathematics. Unfortunately, the
resulting popularized account of the Optics was badly skewed to

ward the more “scientific’ ._'|--|,'x'| te of Pholemy’s theory pParticu-

L
i

larly his experimental approach to reflection in book 3 and

. " i T & B ’ e )
refraction in book 5% Because of this highly selective approach,

the Optics was construed oo narrow I:-. A% A :~.:'_|._|:-. of pure !'\-i"-. S10a
optics rather than as what it really is; a broad-ranging analysis
of vision. This skew is clearly reflected in the selections from the
!.':_!”.'-*- included by vl K, Cohen and [ E. Drabkin in their influ-
ential A Source Book in Greek Science. Predictably enough, Cohen
and Drabkin chose precisely those portions of books 3 and 5 that
seem most congenial Irom a modern scien kil |'l|_"--!l|,-._'_:'-.'._'_ M ever-
theless, such popularizations were useful in publicizing the Optics
as an important and, to some extent, exemplary study in ancient

mathematical science
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y modemn-language version of the Latin

ly has this gap been filled by the appearance of
translation, published by Brill in
ort of addendu the original Latin edition. This trans-
udes supplementary material intended to update the in
| as the annotation liography provided in

dition of 1956,
ne's edition and the interpretive framework he
ve held up rem narkably well so tar, thev have not
irely. Over the past decade his analysis has
it two fronts by Gérard Simon and Wilbur
itive study, Le reeard, 'éfre el [apparence dans
sSimon accuses Lepeune of misunderstand-
| tocus of the Ootics. Ptolemy was not, as Le

i"lil':._' {1 L"\-.|"|.'|:": the i'l!"-,'-.i: < of radiation
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he was instead Aempng o account o the pProcess of VIiSion In
chort, his e CUpation was w ikt '--::;_:"ll_ T |::,;i'.! S Imon s On
vo show Inconvincing fashion how this shift in analvtic perspective
pffers significant new insights i ‘s approach to both the
oretical and PrEaL tical 1ssues i th
If Simon's line of attack on Lejeune is somewhat obligue, involy

ing relatively subtle issues of interpretation, that of ¥ ilbur Knorr
i anvthing but i intriguing and wide-ranging essay entitled
" Archimedes and the Pseudo-Euclidean Catopirics: Early Stages in
the Ancient Geometric Theory of Mirrors,” he confronts Lejeune

squarely on the issue of authenticity.® For a start, Knorr argues, the

i
LE
avidence in tavor is so slight and inconclusive as to render the case

] v - T Er = s b 7
tor Ptolermy's authorsh & ot st (LSt able but doubtiul. 1 not
Prolemy, however, then who might the author of the Cpfics actaally
be? A likely candidate, Enorr suggests, is the second-century

philosopher Sosigenes, wino 15 f.':'l.'*-l.ll'.1|'-.i to have written an eight-

book treatise on vision. As it now stands, then, the | fics st be a
remnant, at third linguistic hand, of that eight-book original. Since
Lejeune has already responded in detail to this claim, there is no
need to deal wath it at |:_"::_;|':' here A Suffice it to sayv that, .!!|.|'l.=|.._:'i'l
it cannot be dismissed out of hand, Knorr's case is not compelling
enough to warrant abandoning the assumption of Ptolemy's au-
thorship. Still, at the very least, Knorr has done yeoman service by
making crystal-clear just how tenuous the evidential support tor
that assumption really is

It should be clear by now that, despite significant advances in
:-;L'I'1L'|'I,_'_|':-L|1i5'- over the past few decades, much remains to be done
before we can feel secure in our understanding of the Optics within
its proper historical context. At a textual level, on the one hand, re
covery of the Greek version would go a long way toward resolving
issues of ,.'.l.:l:"||||'-|'|||" and textual intent, particularly if the recov-
ered version were to include book 1 and the concluding portion of
book 5.4 A far more likely path ot recovery, however, would be
via the Arabic, since so many of the manuscript resources in that
|,'||'|_!_:_-,|.'|:_;|.'“ |'|__1, vie et to e consulted arcd 5.'“:.I|"-ii:-|"|l.'l.i AL an :;‘.I'.l.'r_:":-'.'
tive level, on the other hand, the time is ripe, or at least ripening,
for an intensive analysis of the Ophics within the context of the
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cem bo be little more than
otics. | his Impres-
".""\."'ll.l-"::.!i NATUre OF S0 ML E'I Or the trea-
g books, in which retlection an
» analyred both experimentally and geometrically. But
sion 15 misleading. The primary intent of Ptolemy's
¥ Ve an ofective account of light and its physical ac
1stead, to explain visual perception in the most gen-
eral SENMSE, a1l 1N ':I:' 2Yes !.'I.I: iH
generically related to light. As a result, Ptolemy’s Optics deals with
a much broader set of issues than those covered by physical ophics
alone. This breadth is reflected in the inge of spurces upon which
Ptolemy drew in b nce he provides no
specific citabions, though, it is impossible to determine whether
the sources we identify were direct or indirect, that is, whether
Mtolemy's access to thern was mediated or not. Indeed, some of his
|'=-.'-|l.'!'|||.'|| cources are so indefinike as o indicate ;'u|"|;;l:_;_ more than
ble influences.
roes themselves can be divided into two main categories:
f and -_:_|'|'.-".:§_ o “philosophical.” '-.'_|'_|_'|';__'_
easily identifiable is Euclid's Ele
he primary basis tor Ptolemy's geo-

-

i Mot su |'|='-.ii':;:l._ bopks 1 and 3

erits hgpure most promunently, the latber being particu

larly noticeable in Ptolemy s treatment of spherical convex and con-
cave mirrors. Book 5 on | PrOpol |:-.'-||._'|i::-.. and book 6, on the
I."'TI:I.'-"'.'l:'."'I'I-\.'Ii:'-.' ol I'll.il'.l.' figrures, are also used by Ptolemy, but to a
much lesser extent than books 1 and 3. Possible additional sources
in mathematbics, but in a far more tan gential way, are Archimedes’
Lt Hhe Sphiere and Cylinger (c. 250 B.C.) and Hero of Alexandria’s lost

commentary on the Elemenls (1st contury A D24 Prolemy man
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also have owed a conceptual debt to Geminus” missing treatise on
mathematical classification (1st century A.D.).®

Another group of technical sources, still mathematical in orienta
tion, focuses '-\.i,"‘l'-\.'i!.il.'.'lzl:-. on optics. The earliest of these is Euclid’s
Chotics (e. 300 B.C.), which provides the general framework for
mathematical optics on the basis of the visual ray.™ Whatever use
FPtolemy made of this work 15 so fundamental, however, that there
is no way of pinpointing specitic propositional borrowings. Such is
not the case with the Catopltrics commu l-.'|5_-,' attributed to Euclid, but
thought to have been compiled much later.? Whether genuinely
Euclidean or not, this work certainly represents an early stage of
avolution in n|'-|n'.'.| analysis, one thal predates Ptolemy by a con-

siderable amount.® Thus, the clear similarities between proposi-

fional elements in the Calfopirics atiributed to EBEuclid and in
Ptolemy’s Optics may be taken to indicate either direct or relatively
direct borrowing—assuming the Catoptrics is genuinely Eucli-
dean—or a shared progenitor—assuming it is not. In addition,
Ptolemy mayv have been influenced by Hero of Alexandria’s
Catopirics (1st century A.DL?), but two points militate against this
-:_'|'|."|;_'.,'|,!;*-\.i-:'\-l'|. |'i,"1-\.|,_. whatever |"|:-:'-i|,|'.'|:-,' |‘:'|::,_'|'.| have derived r.|'|,||‘:'| this
treatise he could as easily have derived from the Catoptrics attrib-
uted to Euclid. Second, it Ptolemy actually did use Hero's Cafoptrics

as a source, his failure to mention the least-lines demonstration of
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the equal-angles law of reflection is puzzling.® Archimedes, finall
rounds out this list of possible optical sources. He is presumed
have written a Cafopirics that went bevond the study of mirrors ¢
include a rudimentary analysis of refraction.™

A third group of technical sources for the Cpfi 5 15 50 indefinite as to

= [ g i T B 15 ] : 12 . | e =y i 1= [
conshitute mere influences. Precisely where Plolemy learmed how to

use the diooter for observational purposes we cannot tell, Archimedes

IS Of COurse a |"- SSiD1LEY, 1F a dist:

Likewise, we have no idea
where Ptolemy gained his knowledge of scenographic etfects, but that
he understood Hhe |'|:'|. is_"||,'-- of illusionism |'l.:""!_i|'.:;‘; 15 quitte clear
from allusions he makes to them in the Optics.® Finally, it is impossi
ble to determine with any precision where Ptolemy learned the tech-
nique of constant second differences that he applied in his analysis of

refraction. That such a technique was routinely used in late “Babylon
ian astronomy is common knowledge, of course, as 15 the tack that
Prolemy was conversant with such astronomy# Stll, there 15 noowany
of pinpointing the text or texts upon which his expertise was based

The second main category of sources, the so-calleg :.:-:":1|'I'.'|E or
“philosophical” ones, can bei fied from various allusions in the
Optics. For instance, there 15 no doubt from his account of color-
perceplion in book 2 that Ptolemy was familiar with (and rejected)
Flato's theory of color as outlined in the Tinaeus. > What we cannot
determine, of course, is whether that knowledge was mediated
| hiere are !.'.Ei'l:-\. clear indicahions, as well, that Ptolemy knew the
theory of emphasis ascribed to Democritus, but we cannot tell

it was Democritus or some secondary authority who was

i o i 3 3 T 31 T e R
e actual source of that know ledse. ™ Likewise, there are clear erni-
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pnt-.-:ix clements in the Optics, |".!'!|I-.I.||.'|:'!'-. in ook 2. buk as far as
specitic Aristotelian treatises are concerned, we can only specu
late ® The De g and the Pseudo-Aristotelian Problemata seem to
be the likeliest of such sources, but one cannot rule out the Paroa sl
uralie or Physics. Last, least definite, and vel '-"'-'l:'-'i"' muast casily
recognized of Ptolemy’s philosophical sources are the Stoic ones

that underlie his theory of visual perception. Throughout the Chlics

hints abound that Prolemy conceived of visual perception in terms

of a pneumatic svstem that is subject to a controlling faculty in the
I'\'l'ul'i'i ol

As we conclude this survey of sources and influences, we should
bear in mind that it i ust that=—a survey, and a tentative one at that
Om the whole, in fact, the more specific the identification the more
tentative it is. We should also bear in mind that some of the sources
mentioned (e.g.. Plato’s Timacus) exerted a negative rather than a
positive influence upon Ptolemy, inasmuch as they were reacted
against rather than followed by him. Such negative sources are of
course no less important than positive ones in any thinker’s intel-

lectual formation
I
tHions of e Optics

A fair amount has been writken about Prolemy s ::‘-E'll.-.*-w.l'.'-!'l:u.l'
leanings, the vast majority of it based upon works other than the Op
tics. Depending upon the treatise, in fact, Ptolemy has been vari-
ously portrayed as a Platonist-Pythagorean, an Anstotelian, a Stoic,
an Empiricist, and even a Positivist.® The resulting impression is of
an intellectual schizophrenic whose philosophical allegiances are

sworn and resworn whenever the analvbe circumstances demand
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Such an impression is of course inevitable if we suppose that the
|'|':|'_|:'-:-h|,'|:.'-:_'1i|_.|'_ schools of his |_|._'|:-.' WEere s !'i:ﬁ:il“".' defined and exclu-
sivist as to preclude any crossover. But, as one scholar has recently
observed, crossover was far more common among these schools

tham exclusivity

Within the Hellenistic period itself a common '."if'lil.l:"\-:"i!"'l"'ii.'-c'll JArgon had de-
veloped, and terms emanating from one school were frequently employed
by another, What came to be shared, moreover, was not just words, or con-
cepts, but something we might call professionalism or expertise. Ptolemy
and’ his contemporaries were writing for audiences who had been simi-
larly educated to themselves and whom they could expect to be familiar
with an intellectual tradition characterised by a community of concepts,
standard questions and answers, common argumentative methods and

DDEeCons.™

In short, “like most of his contemporaries, Ptolemy [worked] from
within a tradition that [was] irreducibly compaosite . . . but broadly
unified in the perspective of its own members."™ Ptolemy’s sus-
ceptibility to various philesophical influences was thus a matter not
of shifting allegiances but of a consciously eclectic outlook. As a re-
sult, his philosophical approach may have been multifaceted, butin
a holistic sense. To characterize his thought in terms of particular
philosophical strands is therefore to risk compartmentalizing it out

of all recognition. This point is worth remembering as we deal

er.:-x'iri:'nl':'. with the Optics and its methodological foundations.

In 1981, Anna de Pace published a bwo-part study entitled “Ele-
menti Aristotelici nell’Cificr di Claudio Tolomeo. " The gist of her
argument is that Ptolemy was “Aristotelian” (and therefore not
“Platonist™) in his ApPproac h insofar as he accorded ontological pri-
ority to the sensible reality under analysis rather than to the math
ematical constructs according to which it was analyzed. PPace’s
E"'-'il‘:| is well taken |'-.:|'-.:-|':u".|'|i:'|:',.-.'|-~ described by her, Ptolemy’s sci-
entific methodology is perfectly consonant with the sense-based
theory of knowledge outlined in On the Criferion.® For another,
Ptolemy does tailor his gepmetrical .!_:1.1|:.,-~;|.; to the sensible phe-
nomena 5o that his visual-rav theory, unlike Euclid’s, takes into full
consideration such non-mathematical aspects of sight as variations

in visual acuity, color-perception, or even misperceptions due to
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talse subjective judgments. The result is a tundamentally empirical
approach—exemplified in Ptolemy’s experiments on binocular vi-
sion, retlection, and refraction—that is, if not actually Aristotelian
in its foundations, at least .|||".!'l.‘:.::_'!i|_' with Peripatetic norms.s"
Yet, although the epistemological foundations of Ptolemy’s

analysis may be legitimately characterized as “Aristotelian,” the

~f . s a 1 2 1 i H i
structure of that analysis may no less legitimately be characterized

as "Platomic.” Has i already discussed tha Foint n detall lse-

where, | will offer only the brietest summary here® My basic
contention is that like Greek mathematical astronomy, Greek
geometrical optics was subject to a particular methodoelogical para-
digm that talls under the rubric of "saving the appearances.” Ac
-.'.'l:'-.:.'ll'l',; o .’;"ll*-.'.".'l:".‘.-.‘::._;_"‘:‘..'.i':-.'*-'l':'H""il' world consists of a Dpearances
or illusions, primary among which are the appearances of irregular-
ity or disorder. Called anomalies, such irregularities are irrational
and therefore unreal in Platonic terms, and if they are to be rational-
ized, or “saved,” they must be reduced to pertect regularity so that
heir underlying reality can be discovered. This end s achieved by
applying a fundamental and perfectly simple principle of order. In
Greek optics that principle is the visual ray, whose saving grace is
absolute rectilinearity

The theory of vision based on the visual ray principle is as

straighttorward as it is simple. The eye is reduced to a center-point

of sight directly linked by visual rays to po nt-obijects, As long as
this visual link remains unbroken and uniform, the object will be
seen as it actually exists in physical space. This is the normative
case for vision. so anv departure from it will constitute an anom-
aly. The two major optical anomalies are reflection and refrac-

tion, both of them arising when the visual ray strikes an optical

e earcle o
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interface and is broken. It the interface is impermeable, the imping

¥ | 1 - =
15 Ty WIH DReE COIMPReieiy andd rebound to cause retlection. I

the interrace is !ll\."i'l-\.'.!i"'l.\,' the imp :':_;iil_:_ rav will be el rhially bro
ken and thereby diverted in its passage. In that case, refraction will
result. In both cases, however, the appearance to be saved is es-
sentially the same: not the object as it actually exizts in |'i"-.'*~ix.l|
space but a displaced image (and, therefore, an illusion) of it will
be seen. 1o save this appearance is theretore to relate the image
to its true, objective counterpart. In other words, the ..:-.:|:1.':|:1 is
resolved when image-location is pertectly determined with respect
L] !"'n.':" &ve anda .II'I el
That retlection and refraction share much In common is clear
from this account. But they are more than just similar; they are in
tact so closely and systematically linked as to constitute --L:r':_'._i.||
cases of one another in terms not only of cause and effect, but also
of resalution | his svstematic |'|'|.|Ii|l'|--|:ir dictates the fundamen
tal three=tiered analvtic structure of mature classical optics. At the
lowest level comes oplics proper, which deals with all aspects of
unimpeded visual radiation, so it is within this tier that the » ery ba
sis for subsequent analysis is established. At the next level comes
s which analvzes reflection of visual ravs from mirrors of
various shapes. The progression to this level constitutes a full step
upward in analytic complexity. At the highest level of complexity,
finally, comes diopirics, which treats the phenomena associated with
refraction.
I'his analytic structure is clearly reflected in the organization of
Im-..'lil.".'l"'.'.'-\- L :';'3'.’5' 5 A l.'l.'l'l.!il"i:._'\.!". ~ |_|"'I Inrst wo of l:I":I_' e i1|_||_!.|.c\.h COIT=

prising the treatise are devoted to the study of opls 5 Proper o bhe

extent thal we can reconstruct it, book 1 would have dealt with the

basic geometry of visual radiation, so its theorematic content would
have been commensurately simple. The general analysis of visual
raciation continues in book 2, where Ptolemy deals with issues of
visual percephion. In the course of this examination, he begins a pi-
oneering study of binocular vision that extends into the third book.
'he actual focus of this study is on diplopia, the apparent doubling

of the imaEe when the visual axes are displaced trom thear custom-
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ary convergence. Diplopia therefore represents a true anomaly in-
sofar as it entails image-displacement with respect to one or the
ather eve. In the third and fourth books, Plolemy undertakes a de
tailed analysis of reflection, starting with the basic principles by
which image-location is determined. After a relatively brief exami-
nation of the simplest case, retlection trom plane mirrors, Ptolemy
Progresses to the more complex case of reflection from ~.|l|',:,-:i:,.|'-
convex mirrors. He then turns in book 4 to the even more complex
case of retlection from spherical concave mirrors, after which he of-
fers a brief discussion of reflection from composite mirrors. In book
5. h :1.1:.|:-L'. he « aps his oy erall study with an examination of refrac
tion, the centerpiece of which is his ingenious but failed attempt to
determine the law of refraction.

In the analysis that tollows, we will use this topical organization

as our basic guide. We will start by looking at Ptolemy’s funda

mental theory of visual perception, taking into account its physical

and mathematical, as well as physiological and psychological, di-
mensions. We will then turn to a systematic analysis of his account
of reflection from }"i._l;'n_-_ spher cal convex, and '\-\.:‘;'I:'II'I':L'.'Il concave
mirrors. And we will conclude by examining his account of refrac-
tion, our tocus in that case being upon his attempt to derive the gov-
erning principle of refraction.

i 1 1
| oo II'\I.' G § ITECHE (A W ISP

Whatever their specific difterences, all Greek theories of vision
share in common the fundamental premise that without physical
contact between eve and visible object vision cannot occur.” How
this contact is supposed to be established is in tact what differenti-
ates these theories at the most fundamental level. There are two ba
sic alternatives, The first, which is intromissionist, 15 5o designated
because it entails the passage of something from the object into the
eye. This is the alternative chosen by the atomists, who theorized
that atom-thick replicas (gidola) are continually sloughed off from
the surfaces of objects into the space that surrounds them and
thence directly or indirectly into the eye. Serving as visible repre-

sentations of their generating objects, these replicas, or the physical
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course, those objects become so distant that to reach them the visual
flux must extend beyond its capacity to sense at all. When that hap-
pEns, f|'|-.'-.'-|'l;|'-.'|*- Are no |:'-|'|-.'1|'|' seen. not because thev fall within the
gaps between discrete rays, as Euclid would have it, but because
they lie eyvond the threshold of minmimum visibiliby for their size (11,
45-51; ct. Euclid, Optics, proposition 3). Such diminution in visual
Sonsifi i'.:-. and thus in visual 2 ::il_'._ can be understoad :_1:-.'.|.|r':|f

cally in terms of physical projection. As with a projectile, then, so
with visual Hux, the farther it extends from its source, the more
weakly (1.e . slowly) it moves and, l.'l.ll".Hl.'-.E'.II'I'.‘I..-'. . the less forcefmally
it acts on impact (11, 20)

Distance from the vertex of the visual cone, as a function of ray-
length, 15 not the only factor attecting visual acuity. Another is
obliquity with respect to the cone’s axis, a factor that Euclid ignores
entirely. How obliquity tunctions in this case is evident from expe-
rience: the closer the line of sight gets to the axial limit along the so
called visual axis, the greater the visual acuity along it It is for this
reason that, in order to get a clear visual grasp of any object as a
whole, we must scan it with the visual axis, It is also for this reason
that peripheral vision is s0 notoriously indistinct (11, 20).

Not only are ray-length and obliquity with respect to the visual

axis the prime determinants of visual acuity; they are also the

prime determinants of spatial perception, which is ultimately
grounded in the visual apprehension of distance and orientation
Lyistance, according to Ptolemy, is ascertained through ray-length,
each rav |'l|."|2'|5'1 endowed with a sense of 1ts own oubward extension
from the center of sight (11, 26). Orientation, for its part, is grasped
in two ways. Un the one hand, the apprehension of left-to-right
and top-to-bottom orientation is a function of the directional privi-
lege that each visual ray possesses (11, 26; ct. Euclid, Optics, defini-
tions 5 and 6). This directional privilege alerts the center of sight
to the relative lettward, rightward, upward, or downward disposi-
tion of every ray. Un the other hand, the slant of any given object
with respect to the center of sight is apprehended through a com-
parative analysis of the lengths of all the rays striking its surface.®
In both cases of orientation, though, the primary referent is the vi
sual axis in relation to which left, right, up, down, or slant are ulti-

mately determined.
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[he intuitive sense of eve-to-object distance, as well as of direc-

tion along the vertical and horizontal, enables the visual fux to de

fine a basic coordinate system within which to map objective reality

I'he mapping itself is a matter of determining the fundamental spa-
tial characteristics of visible objects on the basis of the surface they
present to the visual tux. These characteristics include place, size,
shape, and motion. Place, for instance, is determined on the basis of
the object’s position relative to the visual axis within the plane of the
visual cone’'s base—i.g., ._'|'-.:|".:._' the horzontal and srhical—as well
as along the visual axis itself (11, 26=27). Size-determination is some

what more complex. The most primitive indicator of size is the vi-
sual angle, which is formed at the vertex of the visual cone by rays
that touch the outer edges of the given object. Alone, however, the
visual angle is inadequate to indicate true size. Distance must also
be taken into account so that larger objects of whatever shape lying
farther from the ayve but subtending the same angle as smaller,
nearer ones of the same shape will be perceived as larger. But even
the addition of distance to visual angle is not enough to ensure true
size-perception. Slant must also be factored in. Thus, while two ob-
jects of the same shape may lie the same distance from the eye along
the visual axis and mayv subtend the same visual angle, they will not
alwavs be }1|'1'|_'|,'-|'-.'.:-|,| tor be of the same size. Indeed, if one of them
taces the eye l.|:l'l.'l.|.|:-. and the other 15 slanted with ||,'~.|1|.':_": ko it, the
latter will be perceived to be larger, as indeed 1t 1s (1], 52-62)

[he perception of shape and motion 15 more straighttorward
than that of size. Shape-perception, tor its part, is doubly deter-
mined. Circumferential form is ascertained by means of the rays
that strike the outer L-d;:lu,'u of the visible object’s surface, whereas
convexity or concas ity in the |‘-|.'|I":l.' of the visual axis is :::I'-'I"ur*l'xi. 1"-'-.
a sort of feeling that the visual flux has at the common section of
the visual cone and the object’s surface, This feeling is analogous to
that of a hand when it apprehends the convexity of an object, such
as a ball, as it grasps it (I1. 64=69). Somewhat the same sense of
touch underlies the perception of motion in the plane of the visua
field, which depends upon the realization of passing aroused in
the flux as the object sweeps through it, ray-by-ray, in consecutive
order. The directional sense of each ray passed, as well as the sense
of speed of passage, is of course what determines the perception of
the object’s velocity. Meantime, the perception of motion toward
or away from the center of sight depends upon the sense of length-
ening or shortening that is aroused in the visual rays that intercept
the moving object (11, 76-&1)
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permits the spatial characteristics of those objects to be perceived.
Every color arouses in the visual flux a distinct passion that consti-
tutes a sort of coloring. This passion ultimately creates a perception
of the color that arouses it while, at the same time, giving the flux
the '-:_'||ui-1i‘.|,' clues for determining the -_|'|,1_|-u__-_ size, place, and mo-
tion of the objects defined by that color (11, 23). This 15 why Ptolens
characterizes these spatial properties—which are included in Aris-
totle’s list of common sensibles—as “secondarily™ visible, because
in fact they are not actually seen at all but are perceptually inferred
from color (11, &)

Evidently, then, Ptolemy conceives of visual perception along
roughly Aristotelian lines as a complex process unfolding in three
basic phases.® The first phase, which is physical in nature, entails
the emission of visual flux from the eye and the consequent estab-
lizhimieit of I,"'I'l'..:-\.il_.\,'l contact with a :._'hi ven exlernal .l|'l||.". k., Lo e wi-
sually effective, thoush, this contact must be made with an object
dense enough to impede the visual flux and luminous or illumi-
nated enough to render its inherent color visible, These !."':'-\.'I.'l.'ll'.l.il-
tions met, the second stage, which is essentially sensitive in nature,
begins. During this phase, the visual flux suffers the passion of col-
oring that is aroused as soon as the imitial physical contact 15 estal-
lished. The apprehension of color that ensues accidentally conveys
the object’s spatial properties as manifested by its surface. These
|'“|'|.:|'l-:":'||:_"- are then visually determined .||.'l.'l.'|'l.!1|‘::|: 1o Certain pars-
meters, such as ray-length, obliquity, and visual angle, that are pro-
vided by the flux. From such determinations, finally, perceptual
judgments or inferences are drawn during the third and concluding
phase of the process. The result is a sort of conceptual conclusion

about the object as it actually exists in physical space.®

[he tripartite scheme just outlined dovetails pertectly with the
I

admittedly sketchy psychological and physiological system that
can be pieced together from clues scattered throughout the Opfics.
Fhat system is under the overall control of what Ptolemy reters to
as the Governing Faculty (i.e., virfus regifiva), which has obvious

parallels with the Stoic hegemonikon and, like it, seems to be located
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in the brain.®® From there it apparently controls all the senses, in
cluding sight, as the center of nervous activity (I, 13). Serving as
both initiator and ulb ite arbiter of visual perception, the Con-
erning Faculty is the origin of visual flux/pneuma, which it passes
on to the center of the eve where the actual source-point (i.e.,
principium) of vision lies.® From here the flux is channeled out-
ward through the optical humors and the pupil, which limits the
visual field and thereby defines the edpes of the visual cone®

Since binocular vision assumes two such cones whose axes are

both focused on a single point, there must also be a faculty of over-
'-i3.5|':|. that Lt'l.'::"'!'\- the eves '.'\.Ill':HiI'.:._' in concert o maintain this focus,
[hat role is fulfilled by the Apex, which hes bevond the source
points of each eye. Providing the ulhimate spatial referent for
binocular vision, the Apex lies at the crown of what Ptolemy calls
the common axis of sight (111, 35 and 61). It is of course tempting to
locate the Apex at the optic chiasma, where the two optic nerves
join in front of the brain. As long all three axes—i.e., the two
proper axes of the individual cones and the common axis—con-
verge on the same :;"I'Iil'lr. binocular vision will vield a "'i”'—'\.h' i|1|.|l_:l|_-
as it 15 intended to do.™

CDnce visual contact is established with the external object and
the visual flux undergoes the passion of coloring, that passion and
all the visual informabion it conve vs are transmitted back to the
eye, where they reach the surface of the cornea. Referred to as the
viewer (aspiciens) by Ptolemy, the cormnea “assumes the nature of a
convex mirror in terms of its shape and smoothness”™ (II, 16).
Ptolemy's intent in styling the cornea thus is far from certain, but
one plausible interpretation is that he regards the cornea as a sort
of imaging-device in which an initial visual representation of the

==

object is created.® It so, then it is at the cornea that the sensitive
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rayv-length AE) are ascertained. The resulting determinations, in-
cluding that of color, are scrutinized and judged by the Governing
Faculty, which forms from them a complete perception of the object
as it exists in space
Under proper conditions, the visual process as outlined above
wrill ! eld a correct perce !'lli:-!'l of i"|'|'.='.i.'.'|: space and its constituent
objects. But conditions are often less than optimal, and, depending
on the abnormality, a variety of misperceptions or illusions can
arise. These misperceptions can be gathered under two main head-
those due to l.|:'\.'!il.'l\.':i"'|'i' tactors and those due to subjective
causes, Un the |l'."‘|q':'25". & sicle, 1F certain threshold condibions are ex-
ceeded or not met, the visual faculty will not function as it showled.
oo much or too little illumination will cause an object not o be
seen properly, as will too much or too little distance (11, 18-19)
lhus, an overly bright object next to a moderately illuminated one

can occlude it, whereas a square obiect seen at too great a distance

can appear rounded (I, 90-91 and 97). Taken to an extreme, of

course, a decrease in illumination or an increase in distance can
cause the object to disappear entirely from sight. Restrictions in the
flow of visual flux also have an adverse eftect. Sight with one eye is
thus poorer than w ith two since it lacks the double intensity of vi-
sual radiation that comes with normal binocular vision (11, 18). By
the same token, sight is impaired in myopia because of a diminished
flow of visual flux, whereas in hyperopia that flow is interfered with
by the optic humaors (11, 85-87). A motion that is too fast, such as that
of a rapidly spinning wheel, cannot be properly detected, nor can a
motion that is too slow, such as that of the planets (II, 98). Move-
ment also attects the perception of color, so that when a particolored
wheel is rotated swiftly, the individual colors are no longer dis-
cerned. Instead, the wheel takes on an intermediate hue that is
blended from all the constituent colors (11, 96). Each of these mis
perceptions is due to a change in the objective conditions of sight
rather than in the visual system itself. Even when the misperception
stems from a diminution in the flow of visual flux, as in myopia and
hyperopia, the cause is external or objective insofar as it is not the
flux itself, but its intensity that is changed

Ot the misperceptions or illusions that are subjective in origin,
some can be traced to the taculty of sight and some to the taculty of
perceptual judgment. There are a few salient examples of the for-
mer. For instance, accidental coloring of the visual flux can cause
misperception, as happens when things viewed in a bronze mirror
take on the cast of the reflecting medium (II, 106-109). Afterimage
is another case of accidental coloring in which the initial passion of
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coloring in the Hlux outlasts its cause. The continuing passion thus
atfects the perception of subsequent colors, as happens when we
shift our gaze from a brightly colored object to a white field (11, 107)
iplopia, retlection, and retraction are all instances in which an il
lusion 15 created on account of some distortion in the visual flux,
which is either diverted from its customary convergence or broken.
[he resulting illusion in all three cases involves a misperception of
where the object actu Wy 15, =ince it appears W0 e where ils dis-
placed image lies (11, 114-118). Another example of misperception
specific to the visual faculty is the oculogyral illusion in which the
VIEWeTr spins for awhile, stops, and immediately afterward sees the
surrounding environment spin. In this instance, Molemy explains,

the flux continues SWeep along inertially, even though it has ac-

tually stopped. This inertial sweep is then perceptually transterred
to the environment, which thus appears to move tor awhile (11, 121)
4

Ihe final group of illusions, those ¢ :

ue o ralse perce |‘:||J.!| ::ILE:;'-
ments, includes an interesting assortment of misperceptions, one of
which pertains to illusionism in painting. By a judicious use ol
l\.'l\.:I;l.ll'-i.'I.l:'!'.!"..!"'\.'."\-_ Or even Dare ol El‘::l'._:_ an artist can tool '.;'l-.'-.". & 1nko
perceiving a spatial representation in what is in reality nothing
maore than a multi-hued plane (Ll 10=11, 124. 127=128) |"|,'|'|-'E,'--'|:.:.|
misjudgment can also arise when we are being conveyed in a vehi-
cle, such as a boat, that is moving so smoothly we do not detect our
own mobion. In such a case, we aofben 5'1'51::11' the motion percepiu-
ally, albeit not intellectually, to the passing scenery (11, 132). Even
our recognition of image-reversal in plane mirrors involves a per

-:'|_-|'||._I.'|§ '"-"i“'i'-l-‘l'-'hl'l':'-"'"!- [hus, when we see ourselves face-to-tace in
a mirror, we are initially impelled by perceptual misjudgment to as-
sumée that our true left is represented at the right side of the image,
bhecause wihen wa .|{I,|,:._!_i|:-. do face someone else, s left side would
be seen by right-hand rays (11, 138). The last, and surely the most in-
teresting, of the perceptual misjudgments to be considered here is
the so-called moon illusion, in which celestial objects appear larger
the nearer Ih.:-_'. are to the horizon. Although the details of Ptolemy's
explanation are somewhat vague, its general grounding in percep
tual psychology is clear enough (1L, 59)

||'|i- |1|':g'!. kil_'_‘\-{'_i{“"_il_li": ofF % i:-l.|.'|| ii.l_.'*-ul-: NS |'l|".:‘:.'_*- LT eXamination

of Ptolemy’'s basic account of vision to a close. What is perhaps

most striking about that account is how tightly organized it is.

Ptolemy progresses from topic to topic in a sequence so carefully
and |n;.1u'.,1||:-, ordered that its apparent naturalness masks the ex-
quisite artifice involved. Remarkable, too, is the comprehensiveness

of his account. Mot only does Ptolemy examine the objective and
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Prolemy misses the relatively obvious point that binocular vision is
specitically designed to aid in depth-perception.™ Still, for all 1ts de-
ficiencies, the very attempt on Ptolemy’s part to make sense of

binocular vision marks a sign

gnal advance beyond any of his sources

II.I"ll: My 5 A

Ptolemy opens his study of reflection by setting forth three basi
principles for determining image-location in mirrors. That thes.
|'-|':':|:_':|,1|:_"~. are not .'-'i:_'hil'.._‘:; to him 1= clear from ther appearance in
one form or another in the Cafopirics attributed to Euclid.* Indeed
as far as basic theoretical elements are concerned, Ptolemy’s analy
sis of reflection offers very little in the way of originality. What sets
his analysis definitively apart from that of his predecessors is the
observational and organizational skill he brings to bear upan it

As articulated by Ptolemy, the first principle of image-location
“asserts that objects seen in mirrors appear along the extension
of the [incident] visual ray that reaches them through reflection”
(I, 3). In other words, the image of any visible point appears to i
below the mirror along the imaginary extension of the visual
E"".'I-\--\-ir'l'_; from the center of sight l?"-.'-l.lg'l..'l the poant of rotlection. This

principle is empirically confirmed by blocking the spot where the

image of the visible point is seen in the mirror (i.e., the point of re

flection) and thus determining that the image lies in a direct line
with the center of "\.i:|:|'|i and that -.I'u_-l (II, 4). The second ;"'"i'::'li".;"'i:'
states “that particular spots [on a visible object| seen in mirrors ap
pear on the perpendicular dropped from the visible object to the
mirror's surface and passing through it” (1L, 3). To verity that the
image does indeed lie along this line (the so-called cathetus of re
flection), we need only stand a thin, straight rod orthogonal to a
plane mirror and see that the rod’s image will always lie in a straight
line with the reflecting surface (I11, 4). It is important to note, how-
ever, that the cathetus is normal to the actual ref lecting surface only
when the mirror is I,"Zl.'ll'llq," otherwise, it is normal to the surface tan
gent to the mirror’s surface at the point of reflection. In the case of
H|,1|'||_-:i._',|| CONVvex Or '.E'\-h{qi:,'._l' CONCAYE MITnors, |.:1|'!'._. the cathetus

passes through the center of curvature (111, 3).
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ollows from these two principles that the image of any visible
t lies at the intersection of the extended incident visual ray and
cathetus of reflection (1Il, 5). But this intersection-point is not
fully determinate. A third and sven more fundamental Princi-
namely, “that the disposition of the reflected ray
il fo mirror and mirror to visible object 15 such that
the ray’s two branches joins at the point of reflection and

1

that both form equal angles with Hhe normal -,I'-.'-r}:.'.,i ko that proi nt”

This principle of equality between the angles of incidence
lection completes the determination of image-location by
here the point of reflection must lie and,

far below the mirror’s surface the image

5 the cathelus ol il,'”lq,'. LT "l.l'l.__ E|"' !.:"ll_il.'r Lo

» that determination as much rigor as possible, Ptolemy makes
i | underlying assumption that none of his predeces
copnized. All of the aforementioned ray-see-

I 5 =5 1151 3 - . k
 tells us in 111, 5, lie in one plane (i.e., the plane

and this |"|.‘i:.-.' 15 normal either to the plane of the mir-

gent to the mirror at the point of reflection.

he analvtic framework thus established, Ptolemy launches

15 TaImous |'Mi"l.':'|!"'||':':.'|i coniirmation of the |'-.il.l.':|- EI‘:;_'||'- AW,

procedure is described in 11I, 8=12. A circular bronze plague of

‘moderate’” size is marked off i .!-l||.:.,:-..|'.||:|_-._ each a\|5_|.|\:|._'|||l_ in burn

b divided into 'i-.’-.El."',!'l'-.'H Cine of the diameters HI.'.!‘:J.:".'I'.l‘:I‘:,: the

quadrants is inscribed into the plaque’s face, and to that diameter a

convex circular arc and a concave circular arc are inscribed tangent

at the centerpoint. The diameter normal to that diameter is also in-

me, three strips of clear, polished iron are fashioned

one of thiem 15 straight and the other two are

molded precisely to the curvature of the circular arcs inscribed on

| Ia | '_|:-"_'-.:|=|_:-' ) .|'|:|l||_: 15 attached to the _:'\-:.L||_||_|-_' 111 O Of

nts so that it can be rotated along the plague’s circum-

5 are then applied vertically by a pin

» centerpoint of the plague, the straight one lying :||||'|:_: the in

I diameter and the curved ones 1y Mg aloni thelr :-:“-':‘*I'-.'[i'-. [H]

arcs. Finally, a colored marker is attached to the plaque in the quad-

rant mext to that of the dii pler so that it too can be rotated ._*.I:_'u_'|:_:_ thie
plague’s circumference

Mow that the apparatus is properly set up, the diopter is placed

at some determined point along the plaque’s circumference within
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its quadrant, and through it a line-of-sight is established with the
central pin-cum-marker holding the mirror. The colored marker in
the neighboring quadrant is then rotated along the plaque’s cir
cumference until its image coincides with the marker at the center
i.e., until its image lies directly behind the pin along the line-of-sight
established through the diopter. When the arcal distance of the
diopter with respect to the normal is compared with that of the col-
ored marker, the bwo will invariably be equal, no matter which kind
of mirror (straight, convex circular, or concave circular) is installed
In short, the law of equal angles holds for all three kinds of mirror
and thus, presumably, tor all others.

S0 much for the theoretical prin |}"||_'- aof retlection and their em
pirical verification. What about the physical explanation? Ptolemy
appeals to the same dynamic model of projection that he employs
in his account of unimpeded visual radiation. In the case of reflec
tion, however, the ray-projectile is assumed to strike a perfectly re
gistive surface so that it is r-.'-:’-\;-g';! ) |'|'!"|'||_.':"|i lhe ,,!u:':.;||,' of rebound
is, of course, dependent on the angle of incidence, “for projectiles

are scarcely obstructed by objects they strike at tangents, whereas

they are obstructed to a considerable extent by objects that resist

them [directly] .'|||.:I"::._1 the line of |"I'-.:|-.'|_"::-.:|‘:' (ELL, 14 NOo matter how

tangential the incidence, though, the resulting impact does weaken
the projection. That, Ptolemy assures us, is why images appear dim-
mer in reflection than the original objects would at the same dis-
tance.™ In choosing this dynamic model, Ptolemy has a clear
l':-hll,'l.":il_'l':l,__ if mot an actual source, in Anstotle’s Problemata and,
more to the point, Hero of Alexandria’s Cafoptrics

If, indeed, reflection is due to physical impact and rebound, then
surely the ray ought to feel the impact and thereby “see” the re-
flecting surtace rather than the image in it. It does not, apparently,
because, when the visual flux impinges on an opaque body, its
“power” enters into that body (11, 4). In order to see it, then, the flux
must somehow become fixed onbo the visible object it strikes. But,
far trom becoming fixed onto the reflecting surtace, the visual Hux
rebounds cleanly from it, so it fails to sense not only the surface it-
self but also its own breaking at that surface (111, 15). Unable to per
ceive that the flux has broken, the visual faculty is deluded into
believing that the object it is actually seeing along the reflected ray
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demonstrating that in such mirrors the image, which is located at
the intersection of the incident ray and the cathetus of reflection,
always lies behind the reflecting surface (I1I, 99-103). It is nonethe
less possible under certain conditions for the incident ray and the
cathetus of reflection to meet on or above that surface, in which case
the surface itself will block the intersection-point from view along
the incident ray or its extension. Even so, Ptolemy hastens to add,
the visual faculty will perceive the image as if it lay behind the sur-
tace (111, 107=109). This seemingly absurd claim reveals a crucial as-
'Clll":'ll_""til'li'l on |'!|||¢_""|"_'.'- part: as long as the retlected wvisual ray
reaches the visible object, that object must somehow be perceived,

even when the image-location precludes such a possibility.'™ In

such cases, the visual faculty adjusts the anomalous perception to

its norms—hence the perceptual replacement of the image behind
the mirror where it ought to be. (This point will be more clearly il
lustrated below when we discuss image-formation in concave mir-
rors.) In the next two theorems (111, 110-120), Ptolemy demonstrates
that, although the object-image distance is less than the eye-object
distance in spherical convex mirrors, the image appears smaller
than the object. He then goes on to show how the curvature of the
mirror affects the apparent shape of the image, so that, for instance,
a plane object (represented by a straight line), will always appear

convex, and so forth (IIl, 121-126). In the fnal theorem (111

B L

127-130), he demonstrates that the right-to-left and top-to-bottom
orientation of the image in convex spherical mirrors is the same as
it is in plane mirrors.

In progressing from plane and convex spherical to concave spher-
ical mirrors, the main subject of book 4, Ptolemy takes the analysis
to a much higher level of complexity. For a start, unlike plane or
convex spherical mirrors, concave spherical mirrors can produce
multiple images of the same point to a given center of sight, de-
pending on where the object-point and eye are located. Lacking a
general method for determining precisely what combination of re-
flections, if any, will result from what arrangement of point-object
and eye, Ptolemy undertakes a case-by-case analysis that occupies
21 theorems. In the first theorem (IV, 3=5), the center of sight and
the center of curvature are assumed to coincide, so that the center
of sight also constitutes the object-point. Under these conditions, re-

r surkace. This
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25}, in which the cen

thearem is tollowed by a group of seven (1V, &
ter of sight and the object-point are assumed to lie upon the sphere’s
diameter on either side of the center of curvature. [ :"-',l"'-'”ih?'li'. LN
whether the eye-to-centerpoint and object-to-centerpoint distances
are equal, retlechion will occur either from every point on the great
circle whose plane 15 normal to the aforementioned diameter or

Sy

from every point on a smaller circle parallel to that great circle. A
third group of theorems, consisting of thirteen altogether (IV, 2251
and 84-4%6), covers all cases in which the center of sight and the ob
ject lie u
mal to tl

plane containing the chord and radius; and, depending on the rela-

pon a chord of the sphere on either side of the radius nor-
1t chord. In this case, reflection can occur only within the
tive placement of eye and object, as well as on which of the two arcs
cut off by the chord faces the eye, a maximum of three reflections
can take place.

Not only do spherical concave mirrors differ from plane and
spherical convex mirrors in terms of the number of point-images
they can project, but they also differ in terms of where those images
can be projed bed. As Ptalemy lavs the problem out in Theorem V.22
{1V, 63—65), there are four distinct possibilities according to the re
lationship between the ray of incidence and the cathetus of reflec-
fion. CUn the one hand, the two lines can intersect behind the mirror
or bebween the mirror and the center of sight, in which case the im
AFes !":'-"l.!'.ll.'l.".| will be perceived clearly. '™ On the other hand, the
two lines can intersect at or behind the center of sight, or they can
fail to intersect at all. Whichever the case, the image produced will

Appear at Best quite nebulows and at worst =20 indistinet as to be vir-

it
it

tually imperceptible. That any image whatever is perceived in these
Instances requires some explanation, however, and Ptolemy gives
us a by-now familiar one: just as before, when the intersection-point
lav above the surface of a convex spherical mirror, so now, the vi-
sual faculty is forced to transfer the image to a more suitable loca-
tion. Accordingly, when there is no intersection point, the image
will seem to coalesce with the mirror's surface and take on its color,
'l'-;'ll'!'l'll""-- when the inbersection i"'l.:l."lt ||I.""\- I'"."l.'l."'l'll.:: ar at the center of
sight, the image will be perceived to lie in front of the mirror, be-

tween the eve and the reflecting surface.!
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l'o verify these assertions, Ptolemy proposes two simple experi
ments, both of them requiring the apparatus used earlier for con-
ri:nnny, t|'.l."t"l.|L]-:'.|--.'.‘.::.f_||'*- law (i.e.. the circular |'||.|-.;'.||,' with I'li'..!l,i|:.._1
diopter and colored marker). In the tirst experiment (IV, 71-73) , the
concave mirror-strip s attached to the centerpoint, the incident line
of-sight is established through the diopter to the centerpoint, and
the colored marker is moved to and fro along the corresponding line
of reflection. The images thus formed will be as described in the pre
ceding theorem according to precisely where that marker is situated
along the line of reflection. The second experiment (IV, 74-80) em
ploys the same apparatus. A thin rod is placed normal to the mirror
and the eyes are situated so that the normal from the midpoint of
the line connecting them coincides with the rod along its length. Af-
ter describing the appearance of the image under these conditions,
Ptolemy goes on to explain its actual formation. In the course of that
explanation, he is compelled at times to adjust the geometry to fil
the appearance, in particular, the appearance of image-continuity
that is contravened by the pure geometrical explanation

The various determinants of image-formation having been estab-

lished, Ptolemy can now bring his study of spherical concave mir

rors to a close by analyzing image-distortion according to the two

definite image-locations described earlier: i.e., behind the mirror
and between the mirror and the eve, OF the seven theorems devoted
to this analysis, two deal with the apparent distance of the image ei-
ther behind or in front of the mirror (IV, 109-119), two with appar

ent size (IV, 120-129), one with apparent shape (IV, 130-141), and
two with top-to-bottom and right-to-left orientation (IV, 142-151).
Having thus completed his account of spherical concave mirrors,
Mtolemy concludes the fourth book of the Optics with a brief and
somewhat ad foc account of composite mirrors. Accordingly, atter
explaining image-distortion in convex and concave conical mirrors
(IV, 165=170), he discusses the projection of multiple images from
VArLOLS illﬂl-.l,._".l‘h,:niti|_||"_-. ol E‘\-:._!'-'ll,' mirrors, @ither :.'.:"::_'u_'n_i about the
viewer (IV, 171-173) or placed aslant to one another in odd or even

combinations (IV, 175=182).

the inbersection lies at or behind thie e,
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VISUAL PERCEFTIOMN

In '“I'I!-.' of this decidedly anticlimactic conclusion, Ptolemy's
overall study of reflection in books 3 and 4 of the Optics represents
| significant achievement in terms of both analytic structure and

empirical verification. On those grounds, certainly, it constitutes a
marked improvement over its sources. Irue, his account of image-
formation in concave mirrors is somewhat off the mark by modem
standards, but, as Lejeune quite rightly observes, the deficiency of
that account is due to Pltolemy's theoretical commitment to the vi-
sual ray model and, therefore, to an analytic structure based first
and foremost on the eve as source of radiation. '™ To demand a bet-
ter account on his part is theretore to demand that he change his the
orelical commitrment from the visual rav model 0o the i:_'h.ll.-l'.'l:\l.'

model of modern physical optics. This point bears on what may

seem to be a puzzling omission in his study of mirrors. Nowhere
:
.

does Frtalemy menbion :‘Z.IE':".I':.'_ IMITEOrS, Ay OImessim '.i'l-.'.l IMiAY SEET
all the more puzzling in view of the last proposition in the Catoptrics
atiributed to Euclid, where 1k 15 ta *-.-.':_'. asserted that solar ravs can
be focused by concave spherical mirrors. '™ But since the problem
of =uch bocus involves !'::_'l.l ravs rather than viswal ravs, and since
image-formation is therefore not at issue, the topic of burning mir-

.
T 4 ek i 1 3 il gy ey /| | " 4 $ o mn i o == & R i
rors is wholly irrelevant to Ptolemsy 5 purpose in the Lipiics

s we noted earber. Plolemy 15 well aware of the syvstematic
relationship between reflection and refraction, and he does not
hesitate to seize 1pOn fhe i1 I'r'i'-\. ations of this rela P in tram-
ing his account of refraction in book 5 of the Opfics. As concerns
physical explanation, for instance, he draws freely upon retlection
for his basic model of refraction, seeing in each a special case af
the other (V, 1). Thus, whereas the reflecting interface blocks the
ray/ projectile’s passage entirely, the refracting intertace blocks it

ially, thereby slowing it down and diverting it toward the

b ]

normal (V, 36).'™ In both cases, however, Ptolemy tacitly assumes

that the dynamic effect at the interface is instantaneous so that,




whether the rav is forced to rebound or is m 0y chiverted, 1t sul

fers no attereftect whatever. That is why, once refracted, the ray

|'l|';:.:'-.';i*- 1N |'-:'|'::'-.I|_-. sirargnt lime through the op =-'.!|!_-. denser
medium rather than continually curving toward the normal as
would a real physical projectile hurled ly into water or
some other resisting meditmn

|{|_-.'||_ CHIOT :||‘~q.f FErFaLC I_i.-=: are svehermatically linked "‘:. ITOTE |_|..LZ|'
physical cause. As Ptolemy points « m they also share the
same basic principles of image-location. In both cases, theretore, the
image is located where the continuation of the incident ray inter
sects the cathetus dropy
the object. In both cases, as well, the ray with all ifs appurtenant nor-
mals lies in a single plane gonal to the plane of reflectionf
refraction. And, most important of all, in both cases “the angles . . .
bear a certain consistent quantitative relation to one another with
respect to the normals™ (V, 2). In retlection, of course, that relation
|'|I|.‘“ i one of -'-|i.I-I|§|.:. But what mig g 1in retraction? o answer
this question, |'!|:||,'|'“'|:-. NrOpOSes
certamn the i'll'l'-C IS8 amount O |‘:-.':'|.|'.I'.:_ ! £ (e ray passes into var
ious refracting media

The basic apparatus tor all three experiments consists of the
circular bronze plaque, divided into quadrants, that was used
before in the study of mirrors, and a watertight "'\-I.:'!'\::l\.':'.'l!.'l\.h'.l\. al
'-\.'I.""-:'ul,'l of the same curvature, | he First l."“'.;.'l'l'.l:ll'!'.= (V. B=11) is de
signed to measure refraction of the visual ray trom air to water.
[he |‘:|.|.i|.-.' is stood upright in the semicylindrical vessel, and
water is !-':II:I'I.'“'.l into the vessel until the waterline coincides with
one of the |:§.||,||,||_"-~ bwo incised diameters. The other incised diam-
eter is thus normal to the waterline. A tiny marker is attached to
the centet i"'-:'i nt of the l‘* ..,!lilli'. another marker is !':.Il.'l.':.i at the nor-
mal on the arc above the waterline, and a line of sight is estab-
lished bebween the two markers along that normal. Then a third
marker is placed upon the arc below the water so that it appears to
fall in line with the other two. Under these conditions, that third
marker will also lie on the normal, so no refraction will have oc-
curred. MNext, the marker above the wabker 15 |"|.|:'l.":‘| at an .'|I'|:_!|||' of
10 '-1'-'.!-'\.;‘-"-"‘ from the normal, [he ..:':,,ll.' thus marked '."|'l|'|.'*-|.'|‘:|‘*- the
angle of incidence i. Then, while sighting along the line between
this marker and the one at the centerpoimnt, the observer moves the
third marker along the opposite quadrant below the water's sur
face until it appears to fall in line with the other two. lis angle,
which represents the angle ot refraction r, is then measured. The

same procedure is repeated at ten-degree intervals for 1 all the way
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sulbing

measurements according to |

fu

I the rmext bwo . Xpe iments, a glass semicyiingde diame
hat less than that of the plague is attached to the plaque
that its plane suriace COINCLoes wWith one o

- 5 1 1 1 . " : E e
e first of the bwo exXperiments =10, the rerraction 15 [Tom

|
tor glagss. The marker used to measure | is again placed at Il

from the normal, a line of sight 15 established be
; < 3 S ;
1 the marker at the '."'.-Ew.!'.l-\."'-'.i.':". RO, Nl :-H":"-“I\-'ﬂ.'!

the glass semicyviinder 15 moved until it ap-

adrant below
1 with the other bweo. 1ES ar .|:-.:I':.: that -._:!-Iq.l'-. Nt with
e normal is then measured. '™ As recorded by Ptolemy,
comparabive measurements are as fol
4 5% =30 r= 195
T 59 il 3 ' and | S0

the third and hnal EXPErLmE nt (v, 20 , e refraction teIng mead

sured is from water to glass. The plaque, with its attached glass
\..,-:|'!.:\-.i|'!._i.-:_ i= |'i.|-.!'-.! .::"'|:__'! t in the water-filled semicylindrical
vessel so that the plane surface of the glass semicylinder and the
waterline coincide. Then, assuming that the vessel itself is con-
structed of glass, the observer places the marker on the quadrant
below the water at 10 deprees from the normal, establishes a line
of-sight along i he marker at the plague’s center, and then
moves the marker in the opposite quadrant above the glass semi
cylinder until the three markers appear to line up. The ar al distance
trom the normal of the marker above the o lass semicvlinder is then
measured ame procedure is repeated at ten-degree intervals,
The results by Ptolemy's tabulation are as follows: i = 107, r = 9.5
20%, | B.5%: ] 0%, r=20=40°r 35%:1-=/5{)

i)
ey | il i o g 7P
Bls r ..Il--'_.': o | __|| ¥ SE

: BI=. F .

and i L
Much has been made of these i "\-.ru_'lfi]"l.'l'll_*w and the relative accu-
racy or inaccuracy of their results. But to compare these results with
those based upon the sine-relationship between 1 and r in order to
determine how close Ptolemy came to the modern law of refraction
is to miss the point entirely. In all three experiments Ptolemy was

not collecting raw data with a mind uncluttered by presupposi
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tions. On the contrary, like any practicing scientist worth his salt, he
was tabulabing his results with a working hypothesis in mind. Hawv
ing already discussed this point at length in my article “Ptolemy
and the Search for a Law of Befraction.” 1 will offer anly a SYTIOPSIS
here, First, even the most cursory glance at the results for r listed
above will reveal an obvious 'r‘i._'|:_l,-.'."|‘: tl‘.l':.. are all rounded off ac-
cording to increments of half a |.||.'J:_!'l."|' Second, when we examing
the progression of r's in all three cases, we see immediately that
those progressions |-.~1ti|'|||.'.li_1 regress as | passes from 107 ko 8

I'hus, for example, in the air-to-water series, the progression runs 8;
B+ (8 5 = T.5) 155 A5 {7 o = 7] = A2Lo. etc. Under-
'- i"lg this series is an ideal constant Prognession ot r a8 [Or every
i = 107, but that ideal progression is countered by a constant re-

gression of half a degree for every ten-degree increment of i, Ac-

cordingly, while the ideal holds for the first 10 degrees of incidence

(ie.. r = 8% when i = 10°), the second eight-degree increment of r
that would be L-:.M-r'lg':_",-,'n._! for the next 10 degrees of incidence 15 re-
duced by half a degree to 7.5% and so on to 4.5° when 1 = 80°. As
Govi observed over a century ago, this .'||::',l.!|':|"'|:'|1 reduces to a rule
of constantly diminishing first differences subject to decrease by
constant second differences, a rule that Otto Meugebauer has shown
to have been ..'IF"'}:-i ied to astronomical calculations by the late Baby-
lonians. '™ Thus, the working hypothesis that Ptolemy had in mind
was borrowed from .|w-|_|'|_'|:||_1||'::. and consisted in the *-\.I'.-"l!'ll.:--ii!il.'ll".
that the apparently irregular relationship between 1 and r in refrac-
tion could ultimately be reduced to regularity through a simple sav
ing principle: constant second differences

As both Govi and | have shown, a precise law of refraction can
be derived quite easily from Ptolemy’s obviously doctored results.
But two things are worth noting about this law, whether it takes
Croiii’s form (F al By or miine R fl'.'.l.l_' :||_|_-|.-2:|_ |:ir"~|:_.'.|
is not the sine-law, nor does it approximate it. Second, even had
Ptolemy intuited it in either of the two versions given above,
he could not have formulated the law '|"I'|.'IE"I.'I'-E:-. because of the
limitations of Euclidean proportionality theory, in terms of which
he would necessarily have had to express it. In short, without
a proper .'||I=_;|,-|:1|'.|i_|, framework within which to construct it, he
could not possibly have arrived at the requisite tormulation. Faule

"For Lo = discussion, see d 1] o I LY 'l.'\-l.l.'-"':-l'-l;':"'ii'
gorithum to Like Babvionian + Sebencd] astromammy, sov Otto. Mg
thae larsinar 2og |
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glass vessels, one roughly cubical in shape, another cvlindrical, and
vet another roughly cubical with one of its sides indented so0 as to
[orm a concave sermicyvliinder (%, 67). We start with the cubical ves-
sel. Filling it with water, we stand a ruler vertically in the water so
that it i1s partly submerged. Then, looking at the ruler straight on
we see that, although the portion of it above water stands directly
n line with the submerged portion, this latter portion appears
nearer and larger (V, 68).

Explaining this appearance on the basis of point-objects and
poant-images, Mtolemy demonstrates that, whenever the visual rav
passes nto a denser medium, the intersection of the extended
incident ray and the cathetus of refraction, which defines image-
location, lies closer to the refracting surface, and thus to the eve, than
the intersection of the refracted ray and the visible point (V, 70-72)
Conversely, if the visual ras passes inko a rarer medium, the situa
tion is reversed so that the Image appears commensurately more
distant than its generating object (V, 74). As Ptolemy goes on to
show in the next two theorems (V, 75-78), this holds not onlv for
poini-obyjects but also for objects with extension [(as re presented by
lines), which appear to enlarge or shrink accor ding as the apparent
distance diminishes or increases. Nonetheless, Ptolemy concludes
in V, 79-82, such distortions in apparent distance and size do not
extend to shape: flat Obpects appear flat under the conditions of re-
fraction, as indeed convex and concave objects appear convex and
concave under such conditions. Ptolemy is in fact wrong. Shape
does get distorted to some extent. even when th refracting inber-
tace 15 |':|.'|I'|-.'_ but his failure to realize this is understandable in
view of his ignorance of the correct law of refraction as well as his
dependence upon reflection as the basic model for refraction.

As expected, the analysis now shifts to refraction through convex
interfaces, starbing with a desc ription of what is =een when the ruler
is placed upright and moved to various positions in the water-filled
cylindrical container (V, 83). Again, as expected, Ptolemy follows

heverbal account with two theorems showing |'||'|--_'i:~,|,-|:., how point-
images are formed in refraction through a convex surface for both
directions of radial passage (V, 84-87). However, before the second

theorem is completed, the treatise comes to an abr 1pt halt. Even so,

given the clear pattern of analysis established to this point, we can

easily predict that Ptolemy’s next step would be to address the

problem of size-distortion in the case of refraction through convex

W By
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interfaces. This time, perhaps, bearing in mind the effect of reflec-
tion from convex mirrors, he would also take into account the slight
distortion in shape that accompanies such size-distortion. And, fi-
nally, turning to the case of refraction through a concave interface,
FFtolemy would tollow the same sequence of steps, using the in
|‘||._'I'!I|._'“g‘| viessel ko prov ide the observational basis for a theorematic
account of image-location and distortion

Ihere is of course no way of knowing whether the fifth book or,
for that matter, the treatise as a whole would have ended here with
the analysis of refraction through concave surfaces. Given his focus
on visual appearances, Ptolemy certainly should have, and in fact
may have, taken into account such basic “meteorological™ phenom
ena as rainbows and haloes, covered I'-_-. Aristotle in his Meteorolog-
fca.1'? Precisely where such an analvsis would have fit in the Optics
is a matter of pure speculation. It might have been included in the
now-lost first book as part of Ptolemy’s supposed discussion of
color, or it might have been relegated to a grab-bag sixth book,
where he would have addressed a variety of ancillary topics, in-
cluding burning mirrors. ' Whatever the case, the text of the Optics
that has come down to us, however deficient it may be, reveals a
maturity of insight—particularly in the analysis of refraction—that
puts it among the most remarkable scientitic works of Antiquity

[he Historical Influence of the Opbics

Late Antigquity

We have already noted in our discussion of its textual history
that Ptolemy’'s Optics is cited in very few contemporary or near-

u111.1rr:1r.-n1'.1r1.' sources, In fact, we know of nr1|_1.' two references

- L
7 below. In his Apolory, Plobemy's «
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in regard to the Harmonics, we should bear in mind two interre-
lated points. First, during classical Antiquity music was consid
ered to be a practical discipline insofar as it exemplified the
application of arithmetic to physical reality. Second, for that ver
reason it formed an integral part of the “liberal arts” canon from

virly early on, as indeed did astronomy, which exemplified the

application of geometry to physical reality.'® Thus, by Ptolemy's

era, the study of music, like that of astronomy, had the full sanc-
tion of an educational regime that was designed to be as general as
possible inits s o and .|_;'}'-.'.|:_

E. r'||'.L|' ASTTONOIMY OF |_.*-.E-._ 4 THLLE CVer. ODLCS Was never ||'_||'-_' In-
tegrated into the liberal arts scheme. True, there were those, such as
Vitruvius, who regarded the study of optics as an essential part of
a well-rounded educatio 1. at least as far as architecture 1% con-

As a specihic discipline, however, optics was considered

heral to the basic educational regime of late Antiquity
Consequently, it lacked the curricular sanction that astronomy and
music enjoyed, even though some knowledge of optics seems to
have been requisite to the formation of a properly educated gentle-
man.!= Un the other hand, like astronomy and music, optics was

recognized as having practical ramification ing late Antiquity




NTRODLUICTTIOM

A fundamental grasp of linear perspective was useful in surveying,
as was a basic comprehension of both linear and color-perspective
in scenography. Likewise, some understanding of lighhing-ettects
was essential in the design of buildings, and at least a passing
knowledge of reflection was needed for the creation of various
l."l"l":l.-\.'!l effects in those buildings. 12 Finally, if we are to take Galen
as an example, no physician worth his salt was wholly ignorant of
ocular anatomy and its relation to the visual process The issue,
then, is not whether knowledge of optics was considered useful in
late Antiguity. It is, rather, just how profound that knowledge had
to be in order to satisfy the practical demands of the day. The an-
gwer, in a nutshell, seems to be “not very.” A brief look at the few
optical texts that survive from classical Antiquity will help clarity
this point

The most obwious characteristic of these texts is that, by com
parison with Ptolemy's Opfics, they are as superficial as they are
pragmatic. For example, the account of vision offered in Euclid’s
Owtics is what one might expect from a surveyor's manual; nol
only does it lack an articulated theoretical basis, but it 1gnores
physical and physiological issues completely. As a result, noth
i:|l_:l iz =aid about ._'._:-|;'|:'-|':._-'.'.._-;-;'-‘:::_::'__ and only the barest |-|" SETVICE
is given to binocular vision.'® Hardly less superficial is the study
of mirrors in the Caltoptrics attributed to Euclid. Granted, its
subject-matter is somewhat more complex than that of Euclid’s
UIpties- -|'-.:|_T|_|,'_|f._|:|:-.' inn the case of convex and concave mirrors
but the Calopirics is inferior to the Oplics in terms of both geometri-
cal rigor and thematic structure.'® Nor do we find much, if any,
improvement with Hero's Cafoptrics. Aside from a briet prelimi-

: . 3 S 5 s
nary discussion of prninciples, this loosely '.'\l."L:.'Il".I:-"l\.'I‘I collection of

theorems is devoted primarily to what might be called "funhouse”

areiifari g 114 Sreral Hhaeo
Pecis 1n DuILHE s v ith the us
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particularly in his account of visual radiation in
proposibion 14, al-Kind .i:'!'l.!:!_--k.!_::li':u_._!'l:l:-. from him.

Clai MingE o have been :*-|"IZ'I.';.i in his owni stucy of .|:'|'|'--|'IE"|_ Fik
retraction by the account in book 5 of the Opfics. the mathematician
AbD Sa al-"Ala ther provides the first undis
1 i 1

Wwe ane :."':'l."‘-l.'!".:"- aware o the wuse of
Ptolemy's work within the Arabic context. '™ In fact, as has recently
b N "\-I'I'\-""-'u 1k LA "-5.'|: T1LE '\.'l"il"\. "'\-'.ll';"'ul"\--."\.! | METEY 1N i'll‘*-.::"'-li'. 218 |
refraction, b ¢ actually anticipated the theoretical breakthroug
of K }‘|I.'I' Snel, and Descartes in the early seventeenth
MNonetheless, di '-}'i’.=' such exy ;'E"!'-.'I‘:H. thie ( :I!=.'.'. s seems o have |
remarkably little effect upon the study of optics until the
¢leventh century, when Ibn al-Hayvtham undertook his ovwn «
researches, one result of which is the critique of Ptolemy tha

2L % = =
noted earliee. ¥ But the lundamental effect of the Opfics

1l-Haytham'’s thinking comes through most clearly in his own opti-

cal masterpiece, the Kitdb al-Mandzir, to whose very warp and weft
Ptolemy’s influence extends 4 Thus, for instance, the
structure bl -landzir is identical to that of
inpartite division into oplics
books d=6), and dioptrics (book 7.1 Lik

- 1§ i
| owed Plolemy in "”*’!"'-":"'-:. Visiizl |'-_
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three-phase process that leads from physical radiation, through
brute sensation, to perceptual judgment.'® Like Plolemy, more

over. he not only used |‘1|-..f|.-._ tHle motion as a means of |'x|‘-l.:'-i||i:|'.:,
various facets of _'_'-i'l:.*.-.:l racliation, :.'-.li'l'.l.l.:|.|l'='- reflection and
refraction, but he also treated the mathematical ray as a mere ana

lytic device rather than a real enhity.™

By no means a slavish disciple of Ptolemy, however, Tbn al

Haytham disagreed with him in certain crucial respects. Finding
Ptolemy'’s list of visible properties woefully deficient, tor example,
he expanded it to include such characteristics as roughness and
smoothness, or beauky and ugliness, that are not mathematically de-
termined. The resulting catalogue of “visible intentions” adds sev

enteen to Prolemy’s original five. Ibn al-Haytham also disagreed
with Ptolemy about the role of |':|."It in the visual Process, !{';.l.’ll';iilh‘:_
it not just as a catalyst for sight but as an actual object of vision in
its own right. By far the most critical parting of the ways between the
oo, however, was over the issue of visible radiation and its direc-
tion. Instead of locating the source of radiation in the centerpoint

of the eve, [bn al |1.|:., tham transposed it to the visible object it-

self. Accordingly, every point on the object’s surface was presumed

to radiate its form omnidirectionally through the surrounding trans-

parent medium. On this basis, Ibn al-Haytham ultimately trans-
formed Ptolemy's cone of visual rays emanating outwa rd from the
center of the eye into a cone of light- and color-rays passing inward
toward that centerpoint. In carrying out this transtormation [bn al-
Haytham effectively dissociated the physi al cause of vision from its
-h|_1'i1_||4_-|,'| IVE CONSeqUences, thus making it possible to treat |i:_;i".l-"'.-".-.5 1-
ation as a |_||.-||-._-i.1, obieckis .,-'E'\-!'||-!||1||':|,-|1-.1_r|_' 5 i shiort, Thneal-Havtham
paved the way for the modern science of physical optics.

“Linkike
nakomy and phy
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though, Witelo seems to have used the Optics more sparingly than
Bacon, and this trend continues with John Pecham, whose Perspec

4
LS reveals no i.ll":l."'.al'.l'n. l.l-\.'.'.l CONTOAITIRSS ATC] DT & I"I.".:'!I.I-
tul of possible ones

With the continued dissemination of Ibn al-Havtham's treatise

and the proliferation of Perspectivist works during the late thir-
teenth and early fourteenth centuries, !‘*e.-fv:ﬂ} ‘s Ohprbics was bound
to lose its status as a legitimate source in optics. To confirm this
point, we need only look at the texiual histories of these works
during the Middle Ages and Renaissance. As to the Opfics, we noted
carlier that thirtesen manuscr |l| |'|_!|'|i!"‘~1 are known to exist and that,
of these thirteen, the lion's share (eight) date from the sixteenth cen-
tury. This clumping, we also noted, probably indicates not an awak-
ening of scientific interest in the treatise but the enthusiasm of
Kenaissance scholars eager to revive classical Antiquity and all its
WOTKS, INOW, by onfrast, lake the Latin version of lbn al=k i._;_', tham's

mazir, which currently exists in twenty-bwo i 1..'II'IIJ‘-~--.'I'5|-\'|

did
ad to this the single extant manuscript of a fourteenth

!
i
century [talian translation for a total of twenty-three I'he dit-
terence between this total and that of the Oplics may not seem
parki ularly |.'|I':.‘:-:'.'."I|I bear in mind that lon al-Havtham's treatise is
not only considerably longer, but also far more technically de-
manding than the Optics. Equally demanding technically, and more

Vandzir,

than half again as long as the Latin version of the Kitib al
Witelo's Perspectivn, of which at least twenty-nine manuscript
copies survive.'® Meanwhile, Bacon’s Perspection, which is much
shorter and less technical than the previous bwo works, survives in
no tewer than thirty-nine manuscripts, either separately or as part

)] [

of the | s muns; and his De muthplicabione specierim survives in
twenty-six.'5" Of John Pecham’s even shorter epitome, the Perspe
troa communis, we presently have no tewer than sixty-two manu
SCript copies. = | nlike the Opfics, moreover, all of these treatises

except the De multiplicatione specierum saw publication during the
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Renaissance, some more than once For instance, the |
Pecham’s epitome appeared in print eleven times between
1627, It was also published in [talian translation in 14496, Ci

Perspection, the first printed edition appeared
Hi

by a reprint in 1551. Alhazen’s Le asp
the hands of Friedrich Risner, who published
new recension of Witelo's Ferspechinsg in
sanrns of 1572, And some four decades
ecliva appeared tor the hirst time in |
Obviously, then, given both the super
:I__l. of these |'|.':'*-|'l-.'|'! Vvist sources, no seriou
dle Ages or Renaissance was going o
the Optics. And even those who might hi
cic introduction to rav-theory had a better altern:
Perspectiva communis, which was technically superior yet no more
difficult to assimilate. There is thus little cause to wonder that the
Optics slipped back into relative oblivion during this period, an

oblivion so deep that, by the later sixteenth century Friedrich Kis-

ner. the remarkably erudite editor of both Ibn al-Havtham ane

Witelo, had evidently never laid eyes on it.'® All in all, theretore,
the period of effective influence for the Optics was surprisingl
brief, covering no more than the three-and-a-halk centuries separat-
}

g i e S PP
ing Ibn Sahl and the later Perspectivists. Y

el despite its blemished
record, the Chpfics played a cri ial role in the hstory of of |
without it Ibn al-Haytham might never have been inspired to un

dertake his own optical studies, and without them, the |

of modern optics might have been laid I.|I.Zi5.'\,,' differentl
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ENGLISH TEANSLATION: PEEFACL

locations, as 15 shown by means of ;._'l"l .'||"|'=.:|'.'|||:*- CONSIsSE
ruler and cylindrical pegs that Ptolemy shows us how to set up

[3] Furthermore, [the second | book discusses how |apparent| size
varies with [visual] angles, as well as with distance and orienta
tion.!? [t also tells us how straight and circular lines, as well as plane,
|spherical | convex!? and [spherical | concave surfaces are perceived
And it describes not only the kinds of effects and illusions that are
due to the visual faculby, or to the mind, or to the visible properties
themselves, but also the misperceptions™ and errors that occur in
the visual fac |,.'|[:.. with reganrd to the visible properties

The third book deals with appearances due to reflection in
plane and convex mirrors, starting out with an experiment using a
bronze plague by means of which it is demonstrated that every re-
flection occurring in the three [basic] types of mirror—i.e., plane,
[spherical] convex, and |spherical| concave—takes place at equal
angles.'* After that, there is an experiment with a colored tablet, in
which it is demonstrated that a single object 15 seen i [bwo) differ-
ent locations and two objects in one location. By means of this ag
paratus, moreover, those actual locations are specitied.

[7] The fourth book deals with things that appear in concave mir-
rors and compound mirrors as well as in [combinations of] two or
MOre mMIirrors,

[8] In the fifth book, although it is incomplete, Ptolemy talks
about the refraction'® of visual rays, which always occurs at unequal
angles; and he speaks of the things that appear in such a case, when
two different media, one denser than the other, lie between the
viewer and visible objects. What is seen [along a line of sight di-

r._x‘_m.‘;] trom a rarer o a denser medium (2., what 15 seen :.!i-..ll'l:_L a

line of sight directed] from air to water) always appears larger than

it actually is. And the deeper the denser medium is, the larger the










pErcepiion Gf place Gepends upam neld
whject to ravs within the visual ne with

1 al i
Lo thie visual axis ana e Vert POl

ar vision an object is seen

s no visual axes convy BT

:i'.'. .'!'\'".'-\.I W I -.!\;“'.'" "III'.EIII'I\\'E'

18 when the ocal point 15

, [33-37] Experiments 1.1

lving outward and inward displacement from

441 Experiments 1L3=11.5. involving displace
!

to side parallel with the eves, [45=46] con-

LT WRSTERED
SiEe= rceplion is ult mately -.fl.':.'l.'!'
» subtended by the l.'Z'i-'-.f :-1““ ::|:
1 of the number of visual ravs
D See an oDect atl a gneak dis
in fact, the
[52-55] analysis of size
hree factors taken together: visual
i.e., slant) of the visible object, and
56-62] Examples I1.1-1L6, illustrating
i accorcin g o these three variables, '_I-:._; S0
FEMArks on sire '.'|'I':.'l."!'tl:'l'.!

64-73]: [64] shape-perception is a function of the
1e base of the visual cone picked out by the visual
king the surface of the visible object, [65-65] }'I.'i'-.l.'}"li.'-!'|
of straightness and curvature, planes and curved surfaces, con-
vexity and concavity, and depth of curvature, [69-71] percep
tion of curvature and its depth depends on distance of object
from viewer, [72-73] the role of spatial orientation in percep-

tion of shape and curvature
Yerceplion of Change [74-82]: |[74-75] discussion of change in gen
eral and its visual apprehension, [76-77] locomotion and its vi-
sual apprehension, [78-81] Examples IL7 and IL8 illustrating
the visual grasp of motion, [82] motions that are too fast or too

slow are not perce ived

Visual Illusions [83-142]
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T estons Die bo Physieal Corciimisiances (=10 |

General Observations: [83] transitional paragraph, [84] basic

;‘I:|!|'|'|,'|':|_._'_:'_|_'|'| ol :|:::-..-:'-|'|- b o I.:Ill_ii|-lH b ||". |.'| -_'::' |'lt'3-.'|'|'l|1l.'-r'|.




Ohis: SECOM D BOKOE
Ng Imom :"i'l'-.H:: al Variarioris 1N S80S

of nearsightedness and farsightedness

ne from contrast of penc

O Imuat1or

stial objects seem to move with us,

- :
or distant object
[100] closer objects seem to move faster than |

er speed of small objects than of large

{veneral Ubservations:
erentiabion af color
due o the visual fa

r i FErTS
Iransiieon

Passions of Visual Flux: [105] distinction
breaking, and diplopia; distinction & [
ing to anterior and posterior

1 ET1

¥

_|.'!*~| i"{lh.!-. causes O anterndr and }':.l:-ll."! 10T COIOTINE,

071 anterior coloring caused by afterimage and by seeing
X - I = a N i 5

through a colored medium, | 1G] anterior coloring in the case
of retlection and retraction, | 104 Pasteror Coloring in reflec-
tion and refraction, [110] transition, [111-113] explanation
for why image of rising moon or sun appears distended
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FTOLEMY™S THEORY OF VISUAL PERCEPTIOMN

polished, for each of these is a case of brightness, and brightness is
a kind of luminosity.

[6] All the rest of the aforementioned visible properties are sec-
ondaril visible, because the visual I.|._:_|;‘.:-. .||_1}l|'|_'|'_|_'|':|_i;. I:I'_1|'_:.'_-h
as bodies by means of their [inherent] colors and characteristics,
whereas objects that have no compaciness, but are exceedingly
tenuous and have no color, are neither sensed nor .:"|,'|._|,'i'-.|,-|,| as
podies by the visual taculty. Furthermore, size, place, and shape
are percerved only thro EZn the mediation of bodies’ surfaces.
which coincide with the colors upon which external light falls. Ac-
tivity and rest, as well, are apprehended by means of an alteration,
or lack thereod, in any of the aforementioned visible I,'I'l!l,'ll\,,"liq'!-_'

[7] While the faculty of sight apprehends illuminated colors im-
mediately, it .'||'l|":'|.'!'.l.l‘:-.f*- the rest of the visible properties f:-:-.'
means of such illuminated colors, not insofar as they are colors but

rinsofar as they have boundaries. For the visual faculty appre-
]

= shapes and dimensions by means of the boundaries of the

colored object, while place is apprehended by means of its loca-

tion. The visual faculty also apprehends the motion or rest of these
same colors by means of their change or lack thereof. And the
motion or rest of shapes, dimensions, and location is perceived by
means of the motion or rest of the boundaries or places of the col
ored object.” For instance, an object that appears white certainly
does not appear round, small, near, or stationary on account of 1ts
whiteness, just as the characteristics of a resisting object that the
hand feels are not grasped through its hardness. On the contrary,
'.|'|-.':-l.' :.':'I.'I"l\."!tll""\- AT :‘|!*—~|.'-."!':‘.|'-.E by means of |_-i‘_||-u' ‘_h-_- '::.1'_|.'|.J.||'1.' ot
whiteness or the boundary of hardness—the boundary in this case
being an essential characteristic [of that hardness] or its size ac-
cording to its extended nature.

[8] And that is why the hand apprehends differences among the

resisting objects it feels and why the eye apprehends differences
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among colors in and of themselves without something else’s inter

vening., However, what characterizes the remaining [visible prop-
erties| is only perceived by means of these two [primary qualities]
since those [remaining| properties are not apprehended except
through something that is contingent on something else. For the ap

perception of those contingent properties depends on a perception
of sensibles that pertains spex ifically to the sense.® Indeed, because
-’|'|-:_'_'. AT i:'|-:_'|'l.'.|'.'||'l||' from the bodies [in which they inhere|, '.E'I.'II_"::_"-
and sizes are '.'-L'!'-.'-.'l'-.l.':i by means of i'l-.'ll:'l:‘l.'l"i._-_ butk |‘=|.!|'l  ACOVIDY,
and rest are perceived because they are separable [from] and con-
veyed [by such basic properties]

(9] This is why, when we are surrounded by clear air and open
our eyes, we do not perceive the shape of the nearby air enveloped
by the visual cone, because the air's superadded color is extremels
subtle and does not have enough intensity to render it sensible. But
when the nearby air enveloped by the visual cone is condensed,
then we perceive its color and shape, because its color extends far
into its interior and becomes more substantial and evident. as is the
CASE With water

[10] Furthermore, if we take a liquid of some color and add to it
another [medium of] identical color for the purpose of using that
identical color to draw images and shapes in the liquid, then the col-
ors of the drawings will be seen together with the surrounding lig-
uid of the same color, but their shapes will not be seen, nor their
distances, nor the relative differences in size among them

Mow, everything pertaining to colors appears in some way or an

|
objects, just as the location of defining outlines appears by means
solely of the lines separating them; " ana that japparent location| is
created either by contrasts among all the colors or by the correct im

itation [of separation] that appears through [linear] drawings

[11] Likewise, the outlining of shapes [within the liquid] causes a

change in the unitormity of the representations, but we do not on

that account 2av that the representabions are .':|'I:_..!'E".

spen, As we
have said, first. since the conbinuous color of the |‘||".E:'“.|'|__:L ii"n,---_

the color of the edges, and the colors of all the drawings in no was
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[16] It is |.'II_'||'|I.!|I.' obvious trom what we have said that color

truly inheres in these objects and belongs to them by nature, and it

15 seen only when |Z:.'_|'.f and visual ravs combine to make it ¢ Fhese-
tive. And that is what has prompted the claim that nothing proper
to any color is ever seen, since no color mayv be seen without lighit
somehow SN |i.l|.'-"i| it]; either --.'-I‘:'||'I"‘:."::_; that is selt-luminous
or something that is rendered luminous in some similar wav
should highlight colors by mixing with them at the surface, be
cause |light] is generically related to none of the visible properties
but color. It relabes to itself. however, as | I-I':--.El.i::'.;,;l “orm” o
the “matter” of color

|'_| !l I For thas reason :i'l.-'.| |I:"'il._'|_ IS Are Soen more Or I.H_"\..h. N ._-.|_'|:.___
not only because of variation in the condition of the visual flux bt
aleo because of mmternal variation and. even more ii'li-'“!t-:'-'-'-'-. -
cause of variation in the condition of the objects that illuminate the
visual field. In each of the two By pes [of radiation], moreover, this
variation is a function sometimes of the intensity of their powers
and sometimes of the quality of their operations.?

[18] As far as variations in intensity are concerned, an object is
seen more clearly when more visual flux® impinges upon it or
when more light shines upon it—e.g., what is looked at directly is
seen more clearly than w hat is looked at bv means 411 ;':,-:l:,'-u, O T
refraction.= Even so, an aggregation of [uninterrupted] visual rays
is weakened when :i'ix'_'. are extended out to a great distance, Also,
what is looked at with both eves is seen more clearly than what is
looked at with either eve alone. And what 15 self-luminous is seen
more clearly than what is uminated by something else. Also, the
larger or more numerous the luminous sources, the more clearly the
object upon which their light shines is seen

[19] On the other hand, among objects whose appearance de-
pends upon the quality of [radiative] effects, those that lie directly

in front of, and at right angles to the ravs are seen more clearly
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than those that do not. For everything that falls orthogonally
strikes its subjects more intensely than whatever falls obliquely.**
Also, what is polished is seen more clearly than what is rough,
because there is disorder in a rough object resulting from the tact
that its parts are not arranged in a regular way. But the parts of a
|'|-.'.'_|-ui1|_'-_1' obiect have a certain ::'_.:_'.:'.-:'.I".I.'. and |-=;1'_ !'-I'._.;:"I'II'I:_'HH 15
inherent to it. Dense objects, as well, are more clearly seen than
rare ones, because rare bodies give way to the impinging [ray].
whereas dense bodies resist it. Objects that radiate [light] by them
sglvies are also seen monre clearly than those that are lit by some
thing else, and so, for example, is an object that is seen In
illuminated, rarefied air.2® Furthermore, objects that lie a moderate
distance from the viewpoint appear more clearly [than those that
do not], because objects that are [too] near the eye are enveloped
by visual cones that fall within the internal humor of the eye and
that impede the visual flux.? On the other hand, objects that lie far
away [from the eye] appear less clearly, since the visual rays, as
thev stream outward. take on some of the blackness of the air
through which they pass.® Thus, distant objects appear nebulous,
as if seen through a veil.

[20] And since [each] visual ray terminates at its own unigque

| 4

1 RS - o g . i * n ¥ 13 i
|".'|||'||,_ w hiat 1s seen by the cenir |l ray 1.2, The One thiat 1hes Upan Thees

A XI5 |-_'-‘: the visual cone| should be seen more clearly than w hat is

viewed to the sides [of the visual axis] by lateral rays. 1 he reason is

that those rays lie nearer to [the edge of the visual cone where there

B - - 1 I I - 1 W ! - E - i 3 » 1 - -
is an increasing] absence [of rays], whereas those rays that approac h
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crieated Al0OTIE W ith color 11y i ||:"i| $cie that are shtruck by light trom

outside, Light and color are also transformed into one another by a
transition of one into the species of the other, since luminosity pro
vides the penus for both. And if light falls upon it color becomes |u-
minous, while light, it it is colored, is obviously altered 2 The visual
flux, on the other hand, provides nothing qualitative to either of
them, for it 1s necessary that the sense [of sight, which is] PETSPICL-
ous, should have no qualification but should be pure and should
sutter the qualification [passed to it] by light and color, because it
shares their genus,. Mevertheless, it does undergo a straightforward
qualitative alteration from all colors and light.¥® And this [alter-
ation| is not always sensible, except when the intensity of the pas-
10T !il arouses in the visual fac ;,:ll_'. | 15 adequate to the perce I_'||_|_;__:_5

c . : 1
capacity of the Governing Faculty. So too, differences among colors

struck by the visual flux are not apprehended if the colors of the ob

jects in question are merely separate while the rest of their [qualifi-
cations| are identical;: but Il,l';n,-:-, will be apprehended| if there is a
sensible degree of difference among those colors.® Moreover, ob
jects whose colors differ by some [small] amount appear distinct
from one another :'-'.'I"!l."'!'l VIS I_'I\JJ trom nearby, but not from afar, ]
cause vision becomes weak in l.il'-rll'lj;lli"'u"lil'l:_" ArMOngE '_'-_-:1'_|_'-|_.,-||'_-'|.,-;':=h

|24] From what we have said, then, it is clear that the visual flux
apprenends color by the accident of coloring. For instance, it ap
prehends whiteness because it is whitened, whereas it recognizes
blackness because it is blackened, and the same holds for each of the
intermediate colors.® Some have thought that whiteness is per
ceived through a spreading out of the visual rays, while blackness

15 |'|-.'.'n._-q_'i'. il ‘.i‘II'L!Li_L'|;'1 a constriction of I;|',|,'-|1,|_ bBut that 1s not =0 In

n E. A Undererood, o
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is that, whibe bwo
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I|:'||| MO NeCes5ATY TedsSiont Wil
enread out by the one and constncted by the
1 ol b the intermediate color ) | e and Blood
FIMOW | IOy TINE ITDe CITRERCIR el D COrELy S 1.0, DISLL, TS, HIEER LYIUH N,
thak ar T I 'I-I-\. | B 1y --'-I- |'|--'H.-'||.--=-I
that are composed of these [extremes| might be apprenende
sides, the larger of identically white objects ought to appear larger
vel, because it 15 apprehended by many [more | rays, not onldy on ac

count of a [ereater] ageregation of |incident| ravs, but also because

T 1

the angle [at the vertex| of the visual cone does not remain constant
but dilates it the objects are white, given that such aobjects -|"!'l.'.|l.| the
ravs out. And if these objects are black, that [visual angle] is reduced
on account of the constriction ¢ rays]. The visible portion of the
sky ought theretore to appear larger in daytime than at night, but
nothing of this sort seems to happen.

[25] According ! the wvisual flux .||"!'"-."'I.I'|-.'i*- the
means of the quality the passion that is aroused in
prehends bodies by means of the passion aroused in i
ply being colored and impeding the passage |of wvis
Moreover, it recognizes them in a general way ins
an INrinsic property ol bodies. Thus, bodi hat do
passion of this kind in the visual faculty (such as those that we sa
are not compact but subtle) are in no way seen. For they are not per-
ceived by the visual faculty, much less perceived as bodies by it. Yet
whatever has a more concentrated color appears to be denser in
substance, even though it may not actually be, as [in the case of]
milk in comparison to glass.?

[26] The visual faculty also discerns the place of bodies and ap-

"'"I'-,_'|".L'I'|:‘|H it by reterence to the location of its own sou ':'I.'-I_‘I'I!'I’.wil

P
E
I
|
!

i.e., the vertices of the visual cones], which we have already dis-
cussed, as well as by the arrangements of the visual rays falling
¥

from the eye upon those bodies. That is, longitudinal distance [is de-

termined] by how far the rays extend outward from the vertex of
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T S = " . i "
|21 ACCOrdIngly, 1 whe focus our eyes on the nearer of the PEES,

we will see it as one, whereas we will see the other, which is farther

away, doubled. And if we close either eye, the peg that appears di-

rectly in tront of that same eye and that torms one of the doubled

images will disappear. LUn the other hand, if we focus our EVES 0N
the farther of the pegs, we will see it as one and will see the nearer
one doubled. And if we close either eve, the one of the doubled pegs
that appears to be opposite to this same eye and that forms one of
the two images will disappear

| :._:| I hat each of these !,“'!'Il:'."lll:'l"l.'l'l.\,! OOCUrs and 1s a '-:_uh.g',_:! CONSe-
quence of what we have proposed will be seen from the following

diagram

[33] [EXPERIMENT 11.1] Let points A and B [in figure 11.1] be the
vertices of the visual cones, and let B lie at the right eve and A at the
lett. Let two pegs, G and D, be erected vertically upon line |GD,
which is] iu-:*|-'u-n;:i|| ular to AB. and from each n-.-.l--x of the bwo vi-
sual cones let rays GA, GB, DA, and DB be extended to the two

pegs. [hen let us hirst focus on G, which is nearer.

Figure L1
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(34] AG and BG will therefore lie upon the axes themselves, Of
the remaining two rays, however, AD will be one of the left-h il
rays [in the cone whose vertex is at A], and it is obvious that BL) s
one of the right-hand rays [in the cone whose vertex is at B]. Tt nex
essarily follows, then, that G is seen at one location, insofar as each
of the axes corresponds with the other. On the other hand, L) must
be seen at two locations, since AD is one of the left-hand rays of the
left eye, while ray BD iz one of the right-hand rays of the right eye.
Thus, when we cover the left eve, the left-hand [member of the dou
bled image] will disappear, and when we cover the right eve, the
right-hand [member] will disappear

[35] Now if we focus on D, the opposite will happen [his is
demonstrated from the fact that AD and BD will lie on the [visual]
axes. Thus, D will be seen as one, and G will be seen double, since
AG happens to be one of the right-hand rays of the left eye, while
BG is one of the left-hand rays of the nght eye. >0 the opposite of
what happened before will occur: that is, if we cover the lett eye, the
image seen on the right-hand side by ray AG w |l disappear, and il
we cover the right eye, the image seen on the left-hand side by ray

BG will disappear.

[36] [EXPERIMENT I1.2] However, if our focus is such that both
axes do not CONvVErge Wl a v isible object but are to all appearances
parallel, like AG and BD [in figure 1L.2], then each of the pegs w ill
Apper double acy :'""-ii”:-'\. tO Ches f.‘-.'i:l-. ||"||_'*- we have outlined

[37] For this to be manifest and demonstrable, the nearer peg,

which lies at L. should be white, while the farther peg, which lies a

M should be black. Points L and M will thus [each] be seen at two
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[ herefore, if we cover the I5:.Z|'|| eve, the I'!,'l_:"'l'!“!-'lll'-.: peg ol the bwo
pegs flanking the middle one—i.e., the black one—will disappear
along with the white component of the middle peg composed of

I
both colors. And if we cover the ettt eve, the white pez on the left

..,-_-;':I -\.':I'\-\..'Il":l":u_-.'l:' AlOME W .l. |_|-_|'. Black com SoreEnt of :I':l.' ||:-|||_|,_ii:.! I-\:_q_.:;

composed of both colors

[40] Indeed, if we connect the visual rays [to pegs M and L], then
both pegs will be seen at a single location by rays AM and BL, which
are not ||ll"-._"1:'_'|.l'_!|.|'::':.2. E::'n' :*."--.:=Ii|'::._1 single pes b i:'u,;i the one in
which the two colors coincide. However, of the other bwo visual
rays falling upon L and M, the black peg will be seen by the right-
hand one, while the white peg will be seen by the left-hand one
I'heretore; if we cover the right eve, the black peg to the right will
disappear along with the white portion of the composite [middle]
peg. And if we cover the left eve, the white peg to the left will dis-
appear along with the black portion of the composite peg. This is

demonstrated by thi |-"i..|."'."|'||'l_;; '-::\;_I.I'I

[41] [EXPERIMENT I1.4] If the distance between the _
not equal to that between the eyes, the two pegs will be
Il.llZI'|"i.'|. 5

[42] Ax cordingly, it the distance between L and M [in figure 11.4]
is greater than that between A and B, and if the pegs lie to the out-
side of the ,-'- i"ll:lli axes, then the black one will of course be seen in
bwo locations on the 'i:,:_i' . because ||-,-|-._ ‘*é AM and BM both lie to the
right [of their respective axes]. The white peg, on the other hand,
will be seen in two locations on the left, because [rays] AL and BL
lie to the left [of their respective axes|. Thus, if we close the left eye
the more displaced of the two black pegs—i.e., the one seen b
AM—will disappear, because that ray lies more to the right [of its
axis AG| than BM does [of its axis BD|; of the two white pegs, the
one seen by ray AL toward the middle [of the visual field] will also
disappear, for that ray lies less to the left [of its axis AG] than BL
does |of its axis B, On the other hand., if we cover the r|_:_'_'_'1: eve,
the more :iiwphl-.-.'-.!. of the two white pegs, which is seen by ray BL,
as well as the black peg that is seen toward the middle [of the visual

field | by ray BM, will ::|:*-.._‘:::‘~:,'|,'._: L.
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M =

[43] [EXPERIMENT I1.5] If the distance between L and M [in fig
ure I1.5] is stnaller than that between A and B, and if the visual axes

lie to the outside of L and M

[44] The black peg will be seen on the right-hand side by ray AM

because that rav lies more to the right [of axis AG| than AL does

then the white peg seen by ray AL appears next in [right-to-left se-
quence]. And if we cover the left eve, these two images will disap-
pear. After this comes BM, which is the one of the middle rays [BM
ind BL] that is inclined to the left, and the black peg will again be
seen by this rav, because it lies less to the left [of axis DB] than rasy

BL. Finally, the white peg seen by ray BL will appear farthest to ti

[left] side. These [two] images will likewise also disappear if we

cover the right eve

45] These phenomena that we have discussed arise and appeat
only because of the lateral separation [between the '-'."";.. because
both eves are evenly d SPOst d as far as height and I.E'\-.'E'“" j1.e., up
and down] are concerned, whereas they are unevenly disposed as
far as right and left are concerned. For in this type of disposition,
both axes of the [visual] cones turn in the horizontal direction undil
their bases coincide on [the surtace of] the isible .-|";-.'|'I It 15 also
possible for the eves to turn in a direction other than right-to-left

BB z 1
DUt 1t 15 |:'|"i'|.\.|'\-\.'\-\.'_:"',\' 10T '.!||'|:| !.l'\l St up |I!'I.\.1 .\llll'."'. I Sé '!_"-'I'.'Ill\.'!'-\. ;D=
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they have no size and do not subtend any angle. Hence, every su
obiect i'-.. &n in this il.-i|'|! I, point way| will be invisible

[21] But if one claims that some of the visual rays will be discrete
and =ome continuous at the same distance, then, since it has no nec-
essary reason, this claim leads its proponent into ambiguity and
error about things that are actually seen. For, according to that
laim, every large obect ought to appear fragmented [like a mosaic]
rather than continuous, and small objects Iyving the same distance
from the « ve ought to appear and disappear by turns as they are
moved to the sides.

|52] Furthermore, it follows trom what we have proposed that
differences in the size of obhjects must be determined and perceived
-.!l.l.-.'-:'l.iil'-::!.'.."l.i!I|l."rl.'l'|'. L] :'.!' the :-i.-"l."lllf l.l!|"'1'5-.'."'l.l:||.|'.|'.:l: visual angles.
| his 15 S0 5".'-\.'-'. ided, a5 we nave --.‘.i._*._ that thiose .'|I'|._'h:q.'_-C AT I,"i-c'!:'l'!'l-
tible, that they vary in no other way than in [terms of brute| sensa-
tion, and that there tollows the percepincm that the sizes ditter
among themselves not according to their actual extent, but because
they subtend different angles

[53] All things being equal and equally disposed in everything ex-
cept distance, orientation, and angles, then, as far as distance is con-
cerned, whatever is closer gives the visual impression of being
larger, w hile. as far as onentabion 15 concerned, whatever faces LS
more directly appears larger. For in both ot these cases, the visual

angles become larger. And when we say = directly facing,” we mean

that the visual ray that falls on the center of the visible object is per-

pendicular to it, whereas we say that an object is slanted when none
of the visual rays 15 |'--L-*|'u-:1:1i|'|:L! rto it or when a ray other than the
one falling on its center is perpendicular to it. We also say that an
object is nearer when the ray that falls on its center is shorter,

whereas we say it is farther away when that same rav is longer

2 BRI |'\l| SRR e ¥
viswal angle. Pace, “Elament

geometrscal approach




[54] Now the atoremention ed

orientation] by which the appa

make no difference in the sensible
one does, for, if there 15 a ditterence in that
the visual angles—then the object will

-I.-\,_.I = .'.-\.l mdead T f % T RS 1 Fore imvetances
ANgEe SUupiencdec oy 1 S ATl "% LIS Ll L

:*.1.;._;-*.'|;.u3.--~. such as AB and GD |in figure |

same distance awayv at the same orientation but subtend |

I &1 o 2
1.0, a1

angles, then AB, which subtends the larger angle
TEET.
And if there is a difference in [e

features alone, then the object will never

I
whether it R e
whether it faces us more directly or wnet

appear either smaller or equal, and

will depend on relative ditterences in

[56] [EXAMPLE IL1] For instance, if bwo magnitudes, AB and
GD [in figure I1.7], have the same orientabion
angle at E, then, since AB does not lie the same distance as GD [ from
point E] but is closer to it, AB will never appear

seems appropriate from its proximaty [to E

L 1
M SUEeTc CNe Same

ger than GD, as

appear smaller (which happens when the «
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1ereas, it thewy diffor '|'|'-|_-:'._._-'_'-'_!!'||'._

it will app
l|I XAMPLE II. '|' If we leas | :'I.|-_:.'I::'.I.||'- oriented as
[ . nd connect line GEB .....:.:..!'”.l._n 1 |=.

I
[61]
it 15 farther

they are in the preceding figure a
thi l B w '|: always appear larger than AB, since
.1:'.~E maore oblique, and : here is no difference in the angles
rger than GD when the judgment

el W el

GB will appear la
1 on obliquity. But it wil ap

£ "
VROV ET,
mtwelens that based or

"~.1-u-i on disktance 15 oul-

ey will appear equal
 SenSe

in distance i
1 GD when the
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bhased o
judemen

tv. Finally,

pear smalles
|I 5 Al o I\.I-\.|<|I I3 :I’ 1k

T l.'ilf.,'“"E by that base
vhen the juagments based on both variab
however, both magnitudes differ in all

32] [EXAMPLE ILé] If, |

respecls, a

! _ i T2 ik _ T
three previously cibed g h APPENS whnen we construck the
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figure [11L.12] with both magenibud
GLMB, then GB will always appea
three variables (i.e., size of angle, amount of obliquity, and distance

conspire to make it appear larger. It also appears larger than HK

1
because GB has tbwo of the variables (i.e., size of angle and obliguity)

that make an object [look] larger. On the other hand, LM always
||'||'.'I"l.'.':l"‘-. smaller than GID. since bwo variables make it do so—i.e

smallness of angle and proximity [to E]. The only variable belong

ing to GD to make it appear smaller is its lacing orientation MNever

theless, LM does not appear smaller than AB in all cases, tor AB
has nothing but the size of [its] angle to make it appear larger

whereas LM has greater distance and obliguity in its favor. 5till, LM
appears larger when the difference in these two features together
OuiWwelghns the difference in angles. If the difference in |

ures :.|:_'_!_| 'tl'llq,'l': |-l.~l|'.'.'.'.'|"|!'.l.'-.i i:"". the diftference 1nan

LM will appear smaller than AB, and if the differences balance oul,
the magnitudes will appear equal.

[63] That, then, is why we should not consider as adequate [the
explanation of] those who have claimed that [in size-judgment]
only distances should be taken into account along with angles and
their resulting impression, whereas, they have claimed, any differ

ence in orientation should be nullified in cases where the distances
are equal. For, although there may be no difference in distance, a
difference in orientation can still frequently occur. From this comes
a perception of size different from the one that is due to the angle,
as long, again, as we suppose this difference to be perceptible. Gen

erally, therefore, since it seems that the size of visible objects is per
ceived by means of the size of the visual angles, that [angular]
variable should be more fundamental and apposite [than the others
in size-judgment]: and the same helds if it appears that differences
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TUres consisang of

i depth | urvature] among '\-l_"‘l'!\,"ii.'li
»enough to bear a perceptible ratio to [i.e., to be
the distance that lies between them and

they do not have a perceptible ratio, objects that
1 ol el rounded.? If the atore

mentionad ratio or differen 15 1IN PReT I.'|'l|i!"'|' CONVEX OF CONCcave

ines and surtaces will appear straight or plane. And the difference

1.2, the depth and type of curvature| in any of these shapes will not
be apparent on account of the distance
|70] Hence, we see spheres that are near us as convex,™ but we
the shape of the sun and moon as disk-like from all quarters,
because a circle 15 formed by the ends of the visual ravs that de-
lineate the outlines of each of them, whereas the central ray is per-

wdicular (which happens in the case of --Pl'_:_-.'n.--- no matter how

8Ll
I I

they ara CHLS PR GEN(] but dioses nod |':-!;"',"| n in the case of a disk-like
tfigure unless it faces us directly).® A perceptible difterence arises
when the object's convexily blocks the impinging perpendicular

ay] long before it reaches the [object” 5] center. Indeed, when the
radius of the sphere has no perceptible ratio to the perpendicular

ay on account of the great distance, there will be no perceptible
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difference between the perpendicular [ray] that falls on the surtace
and the ling [continuous with this ray] that extends to the center
nor bebweesn the circumberns ntial ravs and the ones I-L!ii'-l‘:_:'I on a
':'-i:||'.|_' surface contaiming a 1in: that ENCOMpPasses the visible |:"i- ‘L
For this reason, then, the convexity is not perceived except as
i'l||'ll'l-q,' Suriace.”

[71] On this account, we do not see the breadth of disk-shaped
objects when they are situated in such a way that [the planes] of
LOENT SUrkaces pass thr b Hhe i af the visual cone: instead,
they appear to us as straight lines. So, too, all [plane] surfaces will
appear as [straight| lines—and a ht line [will appear as] a
point—when they are extended to | wrough the vertex of the
cone. Again, when a disk-shaped figure lies [sideways] near the
viewer, it will appear convex, as has been said; but when it is far

awavy, it will appear as a stri ghnt e for the very reason that we

s T § X .
FLaVie Just Elviel

72] Yet, when [such| surfaces do not face the eve directly and

[when their plar lo not pass through the vertex of the visual
cone, they will appear as surfaces, to be sure, but their shapes will
not appear the same as w hen they faced the eve directly. Hence
SO LIaNes .:"::i i .i'l\.'il'-\- T | dPpear -:I:'..-."il'.'_. !'-.'-. ALISE, A TTCHE l.'..'...,.'i *-i:.il. <
and diameters, those at :'Z:.':I‘:l ANEies o the axial rav of the eye
-.|_||_'|||_'|'|._1 v :_;l'l'.'ll_-.':' i". 'hl..'.li .:'!:,'_|l.' ::'|:|-1|_- i:l-. i'i:'..i :||: :ii.l:. |.'|:-, ;'
Also, whatever lies nearer us subtends a greater [visual] angle
than whatever lies farther from us, and those objects
larged by ."L":'-.'!'I'I!Ii"|:' increments and that lie at moderate di
appear larger

[73] Distortion in visual perceptions of this kind depends on th
orientatiion ofF the I EUres and on the .|'-.i'|.'|.,|,'|:':|,':'|!_ of the v IEWETS
but it is impossible for one, single case of such distortion to repre-
sent every one. It however, one is |,i---|".|'-.|,'._i IO eXamine many sLuch
cases together, the more carefully [he does so, the more] miraculous
the natural capacity of the visual flux to arrange visual information
turns out to be, both in its outward reach, which occurs in perfect
order as it propagates, and in the sensitivity it exl

discerning differences among the objects it strikes,
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en visual ray, and let A be the vertex of the visual cone.

is stationary and does not move during some con-

if the visual ray apprehends the visible

it will indeed appear stationary. If the object is ap

wwhere than at i'll'ii'l| H. it will of course appear far-

ther away when it moves outward from point B, whereas it will
appear nearer when it moves inward trom point B.

[79] But if the eve moves directly toward or away from the object,
e.g., from A to G along line AB, and if the visible object D moves to
B, then, if the place at which the visible object [D] is [finally] en-
countered is where point B previously lay, it will appear stationary,
and ray AB will appear to have moved the same distance, AG, as
the eye. If the visible object is encountered in some place other than
B—if it is in fact at point D—then it will appear to move toward the
2ve al :'I SATTE "‘-i"\'l'l .\,I o e :;‘I:\,' iy e |" JTAE Y “'\'—\.l i'_ :'I.""n.'. | L " B g !_ i'- L=
countered at some point closer in than D, it will appear to move to-
ward the eye but more quickly. And it it is encountered at some
point between B and D, it will |.:;'-;t|-;:: to] move in the same direc-
tion but more slowly. Finally, if it is encountered anvwhere beyvond

B, it will [appear to] move in the opposite direction

80] [EXAMPLE I1.8] Now let us take another example involving
lateral motion. From point A [in figure 11.14, which is the vertex of
the visual cone, let several ravs, such as AB, AG. and AD. be drawn,
and let them remain fixed, so they do not move. When the location
of the visible object is the same—e.g., when it remains in line with
AG—then it will appear stationary. But if its location is [subse-
quently| ditterent—e.g., if it is [subsequently] in line with AD or
A B—1t will appear to move

[81] On the other hand, if the visual cone i'l'|'..ll|'-- around its ver-
tex A, and it we suppose that the distances between the given rays
are equal throughout and that the motion occurs in the same
[counterclockwise] direction, such that B [moves] to G, while G
[moves] to D, then any [fixed] object that used to be seen along ray
AL will be seen along ray AB, which is the next ray in line, and

again that object will appear stationary, because the position of

AB will be precisely the same as AG's [used to be)]. But if the object
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continues on o any of the ravs other than this one

0 mMoOyve, For il it i-. O EINLEE =| D D % _._--_-._:-.l AL Er !I‘:'l"-. INEY Tay

its [new] position will be in line with AD, and it

move in the same direction and at the same [angular] velox

L eve It 1k 15 seen by v of the ravs ahead of AG [which 1
have moved to AD], it will appear to move in the same direction
[as the eye] but faster. And if it is seen by any of the rays that lie
between AB and AG [which will have moved to AD and AG, re
spectively] it will appear to move in the same direction [as the eye|
but more slowly. Finally, if it is seen by any of the rays behind [A]B
[which will have moved to AG] it will appear to move in the oppo

site direction.

|"';:_: | herefore, since a motion that occurs in the smallest PErcep-
tible span of time must be noticeable [in order to be perceived], we
contend that if either of these [conditions] is not met, it is impossi
ble for there to be noticeable motion. For, if the distance over which
the motion occurs is moderate and the time within which it occurs
is imperceptible (in fact, this often happens in circular motions, as
15 evident in the case of a potter's wheel or the wheels of horse-
drawn chariots when they are violently turning), the motion is not
apparent, because the [moving objects| return to their original po
sitions in less than the minimum perceptible time-span while the vi-
sual flux remains fixed for what strikes the sense as a continuous
time-span on the places that the visible object occupies—and that is
what characterizes [the visual perception of] objects that do not
move, Un the other hand, if an unnoticeable motion occurs during
a brief perceptible time-span (as frequently happens in the case of

-:'l!‘-|-.'L'|‘- that move when there is a el distance between them and
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will have a certain disposition with re Spech o 1S |".!:rl. AT eleTnen
tal |'l.::|--

b | | ke 0 'I:'.\,I'|'il the same as what we have destnbed arnses
from the comparative difference of objects according to “greater” or

less” |

w bt happens w hen objects are seen next to something
1

arger and are judged to be smaller [than

1Y It :||.'. --|.|'!. OF WIeT
objects are seen along with more brightly colored ones and are
judeed to be er [than they really are]. This of course stems from
a defect in judgment when one [sense-impression] is overshadowed
by another according to the perception proper te abjects thal are
overshadowed by others and the |perceptual comparison] i1s not
. :
i

tade proporiionately

| Im fact, this affects all the senses, for an impression somehmes
diminishes and sometimes augments not just in vision, but also in
smell, and in taste as well as in sound. For at the same time some
things are sensed more [intensely] than others of the same kind. Not
only should accidents of this kind be segregated from those about
which vision errs, but also accidents that depend upon a ch:

the visible properties that becomes so extreme as to cause an object
to appear other than it would if the visual faculty and mind were
not then somehow disturbed and their state were not :.'.'I.|I'|::'|.'-.'

[92] Mow when particular colors are not seen according to their
proper nature but are mixed together, no one would say that this
[mixed appearance] is due to an illusion occurring in the visual fac-
ity either on account of their multiplicity or on account of the place
hey occupy, because the images of colors do not appear other than
they were on account of the wav light falls on them. Instead, their
appearance varies in terms of more or less tor the same reason that
what is not illuminated does not appear.

[93] The moon, however, has its own color, which appears during
eclipse, when light is absent, but does not appear at other times
| hiis }'l';::‘.-'::‘: 15 solved incofar as, duri £ tHme of '."\.:il.\-"-l the
moon lies in a sort of shadow. The earth, by means of which the
blocking [of sunlight] occurs, is quite far from the moon at that time

At other times, however, the moon lies in darkness, since the por-
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tion that creates the blockage—namely, half the lunar sphere—is
contiguous with the portion that is thereby blocked. But more light
falls on what lies in shadow than on what lies in darkness.

|94 Likewise, we ought not to assume that our sight is deceived
when the image of colors changes in some way, as happens in the
case of light that is colored by certain flowers or other coloring
agents and then strikes visible objects. For everything that appears
to be the same color by dint of the color of something else shining
on it should not be deemed to have changed except through an ef-
fect created in the visible objects themselves from a mixture stem-
ming from both [agent and patient) that produces a common state
in the eve, in the visible object itselt, and in the sensation ansing
from them

[95] Under the same classification are grouped those objects
whose color appears homogeneous not because of a mixture of
another color with its own but because of the various colors that
it possesses. They appear this way on account of distance or quick
ness of motion, because in either of those cases the visual power
is weakened in its capacity for seeing and discerning individual
constituents. For, if the distance of the visible objects is such that
the :_'-.i:1|_:_._‘:|| angle subtended by the entire object is suthiciently
large while the constituent angles subtended by different [con-
stituent] colors are imperceptible, then, on the basis ot an appre-
hension of the undiscerned constituent parts, when the overal
sense-impression is assembled, the color of the object will appear
uniform rather than composed of individual constituents

[96] The same happens in the case of extremely quick motion, for
instance, the motion of a potter’s wheel daubed with several colors.

For a given visual ray does not stay fixed on one particular color,

since that color leaves it behind on account of the speed of rotation
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N falling on all the [constituent]| colors, the same 1

petween hirst and last nor among those that [now
nt locations. In fact, all the colors appear simultane-

throughout the disc as a single, uniform color ¢ 15 the same

ould actually be formed from a mixture of the

colors. By the same token, it spots of a color different

from that of the disc are marked on it (provided I,i'_u,':., are not on iks
they will appear to form circles of the same color [as the

given spot] when the disc is rapidly spun. On the other hand, if [dif-
y colored| lines are drawn on the disc’s surface through the

axis, then the entire surface of the disc will appear to be of a uniform

color when it is spun. For, since the color spins through a percepti-
; |

L ls A3 . i == = i e 1 . y: PR
le distance in equal perceptible ime-inter, als, it 15 adjudeed O
hrou

T SJE .
touch all the locations | yeh which it passes. The visual impres-

sion that is created in the first revolution is invariably followed by

repeated Instances that subsequently produce an identical impres

sion. Thizs also I':..”:"'.'-I'!'H in the case of shootin r stars, w hiose ii'\::i",
ems distended on account of their speed of motion, all according
to the amount of per eptible distance it passes along with the sen
sible impression that arises in the visual faculty
[97] In addition, the illusions that involve size and shapes are cre
ated in much the same way as we have already said, [for instance,
when the same object appears smaller and seems to be more
rounded [than it actually is] at a great distance, because the sub
tended angles diminish and become tnv.'™ Also, when an object
ilar to a disc revolves swiftly about one of its diameters, it ap-
r-shaped to anyvone viewing it from the side rather than
axis of its rotation. T'he reason is that during each revolu-
ts surface is sometimes perpendicular to the visual ray falling
on its center, at which time it appears circular; but sometimes that

be aligned [lengthwise] along the

‘Face will ne whose
nsion intersects the vertex of the visual cone, in which case it
appears as a straight line. More often than not, however, it is
obli i:l.'||".' l.il*-}'l-.‘"w:'-.i oward the view 1-.'-|'||:| and thus APPEars is-
tended. Since the longer shape of the object predominates over the
others in continuous motion, then, the shape of the entire object is
noticeably distended throughout because of the -~|‘|--.-:‘| of rotation.
And so it APPears o the observer to have the *l'.li."l.' Ol an e
[98] An illusion can also arise regarding the motions of visible ob-

jects without any deception of the visual sense. But this is due to the
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Differentiating Faculty when something like what we said hap-
Dens 1IN the case of the :'.'|i," ad moton ol POTIET 5 W heels occurs by
means of the aforementioned [visual] effects. When [such wheels
revolve, it is assumed that their motion goes unperceived because
af the brevity of time within whach thev rotate. This h |
in the case of moving objects that are seen from afar, f
judged to be stationary on account of the immaobility of the visual
ray, since the rays do not in this case move perceptible distances in
a [sufficiently] short time.

(99] If, indeed, we move some given distance that does not bear
a sensible proportion to the distance of a visible object. then the
visible object will seem to travel along with us in the same direc
tion and at the same speed. This otten happens with the moon and
all the other celestal bodies on account of their brighiness and
considerable distance |[from us|. And s0, when we move al
our eves toward such a visible object, our sight does gix
i:|'.|1|'x-:~.-'.-.~i: of a perceptibly placement, because
move is as a point to the distance ot the object away
the other hand, objects that a given eve apprehends as moving
move with it. [t necessarily follows that, as long as they trave

through a perceptible distance thal detectable to the sense, and

L

as long as the distance |between and object and the distance ol

the object’s travel| are not '«|_||--ii=|_'-i proportional, those objects
will be adjudeed to move with the same speed and in the same di
rection as we do

[100] Likewise, boo, of objects that have the same speed, those that

are closer appear to move faster Among those objects whose

Cross=-sections are egual, the ones that are nearer

subtend a greater visual angle, !4 we things, moreover, that mark
out greater arcs in -._-:i'_l.'l' times appear to tray 2]l more swittly
[101] ... even though they are smaller, [certain objects], such as

small boats and small arrows, that are moving at the same rate as

(=

larger ones in tact appear to move more rapidly ndeed, putting

=

it another way, objects that traverse [incremental] spaces longer

than themselves in several stages during equal times are adjudged
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ko move faster than those that traverse [incremental] spaces e jual to
their own length, since a small object measures a given distance sev-
eral times more than a large one, It therefore follows that, when ob
jects of unequal size travel at the same speed over given distances,
the smaller ones appear to move in more stages. Accordingly, then,
since the object passes over the distance apprehended by the visual
flux in equal times in more stages than [does the other object pass-
ing| over the same distance, it appears to move faster

[102] As we have said, these difficulties and their ilk must be im-
puted to the passions and natural accidents that befall the visual
sense, for in those features through which the reality [of visible ob-
peets| is perceived, there arises a misperception based on variations
that are due to the visible objects themselves. There are, however,
cases where this is not the cause. In such cases, where the proper-
ties of the visible objects are unaltered and there arises a certain per
cephion, the sense does not grasp the visible properhies according bo
its custom and nature. There 1s, instead, another passion or accident
in them that creates an illusion, in which case the cause lies in the
visual faculty itself. We must present this case in the present chap-
ter and discuss it, distinguishing first among the things responsible
for the illusion, some of which affect the visual faculty from the vis-
ible objects themselves, others of which arise from elsewhere,
[103] Now a visual illusion springing from the visible object arises
in the case of colors only by the action of something besides the vis-
ible object, whereas for all the remaining visible properties an illu
sion stems from the various defining characteristics that pertain to
those |'|:f‘.|l.'.".*- themselves For these wvisible properhes are per-
ceived mediately, while colors are perceived immediately and by
themselves. As far as characteristics that seem to pertain to the vis-

ible abject are concemed, the cause of the visual illusion itself is that

the visual sense does not grasp the features that provide the intrin

sic, defining characteristics for [visual] perception. Rather, it grasps
features of something else that has a mediate status [with respect to
those primary features]. But the reason for illusion in the case o
those properties that create visual passions apart from the visible
object is that visible objects cannot be sensed without an accompa

nying sensation of neighboring bodies. This does not happen be
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cause their action is such in all rare and subtle bodies but because
what does the tirst sensing must to some extent not be sensible, just
as the |*:'i.~11|_- MOVEr muskt |‘::-. no means iksell be mobile; s0 we ought
not (o i;'|"i'l|,.'l-.'._-. i_"".'l_‘\-"-:l.:"l'l 0 every ;|'|:":::_' .,'|:'||,i |I-.-*-|,.'i‘:r|l*-.|.'| that :"|.:I,|':||'|:
remains according to its own nature. 18 For thinegs that are assumed
to be of such character are found to be of a different kind, and thus
the first effect will be destroved, since the end in these cases would
lead to infinity

104 ] Since, therefore, we have already discussed visual illusion
and categorized it according to a) the kind arising in the passion that
we have said is proper to the visual faculty itself and b) the kind that
arises during interpretation, let us explain each of them separatel
according to the particular visible properties that are subject to them.
But let us speak tirst of those things that arise in the passion; and let
us assert that, among the passions that arise in the visual flux, one is
called “coloring,” another “breaking,” and another "diplopia.”

[105] It is natural and customary for visual flux to fall in a pure
.'||'|d g!i:!_'-.'l_ !-._'|=-i'|:-:-|'| |_:i'l-.'-l'| % :--i|_'l||_' i TS T i".iil_' ma |'|._::|'|i:'|'_'1 a CoOrre-
'\-I_":I_'ll"l,iil'l'_!' Arra "‘::\;::,'I":'I;,'I'! o :;'II_' TV '*-.|,|_‘:| cones. 17 Un the one hand,
coloring involves the privation of purity, while, on the other, break-
ing involves the privation of a direct line of sight to an object.
Diplopia, finally, involves a lack of corresponding arrangement {of
the two visual cones]. Each of these passions is of two kinds. Color-
ing, in tact, can be either anterior or posterior. Anterior [coloring] is
the kind that occurs in front of the visible object, whereas posterior
|coloring | is the kind that occurs behind the visible object. Breaking,
tor its part, involves either refraction or retlection. Refraction is the

sort of breaking that happens |during the visual ray's passage

1
through a resisting medium, whereas reflection entails a [complete]
|

breaking |and rebound of the ray| from [the surface of] the resistant
medium. Diplopia, finally, is either anterior or posterior. Anterior
diplopia involves focusing of the [visual] axes in front of the visible
object, whereas posterior diplopia involves focusing of the [visual|
axes behind the visible object.

[106] An illusion arises in the case of colors by the visual Hux's be-

ing colored by something other [than the visible object itself]. Ante




the two ypes ol

on the other hand, is generated onlv by

mg 15 generated by itself when we have

some very bright color and then look awan

-i'..!'. Laslt W || IS :.I"-l :l\.':l-\.l'l_l AL SL9mMs T

POSSess something of the color of what w as hirst abserved ."':\_'l. allse
|

thie !

- " |
Impression Or bright colors lasts a long bme in the visual faculby

And so, after we FL R :-'.'lh.-.'-\.l at such E‘l"_:|'|| .'|'|i.'|"'-\.._ S S '||.'i|:|'_|_‘-|'
eariy nor without some !::|'-.'il Tent Anterior coloring also hap
L d
\ : ; : o
pens when we look at somet 1 through thin, threadbare cloths of

g or purple Fhe visual flux passes through the weft and
warp of the cloths withoul breaking and, in the I-'I'n WESE, [AKeS On
ming of the color of the threads it brushes by, Thus the visible
I appears to be fingEea witl e color of media traversed by the

1al Flux
{108] In fon, anternor coloring arises in reflection when the
muirrar s immobile, dense, and « alored. For the colors of -.'-|'-;|.'-. ts that
retlection from such mirrors appear to be commingled
with the color of the mirrors - caloring also arises in re-

action when the '.I-:il"-!.:. Fent meciia arn® not parficu arly rare but,

ither, cause sigmih f retraction yvet are neither very weaklyv nor
very infensely colored. For if they are intenselv colored. thev do not
- - 1 L
allow the colors of the objects seen by means of refraction to mingle
with their own after the visual flux has passed ::|||,||,'__::!'|: in effect,
ey predominate and r the visual Hux by the force of their own
i l\.'il_l!' -'|:'.|.! 1
s wsal Hliae dowes riol dereo slivririer | Frovem iy || |--.--.-..-
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e mingiung 15 proporioonate, then some sort oF coloring occurs,
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the mirrors themselves,
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the obiect that the visual raculty apprehends atter 1

sort of thing also 5|.;!_"f_"|, ns in another sort

reflection takes place at extremely acute angles t

- e -
mirrors. For the place where the object] s image | app«
mined by where the ray emanating from the eyve to the n
I 1 3 1 5 i 1
face meets the orthogonal dropped from the visible object to the
1 1 i 4 » . -
crirbace 1o, the cathetus ol Hection| . given that each of these §

:||||" ;i-\."" ir T 3 : S T voyrmial o the mirror' s sur

face. 134 2recnon akes
place from the surface are small, the cal I reflechion
short, and so the le
surtace itsell

(110} These : vell their logical imphicabons, will be
11 rabra e 1 ‘| i a later discussion tl
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limit ourselves to discussing only what is I_l-.':l:i|'||_-5'|l: here: 1.8
count tor the |type of] illusion that is due to the visual faculty

[111] According to the preceding account, if a fire or light lies
slightly above the horizon and there is a pond or pool of water near
the observers, and if that water 1s somewhat roiled, then, to the vi-
sutal flux that 1s reflected from the water's surface to the Hre or .I!f,:'1|:,
the image of the light in that water’s surface will appear distended;
and [that image] will seem to move in the same direction as the ob-
servers 2o as to he ina direct line between them and the visible ob
|ect. For that reason, there appears to be light where in fact no light
exists, but this appearance is due to reflection. For the light of the
luminous object is considerable and is diffused in various dires
tions, but the portion of it that is seen in the water represents a mere
traction that is projected only longitudinally. Moreover, the lumi
nous body itselt does not shift with the movement of those viewing
it but lies in the same place for all whe look at it from different di-
rections. The image in the water does shift with the movement of
those viewing it, though, and when there are several observers,
each will see it in a different location: i.e., where it appears [to lie]

'.- l- %k . " - Tl .
in a direct line with the generating object

[112] These, then, are the characteristics of objects that appear by

themselves and of those that are seen by means of images cast in
other objects. As long as it is moderate, any unevenness in the wa-
ter's surface causes light to appear elongated and dispersed. When
the surtace is smooth and absolutely flat, then the image seen in it is
identical in shape to the actual objects [generating it], because in that
case reflection can take place at only one spot on the plane surface,
::.'I.'-t:.-.l.:.:ll."‘" .:'L'II'I_;:I. ;.:_'::.I.. when there 1s reflection from one !;‘ri._n e bo an-
other. And when the [reflecting| surface is uneven and unpolished,
itis possible for a visible object to appear at several spots on the com-
posite surtace defined by the [waves and troughs of the] surfaces un-
der discussion. That is how the visible object’s image becomes
distended, since the image will lie at those spots from which reflec-
tion at equal angles occurs, and those spots vary according to the jux-
taposition of convex and concave surface-segments. Moreover, the
location of the [composite] image that appears at common spots will
coincide with the |[reflecting] surface, since the visible object will lie
putside the center [of concave curvature]. On the other hand, each of
the images that appear below the surface will appear only slightly

E 4 above of ollus
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removed from it on account of the obliquity of the visual ray.'** But
when the water is violently roiled, the [composite] image is broken
up and dispersed according to the crests and troughs, whose un
evenness is considerable. This is why each particular image pro
duced by such surfaces can be seen clearly, some of them appearing
higher than others and some appearing lower. When, however, the
surtace is only slightly agitated, the image appears more continuous
because of the smallness of the retlecting surtace-segments that are
contiguous to one another. And when the differences in height be-
tween such contiguous surkace-segments is undetectable; the entire
[composite] image will appear as a single, elongated object and will
oo to lie at the same level as far as the sense 15 concernad

| 11 : From what we have saic, then. it 15 obvious '_|'|,':l 1T SOITE pr-
tion of the sun overlooks a relakis :'|:-. calm sea at dawnor dusk. there
will ApPEear on the water an image that is not only confinuous with,

but also of the same size as the portion of the sun appearing above

the horizon. If, however, the water is somewhat roiled, that image

will appear longer [than the portion of the sun generating it}
[114] 5'-".'-.‘.!1:-.' Ulusion mvoalving colors that 1s due to a passion aris-
ing in the visual faculty is created at most according to the types dis-
cussed earlier. However, the illusion involving location that is due
to breaking and .1'|1I|-|1|.1 15 created in either of the following wavs
[115] In the case of diplopia, the same object appears in |
places, or twio objects appear in one place, just as we showed ear-
lier.!#” In the case of reflection and refraction, though, the object ap-
pears [to lie] directly in line with the [incident] visual ray, even
though this 1s not actually the case insofar as the ray is broken.
Moreover, among objects that are seen in this way, some appear to
lie closer than they actually are—the true measure being the dis-
tance between the objects and the viewers in combination with the
distance bebween the objects and the surface at which the ':“c-u.k'r.;._-h
occurs. Other objects, however, appear to lie at the same distance as
the true one, and others vet appear o lie at a greater distance [than

the true one].’*® In addition, certain objects are seen by those visual

FEagrlaan e clis
culated in I, 109 abonne.
o ikl Ehe reflecting Surfas
CEnhEr of ourvaluine (1., e iare cast 1S 4 neal on
aroung the tog of the crests willl coabesoe with
mcidience and ref
siaghe) Wikl tend 10 coabesoe lengthwise al
s L,
5[ o

and retlectios
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that e on the same sicde with them, whereas ofhers are seen by

rent 1 ig on the surface-shapes of the bodies that

g the breaking: this is the case, for example, when
objects with right-hand rays or higher objects
and vice-versa
116] It is for this reason that elevated islands appear lower thar
they actually are wi 15e the rays that strike the
sea below them an Hechion while, meantime,

the air that is perceivied directly by the visual flux is rendered higher
than the islands Wint Fecomes even clearer when a red cloud
lies above the isla or in that case an identical red cloud appears

below the island
117] So too, it 15 |".'-*-'~-!i"||' in reflection for the same ||""i-.'._: {4

= Ee el | il: - Bt -'!|li PR S 5 I'.-\.'E"";"'l.'l'!"ﬂ in the case of concave mirrors

in mirrors that display several images. [hey do so because they are

SEL LR 10 SUICTE 2 W that certain of their constifuent I"'.:I"w retlect

ravs to the visible object while others retlect them elsewhere, Ac-
. several disparate rays show the object according to their
direction, and the number of locations where the visible

rs 15 :_'-i||.|| to the number of [such disparate] ravs.
1 1 ¥ I - ¥ -
1N the case o> all visik abpects, an illusion arises
i

from the passion that atfects the visual flux. In the case of sizes and

shapes, this s due to either kind of breaking, whereas in the case of

ny Kt - k. R - - - | il ) | Blns
motion it is due to radial sweep!® [of the visual flux

183] | i [ ~ T . = T I b Lk Lol |
(119] In reflection and refraction, which define the kinds of break

ing, an illusion comes about when the s of retlechion o

L1

lula

refraction are not plane. In fact, this is due to the convexity and

concavity of the [given] surface, because, if the visual angles sub
:I'
objects as seen |[dire I|'-.'_ and properhy

and 1f the distance |between eyve and image| is the same as that [be

tended by the imag are larger or smaller than

tended by

'.I'Il\,,' I:I':\;_‘II,"- =%
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media, as i'.l!."'l"':"'l‘\- in the case of an object seen in mios Ng water. ||
actually SEEITNS DD mMove '-'u'ltl'. L .'.II"\-'- o |.'il.' Wealer |.1l.'i.'|'l'.|'\-'.'. as the
Waller S surface moves, |||_ Conshtuent pa ris ;|'|"::Eg|||:_|i.|' : take up
different locations. Therefore, several visual ravs view the visible
object [seriatim], and, being seen at several [successive] locations [in
terms of the moving portions of water], the object seems to move
[122] This, then, is all we have to say concerning the types of i

sion that are due to the passions aroused in the visual facully fFrom

the visible properties taken generally. We are accordingly obliged

10 furn our attenfion o the I,II'_l_'|'|l\.'\'|'_||_'|'_.| '_|'|.'_! arise trom the percep
tual scrutiny of those properties

[123] But let us begin with illusions that have to do with location.
Now illusions that involve colors come about solely through a pas
sion of the visual sense. But the illusions we just mentioned that in-
volve location and all [the rest of] the visible properties appear in
bwo ways at most. On the one hand, such an illusion arises from the
olors inherent in a variety of visible objects, those colors being mis-
-'a|"i"i':':'il.'l‘:l.5'.'-.| v the visual faculty when it is unable to carrv out its
proper perceptual scrutiny and is led o appre hend the object by,
means of 1ts imitial sense-impression. Cn the other hand. such an il
lusion arises from the actual arrangement of the visual rays, in
which case what is discerned about the visible properties is not per-
ceptually scrutinized as it should be in terms of variations [in the
proper arrangement of the visual rays] but in some easier way

[124] Of objects that lie in the same region, those that are brighter
seem closer. But in these sorts of illusion. visual perception of [how
FAT AW any | the dim object ||'l.'*-| .||.';"l."l'|-:!- not on the i-.'_'l-_:l:h of the vi-
supal ray when the distance is considerable, but rather, on the dif
ference [in brightness] of colors. Likewise, the locations of bright
objects, such as the sun and the moon, are judged to be nearer,
whereas dim objects appear to be remoter, even if they are actually
nearer. |hus, mural-painters use weak and tenuous colors to render
things that they want to represent as distant

(1253] Furthermore, when we look in some given direction from
elevated places without [also] looking downward, we judge that the
terrain that is far away from us lies below our level. This illusion
arises from the fact that the basis upon which the judgment should

be made is the length of the ravs. In that case [i.e., of properly based
} | prr]
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idegment], though, the [central ravs of the| visual flux fall on the ac-
| usion does not anse. However, since the ab

- has been sensed by the lower of t

visual rays or by a ray that is similarly oblique, and since things tl
are seen by such rays are wont to appear below our feet, and since
the viewpoint rarely happens o be in an elevated place, the obiect

is judged to lie below us

:,_"l'- | he same sork of illusion arises 1n the case of si7e ac :-:.i:ll__:_
to both of the wavs tl have been discussed. For example, when
objects subtend equal [visual] 5 and lie at equal distances
[from the eve], the at is less brightly colored appears to be
larger. 13 But if the dist the more remote one
seems larger than it did at equal distance insofar as [judgment of

" T .
distance now enters int | 0L [his sort of illusion arises be-

cause, instead of judging |the sizes of| these things by means of the

size of [subtended| angles, one judges in this case on the basis of
perception of the increased length of the visual ray. According to
that criterion, objects that are the same size appear smaller when
they move away from the viewpoint. From this it necessarily fi
lows that, among those objects that should be [judged | equal in size
according to the subtended visual angles, the ones that lie at the
greater distance should appear larger.'™ The same illusion also
stems from ditterences in colors, fora object whose color 15 dimmer
seems farther away and 15 theretore immediately assumed to be
larger, just as happens with objects that actually are—i.e., when ob
i;_-.‘ 2 are seen under ._:l,!._'i an ::_".;». while some of them lle at a greater
distance

|'!:'f| A similar sort of illusion occurs in the case of shapes when
the sha pe of an obyect 15 perceived and recognized not |":-. means of

’,|'||,' -.'r'|.'||_‘~|; OF Thie ::"".'I-\-!' of thel visual cone as dé fined by the visible

ooject w ith which it is in conktact. but by means of one of the afore-
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r, according to the colors applied to

5 sometimes appear oonvex and someblmes concave
iter who wishes to represent these bwo shapes by means
part he wants to a pear h T a bright color,

IPpear concave he paints with a

|
y concave veil to be convex when we

ason 1s not that the wind disposes it in such

1d the visual flux reach the area of concavity

1d]. Rather, the reason is that the [rela-

mnal ravs strike the middle of the veil so that it shows

ily, whereas at its outer edges

BT T
WNICE

. Accordingl : veil appear de-

Wwihnile he middle appears elevamed, anda s 15 now
:
]

ally convex appears [to the viewer].1
In the case of transparent objects, such as a

etched on one of its 5, the surtace itselt does not appear flat to
us when we view it from the un ked face ™ The section ol the
plane tace| that lies over a raised portion of the etching will appear
indented, and the section [of the plane face] that lies over an in
dented portion of the etching on the opposite face will appear
raised. For in this case the sense does not interpret the shape of the
first surtace 1t encounters by means of the shape of the base of the
visual cone that strikes the surface. Instead it does so by means of
the shape [of the base| formed by the tlux as it passes out of the
transparent v. When the visual flux passes through a raised por
tion of the etching, its shape [at the base of the visual cone] will be
raised, whereas when it passes througl indented portion of the

ol 1 1 : " :
eCning. 115 ape. | tne | o Of the 1al cone | wwill ke indented
I sight concludes that the shapes of such objects

irary o the s "i.ll"'.' at '_I;l.' asy Of 1 Visual cone .:;|'_.L||,': 1. It

se of the visual cone and
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CONVEXID i"'- '.i'l-\.".'."'i'l.u ' i I.i'.'.'l'-\.”'ll.".!l the visual oons
at the same conclusion im this case tod. For, since the pase ol
sual cone striking a raised portion of the etched side of the trans

- Ear i T I oy ;
parent odv 15 T it concludes that ||u.,' ood1es themsalves are

indented. On the other hand, it concludes that an indented portion

iz raiced when the base of the visual cone is indented at that ¢

[130] Something like this also happens in certain types of visual
i'_1'_|'!|'|_"\-\.'\-\.'_--_'l:|'\-\. involving motion. We can understand this on the basis
! b ! |’ , s - = il E . 5
of what we will Inow| show: namely, that obects that do not move
: i =
AT .|!I:l.'|~: v irom sigeht are jucged
viewer to travel swiltly, Examples are to be found in
moves for a brief time, a spark, and [luminous] bodies t
indows and marrow openings. This illusion [of speed] comes
..|||':"'.i: because the sense does mol JUICHETE TN TTULLCKN the visual :I'.i"'\-\.
has been affected [bv the passing object] in terms of the time in
which the motion occurs but rather in terms of what appears and is
perceived by means of color. For, when any object passes over the
R : : :
ntire visual I||,'|:_I 1IN a briel srceptible pernod of hime, it appears to
-
move swiftlv and disappears at the edge of that fHeld. But, in the case
Of Moy i"l'.'. ab &CIs, 1T any OF TIhern Nappens oo l.'.i"'\-'.l"!|l.':.':'-\.'.il.' LT Walllsll
1or some Other reason—e. ., 1 I aisiniegEraes Derore ieaving | ine vi
1 L [ e s A b e LT
2L1a ||-.;.:_.i Or vanishes betore reaching either extremity of that
field—then such objects are judeed to move swiftly because, in tha
case. the visual faculty grasps the speed in terms solely of the speed
with which the object is lost to sight or vanishes
A R o L ey il in
1% ;l LT |'I;,'I more, whnen & Doat stands sl cll CeldITE;
river that flows swiftly, anyvone in the boat who does no
shoreline !".h". ond Tbut tocuses on the ris 21| judges that the boat is
moving swiftly UPTIVET Wihlle e Waler 15 51 inding still. The reason
1- j 1o . o N P ¥ I} ¥ . : I . 1
for this illusion is that the motion of the water sensed by the visual
Hux, being :ll'll".l'-.:l_-.' ta that with which the boat 1 assumed to move,
is manifested by the contrast bebween the color of the boat and the
: 2
color of the water. Mow the contrast created by the motion of the
parts of the water s surface alone 15 not ( lear to the sense because of

: . , ! i
the unitormity of the parts Of the |'.'.'.‘:I-.'!' S| suriface and e s1m
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ity [throughout] of its color. Yet, according to the motion of the vi-
sual flux upon the parts of the visible object’s surface, it is necessary
that eithoer the water or the boal appear to move i% T'hus, since the
water will appear calm, the motion must appear to belong to the
boat. On the other hand, if we look at the water, the shoreline, and
the boat all at the same time, and if we take cognizance of the fact
that the shoreline is stationary, then we will see that the boat 15 sta-
honary, since the boat is seen by the same ravs that see the shore-
line. We will also see the water moving since we will have realized
that the boat and the shoreline are stationary.

[132] Likewise, if we sail in a boat .'I:UI".:.": the shore during bwi-
light, or it we move in something other than a boat, and it we do
not sense the motion of the thing car VIng us, then we judge the
trees and topographical features of the shoreline to be moving.
Ihis illusion stems from the fact that, when the visual rays are
displaced [laterally], we infer that the visible objects are moving
because of the displacement of the visual ray. Although the visible
ofects ar '-|_.'!!.-\."'I:.!!:h. then, it s assumed that the .'|!_"-|'.||'|,'|".| mokion
belongs to them.

[133] It is also assumed that the image of a face painted on panels

follows the gaze of [moving] viewers to some extent even though

there is no motion in the image itself, and the reason is that the true

direction of the painted tace’s gaze is perceived by means only of
the stationary disposition of the visual cone that strikes the painted
tace. The visual faculty does not recognize this, but the gaze remains
Fixed '---.'il_'l:-. .'|:|:|'.:~_' the visual axis, because the E'l.'l'|_"'- themselves of
the face are seen by means of corresponding visual rays. Thus, as
the observer moves away, he supposes that the image’s gaze fol
lows his. 14

[134] It must be borme in mind, though, that in all the visual per-
ceptions that arise infterentially from sensation and perceptual
scrutiny, several visible features in one and the same object are in-
volved. And those teatures that are not properly judged in and of

themselves cause a false perception of those that are properly
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e in and of themselves [he kind of misperception formed

inn this wav need not alwavs arise in the caszes of illusion that we

have .'I'r"!,‘h i i i".'l:'l:. ular

stead, when the apprehension of the cha

not clear but 15 derived through differences amaong
that are not supposed to be inferred ai

that are. Ihis 15 :"1|_' L W

which location, motio

erties canmnok

viewer., | he reason
i"".'l:-'\.'l"'l'l_ the visual fac
greater distance. Howey
MEeAns Of al cidents |
differences among
1wended when they are

not [apprehended|. For i

dent that occurs at the bas
length, which represents the disk:
e Il:"'!l'l. P
. I . N 1 - 'y ¥ S L
[136] Yet, it that relation is beyvomn
it induces an impertect perceptual apprehension
cannot see the visible o in the way |
SETSE .I'."‘:"I'l.'|‘:-."'l.i*- it through the evidence
cordingly, the visible object sometimes appe

sometimes through a false perception—o

arising from the illu n the previously-di
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[6] This point is likewise established when the eyes are so situated
that each may see the other simultaneously, which obtains when the
i._':'-.i.'l' visual rav from each falls at the same Hme on a given point
on the mirror. If. however, such is not the case, it follows that nei-

ther sees the other, [all of] which is evidence that the [respective] vi-

sual ravs are reflected ;:u.-n'.'.lu ntlv.® From these observations it is

clear that reflection takes place at equal angles. For the angle will be

one and the same according as it measures the incidence of one of
the hwo radial branches upon the mirror or the reflection of the other
radial branch from the mirror. If, however, we were to suppose
those angles to be unequal on either side, then it is necessary to have
the ray from one of the eyes meet the mirror’s surface at an angle
larger than the one formed by the ray after its reflection from
the mirror, while, for the other eve. the situabion has to be reversed
1.e., the ray after reflection has to form a larger angle than its inci-

dent branch does upon the mirror.

¢ L 1S O
eve will see itself along
Ii dos Bl Jekt o
ever, we albow
thie mirw focal-point becomes F i b

the center. Th reagon, of counse, 2 that the respective rays no longer form egual ameles at the

LT Bilia A% vslrated by e mequa ity of angles. formed By r 1 [ and EqgD» at
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[7] But this point will become clearer and visibly confirmed, and
what we have asserted will thus be demonstrated more certainly,

by the tollowing experiment

(8] (EXPERIMENT III.1} Let a round, bronze plagque of moderate

. ] ; i =
size, such as the one below [in Bgure L], Be set up, and let A

b its center. Let both taces be planed down as carefully as possible,
._:_"l._l ||_'|_ its ;_'n_i:;_':"-. |"|_ |'|||_.:'|_i|_':_‘i ,_::‘:|| I_".'-'iwl':u':‘l | hen !-,_'! a small {i"'-.'ll'
be inscribed at centerpoint A on either of its faces, and let it be
BGDE. OUn this same face let two diameters, BD and GE, be in
geribed o intersoect at |"::_'|':I angles: and et each quarkber Cir le be di-
vided into 90 degrees.” Finally, let the two points B and D be taken
as centerpoints, and, using BA and DA as radii, let the two arcs
FAH and TAE be inscribed

[9] Now let three thin, small, square, straight sheets of iron be
formed. Let one of them remain straight, and let one of its sides be
polished so that it appears as a clear mirror. Let the remaining two
sheets be curved in such a way that the convex surface of the one
and the concave surface of the other [taken together] form a circu-
lar section |,'-.!I.I.'|l tacircle BGDE. and let the bwo :‘:'1"-.‘;"|.'-.'ri'-.'l.'-.':l:'l'-.'l.""-.
and concave| surfaces of these sheets be polished so that they are
made into two mirrors.

|i|'| Let us cut arcs from each of the !-.'Ii""l'l'.'l'-f LW "'\..L'Il'l.'t'\-, .'|I'|qj let
them be represented by ZAH and TAK. Let line BA be drawn in
white and AL in some other color. Then let a small diopter be
moLinbed L;!'u‘rl‘: _.-"il___ and let the atorement i-.'-l'l{'gl _'.‘l-._‘:;'l_u_' he |_‘|'=.E'l| |*-il._'|‘|
in such a way that [the sight-line of] the diopter passes easily
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through point L and along line AL ow let the atorementioned
plaque be placed with the side upon w Ilu h the mirrors are [to be
i 1“"1m1| facing up. Of these mirrors, let the plane one lie on GAE,
the convex one on ZAH, and the concave one on TAK I-i;m!l:.., in
the middle of the upper edge of each of the :'|'|i"."-.'-'- let a pin be at
tached axially to the mirror so as to keep it in place on I_minl A.

|11] Assume, then, that we view with either of our eyes through the
n.n-| vber, which is placed at point L on AL, and that we direct our line

it toward the axial pin of |l.'|||.'|" of| the mirrors. Accordingly, it

we slide a small colored marker [along arc TBK | on the plaque’s sur-
tace until it appears to us to I"\.'-\.:II'I the same line of sight with A, then
point L, point A, and the image that is seen in the three mirrors will
appear [to lie] upon a single line [of HI:.:|'|T| *If, therefore, we mark the
point at which the colored marker stands on the plaque’s surface
i.e., the place from which the marker’s image ; 'p|'--;-am: n those mir
rors (e.g., the place represented by point M)—and if we draw out
:~|.I'.I'.:|-!|i‘l|: ]lrn AM, we will find that arc BM is always equal to arc BL.
since that is the case, angle LAB will be equal to angle MAB, and line
BD will be normal to all of those mirrors. Line AL [thus] delineates
the [branch of the| visual ray incident to the mirror's surface from

the eye, whereas line AM delineates the [branch of the] visual ray re
tlected from the mirror's surface to the visible object

rowe wertscal
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2] To continue, if we place some moderately long object at B and
direct our line of sight along AB, the entire object will appear along
the continuous -.|':-i'.:_':'. lire AT 1Y 45 v established earlier when we
claimed that the images of objects erected at right angles upon mir-
are seen along the straight continuation [of the orthogonal]

Hon

as the visible objects

{13] According to the fundamental principle we accepted in direct
vision and upon whose basis we determine the location of a vicible
object, we proceed likewise to determine the location of an image

hat is not seen directly.* For the composite object is seen as straight

} 1 5 1 -
Accorainge o wo components: namely, that which constitutes the

image of the visible object and the ||"'i|_-._‘_ it=self as it ac |I'..!?|'-.'.'.|'lP|. ATrS.

and thas composite maintains a uniform configuration with re spiect
to each of the two constituents [i.e., image and actual object], just as
it all |E‘1.!.'|.~. of the image-object combination] were seen as actually
facing [the viewer] in the location that it seems to occupy. A straight
magnitude [thus| appears straight. But when a true image lies at a
moderate distance along a straight line, and when its generating ob-
ject is stood perpendicu arly upon mirrors, it must be the case that,
as far as the apparent location is concerned, each component turns
out to lie along one [and the same| line. And if the same magnitude
appears orthogonal to the mirror’s surface while its image lies in a
straight line [with it], then that image for its part will appear or-
thogonal to the same surface, so that there is no discontinuity be-
tween it and the composite whaole, just as if we set the visible objects
up in their actual locations—i.e., those dickated |_1_1. thie :-,-'_.:1_:;;|'p-.':'.'_|'|
within mirrors between visible objects and their images—the rela
tive configuration in each of the bwo locations being so maintained
that [the resultant combination] seems virtually to coincide with the
directly viewed object

|14] Therefore, the principles we have set forth are evidenced by
the phenomena we have discussed, and it is not difficult to under-
stand that in these cases reason conforms with sense -experience. It
is normal and natural in direct vision for visual radiation to emanate

rectilinearly from its origin-point to outlying objects, yet the reflec-
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Hon of the visual Hux that occurs [rom mirrors s not Perc 21V
sight. Therefore, the visual sense must follow its natural and no
inclination by lining the reflected ray up with the initial [inciden
ray before reflection and thus judging the resultant [radial line)

be straight, as if nothing happened to it [during reflection] and it

kept on rectilinearly. The image of a visible object will thus appear

like an object seen without [specular]| impediment.!

[15] Mow the reason that the reflection of the ray is not evident
to the visual sense is that it senses nothing whatever without |[Hrst
making| contact with the objects that generate images of this sor
Ihe impingement of rays upon mirrors occurs in such a way

’ -

each ray strikes a particular point on the mirror. However

R
1LLNE

'l|.'|,_|_ W |"|_"-,_' any &1y |_'|'|| ray :'t._:kl_ 2 contact [ with _|'|:'
I iy | La}

tains nothing of the extent of the sides that form the angle of r

tion. By necessity, then, this angle will be imperceptible, since it is
T H.._il"-!_*._':‘l.il._"l.! by anv rav that strikes the MITrOr. and so the angie
that is formed will be imperceptible. And because only parts of the
rays remain on the surface of the mirror itself, then, since its dis-
position is easily determined, the location marked out by those
rays is determined .

[16] Furthermore, because the visual rays [that] emanate from the
eye to the mirror [are] normal [to the ocular sphere|, the specula
image will be conformable with the image derived from direct vi
sion. For one thing, each of their [points] is seen according to rays
that are normal to the pupil. Indeed, the rays that pass through the

=

cormea’™ and radiate to the pupil from the origin-point, which lies
within the ocular sphere at the centerpoint, all form perpendiculars
to the surface of the pupil, which assumes the nature of a convex
mirror in terms of its shape and smoothness. ' This is why |as view

'-'|."_: WE Are I‘-\-i"..i-“_. 8] :\.I_.-,. '.'i"-'-' the mages of ||'Hi|-"'|_" i“._l aAs I.I'." l'.:,' 05,
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which face the objects directly, see them. Hence, when the reflection
[of visual radiation] that should have followed a direct, straight
route from visible objects to the :.‘:-'._li‘:-f | iz redirected at :'.|'|-:_" surfaces
of] mirrors, it maintains the original direction from the pupils to
those objects, and that is where the line emanating from the center
of sight coincides with the ray itself that links the pupil and the vis-
ible object.!” The same thing happens in the case of facing images,
when the visual ray falls orthogonally to a mirror’s surface and re-
flects back on itself. For in that case its incidence, from which the ob-
ject’s image derives, will be unique in number and location, and that
location is the one according to which it makes a direct, orthogonal
link between pupil and mirror. Hence, our visual grasp ot the ob
ject will be twolold and distinct in proportion and power, one stem-
ming from the center of sight to the visible object, the other from the
visible object to the center of sight.t®

[17] We have already considered that whatever is in line with the
vertex of the visual cone must be determinate and have a definite
order and structure; that is, it must be [spatially referred] to the
origin-point of the visual flux.!® Likewise, too, the image of visible
objects must be tormed according to a unique direction that is de
termined by the mirror's disposition and that lies along the cathetus
of reflection. Now to any point on a given object there is one and

only one cathetus, whereas any other line, being oblique with re-

spect to this cathetus, 15 subject to numerous variations, ™

18] And since things of this sort [i.e., images and objects| never
exist without the other, objects must lie in the same plane formed by
the reflected ray, because such planes also maintain a normal ori-
entation to the surtaces of mirrors. Within this context, in fact, the
radial P.J!h before reflection falls no ;,'.“f‘:l_'l'l_'l"‘:‘..:". from the :‘;"‘.'I[l". afber
reflection.?! For the arcs of circles constructed upon mirrors around
their centers or axes—arcs, that is, that subtend the angles of inci
dence and reflection and lie in the same plane with them—have the
same [normal] orientation, along a [given| diameter, to all the
shapes [of reflecting surtace| discussed, as long as the plane stands

antinuity of radiak
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normal to the surfaces of the mirrors. That orientation. which comes
._‘::'_‘:l_'li_.l_ '-.'.:'-.l':g-',_!-.!:-.' In those MIFFors, 1s ;‘|| erminate insofar as it '::_-H
upon a diameter
[19] From this, therefore, the relationship of equality between
the angles of [incidence and] reflection is easily adduced, as is the
act that it follows a natural course. For projectiles are scarcely
obstructed by objects they strike at tangents, whereas they are ob-
structed to a considerable extent by objects that resist them [di-
ly] along the line of projection. Accordingly, when anything
stands directly in the way of these projectiles and stoutly resists
them, it interrupts and opposes the line of projection extending to
the origin [of motion], just as walls obstruct balls that strike them

at right angles. But obstacles |disposed at a tangent| pose no ob

L8
i
L

struction at all, just as curved bucklers do not obstruct arrows. [t

should be bome in mind that this explanation extends to all sorts

f moving objects, and it should be understood that they all act in

(8]
such a way.=

[20] The action of the visual rav itself must theretore follow this
rule, and any of the rays that approaches a mirror and then bounces
back trom it must maintain the disposition that occurs in the para
digm case—i.e., that the angle tormed by the line normal to the mi
ror at the point of reflection and the line of incidence be equal to the
angle tormed by the same normal and the line of reflection. If, there-
tore, the normal and the tangent to which it is normal lie on a plane
that cuts the mirror at right angles, it necessarily tollows that, within
this overall framework, a line that strikes the mirror at some partic
ular inclination and then rebounds from it forms equal angles [with
both the normal and the tangent] .2

[21] It is necessary to stipulate at the outset that the determination
ot image-locations requires a specific condition: namely, that loca
tion be consonant with distance. Now, in the case of direct vision,
such locations are often not [properly| apprehended by the visual
rays because of their tendency to weaken with distance. This is what
usually happens whenever objects that are spread out among them
selves and far away from observers appear to be near [bo one an

other| and seem to coalesce because ot the decreased capacity of the
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sense for perceiving distant objects clearly. This wea sening of vi

sual capacity induces observers to view [distant] objects habitually
as if they were nearby, because in such cases it has greater efficacy
vet hardly avails itself of that capacity in the case of distant objects
Of course this imperfection in visual capacity is greatly increased in
the event of reflection.2’

[22] It follows, moreover, that the force of projection in every
moving body weakens when that body does not follow its original
trajectory but goes off in another direction by being deflected before
it makes [full] impact with other bodies.?® This point becomes evi
dent in the case of visual radiation when mirrors and the objects that
are seen in them are so disposed that some of the visual rays strike
the visible objects without reflection, while some are reflected from

the mirrors, and [the resulting bwo visual impressions| are made at

the same time. < I, under those conditions, the entire Image is uni

form and near, then the images turm out to be much dimmer and
less distinet than [their generating] objects as seen directly.

|23] Although this weakening ought to be the same for all visible

jects and tor all distances at which the image is seen, such [weak-
ning| must somehow [also] depend on the intersection [of the line
of incidence and the cathetus of .'l\.\,"'.il_{\,lil_l'll_ since those lines varv in
length. In the case of an image that is common to all types of mir-
rors this happens on the basis of the previously mentioned weak
ening that is due to the reflection itself. In the case of an image in a
concave mirror, however, this '."'\.'L"'.'II\.L'l'.!l'I:,: stems from the -.i',l.li'_l.l. |
the reflection. And this occurs in two ways at most. According to
one of these, the coherence of the image is greater than it should be,
and the image is bounded and more compacted than it should be,
20 that, when an [object] is stood |"q;':|_':'_":|_|'_|_ ular to the mirror, not all
of the image is properly aligned with the visible object, because
hose points on the image that are farther away from the intersec
tion create a certain deviation in the disposition of the visual radia-
lon.=® [he other Wy siems froam the fact that it sometimes does and
sometimes does not happen that the aforementioned lines—i.e., the

line of incidence and the cathetus of reflecion—intersect and that

. a work of |

IR A8 B SO0 be imdrme i nioam % = ]




ENGLESE PRANSLATICHN: TETRLY BOCIE,

the intersection occurs not in front of the eve but either on the ayvie
1ksell or b |‘:I."||1 18 In this --i!.:.lj:u'l: '_|'|:' MaEe-1Catiomn W Il not &
clear. In the second case, however, the intersection that should
sult will be near if there is no visible obstacle to [the formation of]
the image itself. Furthermore, if the image-location is indetermi
nate, the sense is drawn to tocus on an intermediate point between
the eve and the surface of the mirror that reflects.

| For this reason we ought to investigate the ways in which
under these circumstances, we get an image that lies at an appro
priate distance and orientation. And we ought to take up the issue
of whether the appearance of images in mirrors invariably con
torms to the an: |'-,'~-E-- already established _!.lll' binocular v ih;-ﬁ-':!_ an

analvsis that applies as much o reflection as to direct vision. And

we ought, first of all, to examine image-location as it relates to the

convergence [of visual axes] discussed above, that location being
certain only where such a convergence occurs and where it appears
In fact, it often happens that this [sort of] image, while formed ac-
cording to direct vision, is not seen in the place where the actual
body |generating it] proves [to be|

[25] At this point, then, we must consider some issues that we
postponed in the second book of this treatise. ™ These issues have to
do with the way the apparent locations of visible objects can vary,
a point exemplified by the tact that a single object will sometimes
appear at two places whereas two objects will sometimes appear in

a single place to those viewing them in a given way with both eyes.

[26] [EXAMPLE I11.1] Let us first discuss the case of convergence
In which points A and B [in figure L2 represent the vertices of the
two visual cones. Let line AB be joined, and let it be bisected at point
(. I'hen, from that point let GD be drawn perpendicular to line AB.
Let axes AL) ana BD converge at point D, and let the visible object
be placed at D. Accordingly, this object will appear single and in its
actual location.

[27] S0, too, if we draw line EDZ through point D perpendicular
to GL), any object placed on this line will appear single and at its

true location as long as it is aligned with point D3




28] On the other hand, if line HTK is drawn parallel to line EDZ

while the two axes remain focused on D), an object al poant ' wall

appear at the two locations represented by H and K. Moreover, two
magnitudes placed at those two locations [H and K] will appear at
the three locations represenbed by points T, L, and M. At il-,'i_'|l, T, of
course, both will be seen together at once, as if they constituted a
"'\-.I"':-_'il,' -.'-i1:|,'- b They will be seen --.',‘~.|-".:!|_'|:-. howes T, insofar as H
will appear at point L and K at point M, and each of the segments
LT and TH will appear equ 1l o HE

I.?'-‘I Buk if we focus both axes LM i"'l\.'ll'l' I, we will =ee point D
at poants Eand £ '

[30] That the number of these images proves to be as we have
claimed can be determined experimentally by anyone using the

Ll |
ruler with two PEEs --I:..:'Lill':-_' on it Whoever wants o ascertain
their true locations will do so by placing a finger on the visible ob-

. Ior the hinger actually touches the object when it appears in its
true location, whereas, when it does not, the NNgEer does not touch

1t buk withdraws, having encountered nothing there

| ITHEOREM II1.1] We have explained elsewhere the reason
nomaly that we just discussed, and we have demonstrated

vanety of wavs when we dealt with objects that are seen at




spondingly arranged rays aj
are actually two of them. However, if they by means of non-
correspondingly arranged rays, such objects, even if they are actu
ally one object, appear to lie in two ditterent locations

[32] To explain, let us join lines AE, AZ, ZB, EB, TA, TB, BH, and
AK In !_|'|q.' ill'l i ._1 e .i:'l_-_:_'-l:"' as :':_"r':-'--n MbECE ' Ii_:_. P Hi i 0
cordingly each of the spots at £, L), and £ will appear [respectively|
in one location, since AD and BD lie on the visual axes th
ind the I'.::'.- that I,_:!; on E and £ are -.:'l":'--i'.-':.i'l:_:_ Vo Artranged,
since Ak .'|=I':'|'-|".l":.i*- o BE. while AZ corresponds to BZ. On the
other hand, since AH and BEK lie on the visual axes, H and K will
appear [combined| at single location T, but since BH and AK do not
correspond, H and K will be t points L and M. Finally, b

e o o [ - - | L% 1 i
cause ravs AT and BT do not correspond, point T will appear at th

two lncations H and K.

|33] Now that we have proposed certain general distinctions con-

cerning the locations at which each of the objects appears, we ought

on that basis, to :.'.l.*-l.l:._.‘:ll.' W VISIDIE oDjects must appear i the
1
|

places where they really lie. This we will in fact do as soon as we
have established another evident principle dealing with the topi

under discussion.

(34] [EXAMPLE 111.2] If line HTK is not

w g ] - W - ] | - 4 4 . wh
wie previously assumed, but if, i
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[assumed to] be longer than line BK while the axes remain focused

as they were on point I, then objects placed at points K or H will

be seen on single line GD around point T. The two of them will not,

however, appear to lie at the same location; rather, K will appear to
be closer to the viewer than H, and the difference in apparent dis-
tance between the two will increase as the inclination of HK to the
[frontal plane AB of] the viewer increases. In this case, H will be
seen at M and K at §, and these two locations depend on where the

two perpendiculars [dropped from H and K] fall on line GD.#

[35] Since all this 15 as we have claimed, it follows that nature
equalizes the disjunction between the two visual axes and joins
them according to the location of the visible object. Therefore, both
of them fall upon the object from the Apex,* which lies between
them and is where the vertices of the visual cones ought to inbersect.
This principium is equidistant from those axes, which have a com-
mon sensibility. And this is what keeps the vision tracking in a sin-
_;‘;_il." direchon midway between both sides, because it is i'.'|'i‘||.!'\-"'~|i|_‘lil_'
for an object facing the visual axes to maintain the same orienta-
tion with respect to each of them. In fact, an object directly in front
of both eyes is not orthogonal to both axes. How, then, can we
determine spatial disposition if each of the axes is inclined to the
other, unless, as we said, we do so on the basis of some interme

diate reference-line whose distance [from the axes] is proportional
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[throughout]? Reason dictates that this reference-line be termed the
‘common axis,”

[36] In the case of objects seen in direct vision, we need to provide
a general determination of apparent location, and we should note
that the |_|1-:|1I.||,'|_-:|'_|,'_'|'_ of such locations from the actual obpects
varies with the distance of the common axis from the proper visual

axis. And this distance is [measured by] the perpendicular dropped
L ¥ | -

from the visible objects to the common axis.

[37] [EXAMPLE I11.3] We must still consider whether the deter
MINInNg Pring i'!'-h_' W i|_|--.'_ adduced actually TS W ith observation
Accordingly, let us take the figure [for the first case in this series] as
already drawn, so that each of its defining teatures maintains the
same order as i |i:,:||,4|'| 1 ) i'll.'.l\."".'\'l. Let each of the lines AL and
BD represent a visual axis. We will therefore tind that whatever lies
on line EDZ appears where it actually is, while whatever lies on line
HTK will be encountered at places other than the one it [actually]
occupies

[38] Mow it is clear that points E, D, and Z will appear in the
places they actually occupy, because the perpendicular dropped
from each of [the visual axes| to the common axis GL comncides
with a single point Since the ;i.-}'|~|u"1~.-';‘.! of the |:":'-in i's apparent
location from its real location toward a given side will depend on
the distance between the common axis and the proper axis, the vis-
ible objects themselves will be seen at their actual locations on ac

count of the convergence of [all three] axes [at a single point]. It has

= _‘;__ L

N

s o s TIT &
Figrure 1

This axie i% therefore distingl

= AT 1 1 a1 1T
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ve have explained why H, T, and K do

1 their true locations: the proper axis of the visual cone

reye at A is AH, and its displacement, measured

r dropped to common axis GD, is HT, which 12

the spot at which point T will be seen will

* point K. That the same thing also happens if we look from the
eve at B will be demonstrated in precisely the same way

[40] Likewise, if two objects are placed at H and K, and if LH and

4% respective v, are equal to HT and TEK. then the obiect _',*-:,,n_:,'._l at

ill appear to lie at the two points T and L. On the one hand, it

SEeT at paoant I from the eye al A along ray AH. because its

ndicular distance [from common axis GDY is TH: on the other

n at point L from the eye at B, because its distance

. the perpendicular h '|f-.:|'.:.: the comman axis and the proper

axis KB, and TK is equal to HL and lies in a corresponding direc-

non. | hs s the :|.Hi"! ycement of the apparemt from the true location

of H as seen from the eye at B. By the same token, the apparent lo-

cation of the object placed at K will be at points T and M.

[41] This analysis corresponds with the general principle we
enunciated. 5o it is clear that what Appears in its true location is ej-
ther what is placed at the point of juncture between the common
axis and the proper axis of the visual rays that strike the visible ob-
ject or what is placed upon the perpendicular dropped to the com-

mon axis at the é.'llll'.! where it meets the proper axis just mentioned

not seen at their brue locations, even though they mav seem bo be 4

1771 i i Ea ¥ v ! ¥ |
12] It is in fact necessary that this [apparent displacement] de

Cbgects that ane posed in ways other than those we described are
3
T

L | =
pend on the distance between the [common and proper] axes when

we look at visible abpects either with both eves topether or with one
or the other i.'lil.l'.“."E !.l.!I'_ as far as sensible .1?"-5,"|'.!|'.'||'.|.'-.“- darg Con-

|

cerned, when a single object will appear to lie at two locations, if we

close pither of our eves, thi imase that is left after the other has dis-
appeared remains tixed in the place where it appeared before, that
15, where it was seen originally [before the eve was closed]. From
this it 15 evident that see ng an object in |i'|'_::|:|1|4_' locations is not re-




stricted to vision from two eves, bul apphies alsa to vision from ei-

ther eye alone.

[43] [EXPERIMENT I11.2] We can grasp this point even more
clearly if we take a board of moderate size, color it black, and mark
off on one of its shorter sides a distance AB [in figure [11, 6] equal to
that between the eyes [from pupil to pupil]. Next we drop perpen
dicular GD through midpoint G of AB and draw out lines AEZ,
BEH, and TEK, with TEK being parallel to AB. Then we paint line
GD white, TEK green, AEZ red, and BEH vellow. Finally, we fix a
tiny marker at E, place our two eyes at points A and B, and focus
our sight precisely on point E

44| Lines AZ and BH will coincide with the |visual| axes, and line

TEK, which is green, will appear as a single line because it lies on

the point of convergence of the axes. The two lines AEZ, which is

red, and BEH, which is yellow, will appear to us to coalesce along
GD; yet each will appear separately elsewhere, AEZ along LEM
and BEH along NES. Meantime, GED, which is white, will appear
along AZ as well as BH.

[43] Now if we cover the eve at B, none of green line TEK will dis
appear. OF the two white lines, however, the one lying on AZ will

disappear entirely, and 0 will the yellow line that is seen along GD.
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Of those lines. meanwhile, at the bwo extremities. the red line |-.|_ |,".'||
along LM will disappear. The rest of the lines will stay at the loca-

hons thewy oo |||‘:i|_'xf before, when both eves were |:_u_||ng'.'|;f| at thiem.

All of this agrees with what we established earlier.?

:-:::l [his is why the visual sense, imbued as it is with an .'||?'|.'|.-*i|'|:._'h
propensity to apprehend visible objects accurately, always adjusts
1ts axes until their point of convergence is fixed at the center of the

magnitude it apprehends; in that way it assumes a facing

I oriemta-
tion, according to which the locations of visible objects are per-
cenved correctly and punctiliously. If, on the other hand, such is not
the case but, granting that the object is clear[lv seen|, the distance of
axial convergence from either side [of the visible magnitude] is un
equal, its displacement from the true location will not be s ery great
When the axes are slanted in any way toward the side, the defining
characteristics of objects do not seem clear; instead, they are con
tused on account of both the sizeable displacement of apparent
[from real] locations and the weakness of oblique rays

I-I-T! Therefore, what |'|.';|'li'u.'l'|*- wWhen we I_"=|-'Ii e objects in a so-called
facing orientation has been demonstrated. We will discover what

:'I.:II'II'II\.':'I-\- in the case of an obligue oFientation as ftollows:

(48] [THEOREM I11.2] Let point A [in tigure [11.7] represent the
vertex of either of the visual cones, and let common axis GB and vi
sual axis AB intersect at point B. Then let some line DEZH be
drawr, and from points D, E, and H let perpendiculars DTK, EL,
and HMN be dropped to BG. Let DS = line TK, join SL, and extend
it until it intersects the prolongation of line NH at point |

[44] We say, then, that DEH will appear to the eyve at point A as if
1k lan .'|||l|‘:.=: SL1. From earlier discussion, it 15 clear that E will Appear
at point L, and D will appear at point 5. Now, however, we will
demonstrate that point H will be seen at point 1, a fact that will be-
come apparent if we show that HI = MN
|50] Accordingly, since KL:LM =TE : EN, and KL:LM
KS:MI, and TE:EN =TD:HMN* then KS5:MI=TD:HN.
By alternation, therefore, K5:TD = MI : HMN. But K5 = TD. s0
MI = HN.

[51] Now let the two perpendiculars QZR and FOP be dropped
to BG from |'l-:'-::‘:';:-f and ), Let us show that F‘::'-';|'.'| £ wrill be seen at

[ e F ! l

ERoiElr o Frodimdy, pp. [60-163, OF Siron, L wivd, pif 144
Prissae last two propostsonaliises follow from the similar triangles KLS and LM andd
bes FELY angd ENH
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Figrure L

point ) and that point P will be seen at point O. This 18 demon-
strated it we show not ondy that lines QZ and ZR are equal, but also
that lines OF and PO are equal

[52] ."'Ll,"\,,'ill'n,‘ill'l)_'\.I ¥, SINCE KL:LZ K5:0Z, and KL:LL
TE: ER, and TE: ER = TD : ZR,* then KS: QZ = TD : ZR. By al-
ternation, KS: TD = QZ : ZR. But K5 = TD, 50 Q£ = LR

[53] Furthermore, since KS:OF = KL:LF, and KL:LI
TE: EQ, and TE: EQ = TD : OF, then KS: FO = TD : OP. By al-
ternation, KS: TD = OQF : OP. But K5 = TD, s0 OF = OF

[54] In addition, because KT = FO, while KT = DS, then
DS = OPF, and so point P will lie closer than point L} to point B,
where the axes intersect. Hence, among those objects from which
perpendiculars are dropped to the common axis, those whose per-
pendiculars fall upon it closer to the point of convergence of the
bhwo axes appear to lie closer to their true location. Those whose
_'."l.u'pv!‘.d||'1£!..1|'H fall farther from the point of convergence of the
axes will appear at a single location bul farther displaced [from the

true location].’

[55] From what we have said, it is also evident that the magnitude
£

the actual

object does when seen in its true location, so the difference will be

as we see it at its apparent location has the same shape as

reangles KLS and KFQ, and thi
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1 anly. What I LTS in the case of circular objects 15 8e

now explain

|56] [THEOREM I11.3] Let AG and BG [in figure [11.8] represent
the [selected proper and common] axes, and let a given circular ar
DELHTK be drawn upon them. Then, from points D, Z, and E, let
E"I.'I!‘I.'I'l-.:l:'.::.!‘.- DF EM, and FZ be |_|_r;|_'_'-:_'-|-._: o axis B, and let

them be extended through and ':':-_'. ond points H, T, and K Finally,
let DL and KC be marked off equal to QP, let HN and ZR be marked
otf equal to FZ, and let ST be marked off equal to EM

[57] The eve at A, then, willsee DatL, KatC, EatM, T at 5. Z at
R, and H at N, so0 it is obvious that the whole of concave line
DELHTK will appear to lie along the concave line passing through
paants L, M, R, N, S, and C. And the same holds or convex lines

[58] It has therefore been demonstrated that whatever is seen in
such a way with both eyes must appear in two places, either sepa-
rately or conjoined, when we view something face-to-face and focus
in the same direction, as long as nothing disturbs the viewing
process. For, since its radiation is extremely limited |.||_.--.:-;||:.,_ it 1%
natural for the visual flux to move about the entire visibl magni
tude and to cause both axes to converge in a v ry short time with an
unrivaled swittness. And just as with the visual apprehension of
distant objects at the very opening of the eye, so with the visual

nape LMEBMSE

s bo draw Bhe d
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It has thus been demonstrated how the visual cones attain
a perceptual grasp in a completely natural way and how this per-
ceptual grasp leads to a single, primal impression in terms of both
sensible effect and location. This happens when we look with both
eyes at some spot on an object that is seen with either eye and noth
ing about the natural operation [of the axes] is altered. Indeed, such

| !"|'| icess 15 Invariably tollowed when both axes, each of -\.'.||i.\,§"| |"; ]

(3 I

ol ST -\..Il.'.'!-\.l'.". DECLLELAT £ 5 £ _.:II,':'“'"I.:'.;IIL|-.'-..|IZ!'-.'-.".':'_I.'I'.I.'I."..3"-.!'!':':
1 .

the Apex toward the visible object by the Governing Faculty. [t is

thas faculty that hxes those axes on one and the same line coincid-

» comimon axis between the vertices of the visual cones.

cts the impinging rays according to that line, since it is

unique, and the position ot the ray is directed upon the visible
objects themselves by the power inherent in that faculty. Objects

!
cdirectiv inbern o1l  Fyy -|-|.-.\_ o L LR || el 5 -\.-|-- S ~ . < Lo

| -I\.Il.-\.-_'\... ol A Wl CIeATLY L RN LMOULREY ] 100

I 2 o ]= S : 1 L

gle location, which is [in line with] the common axis, whereas ob-
jects that are intercepted by the remaining rays will appear to lie at
places whose displacement from the true location depends on the
distance of the common axis from the proper axis [of the appropri
ate visual conel.
3

02| As long as we consider visual perception by one eve and a

> :."'I'l'l.'l.'l""l'..!. ':'|'.|'l|'|_'---.i.‘-:| ._I-.-.l.!l'l.l'.l'.:..: o a singEle u:l'l;;.l"-'.“lliul__
there is nothing in demonstrations devoted mirrors that should
prevent us from taking into account one of the cases that we have
Li:"'ll. l!:‘":"\-l.'\':‘l, Simce It 1s 1n !:‘I;' :‘I.‘II_L:II_‘ ]| !'ll_'_'l_ -_'.'_'l'_:l_ll'_:-\. D ANSE (IFOmM 3 J0=
alescence of the sensation of ODpects that are seen *"-'-"-"|'*5||"jl toy a
common apprehension. For things that are seen and perceived by
both eyes are seen by means of a single capacity that extends con-
tinuously to the origin-point where it is exerted
[63] So much for what ought to be said about the issues we have
raised in the preceding discussion. Let us now discuss images that

appear simple according to each of the aforementioned cases, espe-

A
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cially those that appear in mirrors whose shapes do not aftect the

visible properties seen in them

[64] After having spoken first about colors, we offer the basic ob
corvation that, in |-.-'|':|'_|:'E--.-"t {0 o the colors themselves appear
in direct vision, their images appear somewhat different. The reason

! ;
for this is the weakening caused bv reflection, and we have already
pointed out that this 1s why objects appear dimmer {In mirrors| i
change in the colors of such objects [after reflection] also arises from
the colors of marrors, For the visual rays impart something of those
colors to the visible abjec :"-\-E"-\-I.".".' AMeT Merled |.il.ll'... Bt this sort of I'Ili'-\."
nomenon should not be attributed to mirrors |alone|, because what
happens in the case of retlection is common to all bodies that impede
visual radiation: the change in color arising from the mirror 15 come-
mon to any and all objects that are seen by unbroken rays, because
whatever is seen of colors is alwavs mixed o some extent. 50, oo,
with colors in the air and in transparent media, the flux suffers a sen-

Sible ._-'-E:.:§|'|-_; Ana the same holds for objects that are Percen e |
|,|".|'u_||,|;5‘: transparent bhodies

[65] Therefore, concerning the | at we wish to demon
strate, let us set up geometrical proots, not indeed according to all
of the particular propositions upon which the science of mirrors is
ultimately founded—since they would be legion and would require
a spex ial treatise—but according to what is possible for us, in order
to explain image-formation for everything seen either in direct vi
S1OnN Or |:|:'|.'\':-'|"|'|"'\-|.'.

[B6] As far as all the demonstrations that follow are concerned, we
ought to bear in mind some points that we will make now so that
we nesd not ..‘M.l.'l.'i." I'l."}"l.'-.‘:li:'l.!_ them. First, when we say “eve L wWe
mean the vertex of the visual cone. Second, when we say “a straighi
line on the surface of mirrors,” we mean the common section of the
[plane] mirror’'s surface and the [plane] surface orthogonal to it that
contains the broken ray [i.e., the surface of reflection]. Third, when
we say “circle inscribed in a spherical mirror,” we mean the com-
mon section of the mirror's surface with the surface that contains
both the broken ray and the center of the sphere [i.e., the surface of
reflection]. Fourth, when we say “convex mirror,” we mean a spher-
ical mirror whose outward curve faces the eye. i nally, when we say
“Concave |:|'_|'||_||_' Wee meéan a n.i'll‘l'r'iu":l :'|'|5|'.'._'\-: l.'-h.":llwq._' i"'"!'l\.'..'l":.\,".!-

curved surface faces the eye.




hav 1114 "'\-i.'l'l\. ifed these definitions, we should E'Iq.'!:_'i|'| "":\,
wihat s ll:"'*'l"\-'.".i Il [Pl NIrFgrs OT eVery L\._:'I_i 06 VIS
that is seen in them. In terms of quantity, [we see] the
of the objects that . nguish as well as the sizes and
f contiguous objects; in terms of quality and the defini
!|"i:':.i-\.:-- Of thien 4 WE S0 | '\.:i':'\."-\."!: i .|'1'|_':'_:I: InOons

IS 00 HE'.|E_"|'--_ ind spatial locations, 1t is !:'|!|':_:::_:| these :|'_.!:_
N plane mirrors, One eve sees on image of a singl weck, if it

derpoes no alberation, even thowgh it may be quite distant from the

|68] [THEOQOREM II1.4] Let straight line ABG [in figure 111.9] lie on

the surface of a plane mirror, let D'be the eve, and E the visible ob

ject, Furthermore, let the visual ray DBE emanating from D be re-
Hlected at equal angles to E. We say, therefore, that no other rav
emanating from point D is reflected al -N-L|u_-:| angles to |

(6¥] If such is possible, let the reflecting ray-couple be DZE. Then
since angle ABD > angle AZD, while angle ZBE < angle GZE, and
angle ABD = angle GBE, it follows that angle GZE = angle AZD
Ierefore, Fay DE will not reflect at equal angles along line ZE.

[70] From what we have said, then, it is clear that, if we assume
that angle GZH = angle AZD, lines ZH and BE will not intersect at
either of the two points H or E, nor will they do so in that direction,

since angle GBE = angle GZH
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[71] In like manner it will also be demonstrated that, if we drop
perpendicular ET to AG from visible object E and extend lines ET
and []'l:i, they will intersect at point K _",n,-,-.'-:.|'|',_,'l". SICe ,'||'|:'l|_--h
DBA and EBG are eq _."!":\::II DBA will be smaller than a :-!:,‘_|'||
angle. Therefore, alternate angle KBZ will be smaller than a right
angle. It theretore tollows that, since angle KTB is right because

alternate to .:'::=_||_ GTE. the sum of angles TBK and BTK will

less than two right angles. Therefore, lines ET and DB intersect

that the eve at D sees lies at
'-Ii-c.l

1 » H . 1 . - 1 - - B } . -
VISION, INnsofar as objects seen by means of a bro

2 1N Airect

T ray appear to lie in a SIME e [OCaion.

|:":_ [THEOREM II1.5] When we look at something ina plane i

the visible object and the distance of its image

ror, the distance of
Irom the eye are equal.

[74] Let straight line ABG [in figure I11.10] lie on a plane mirror,
let point LY be the eye and point E the visible object, and let ray
couple DBE emanating from point D reflect at equal angles. Let per
pendicular E£ be dropped from E to AG, and let lines DB and EZ
be extended to meet at H. We say, then, that line DH = DB + BE
and that EZ LH.

[75] Angle ABD = angle ZBE, and angle ZBH angle ABLY,
since they are altermate angles. But the angles at Z are right

angles, and line BZ is common to the two triangles BZH and BZE.

- Fiael
i Bl
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herefore, line EZ = ZH, and line BE = line BH. If we take DB as
common, then the whole of DBH will be equal to the sum of lines
DB and BE.®®

[/6] Un the basis of what we have said, it will be understood that
the image of objects that are farther from the eye lies at a greater
japparent| distance, just as happens in the case of direct vision: the
farther removed they are, the farther away they appear to be from
the eye according to the amount by which the visual rays are
;L'I':_.;[l'.l I'Il,,'l_l

[77] As we will explain, in plane rmirrors the sizes of objects seen
as they really are in direct vision dApproar the same as those of their
1Image, and that in AEE Appears ke oocupy the same |"'-.:-\-i[illj"i More
over, unless the particular conditions we will set forth are met, what
WWE S .'|.'|'|||'||'!'::-_: to direct vision will be I'n.'-ll'.i!'!:._' like what we see
in mirrors, even if they subbend |_'._::_:._|: .'||',:.;||,'-. or one and the same
angle, as we have previously shown.® Let us therefore agree that
the visible objects [assumed in subsequent demonstrations] are al
Ways i a facing orientabon. For this is the |_|"|'_'.' onentation, even in
H}‘l':'.'.'l-'-'ll IMIFTOTS, -'Il'l.l!I'l.'“!";:.' to which there can be no dis T EENCe OF
error between visible objects and their images on account of the fac-
tors we have discussed. Analyzing objects that are not so oriented
i ditficult. and the results do not |||_'l|_ with what we |':.1'._'¢-._'!.'|:|'|'\;.\-._|
[78] Now, when we say “facing orientation,” we mean that the vi-
sual ray that strikes the midpoint of the straight line joining both
ends of the visible object forms two right angles with it; this is a face-
to-face position, and it is one of direct opposition [between view-
point and object]. We say, moreover, that the distances are equal

when the rays that emanate from the eye and strike the midpoint of

the lines joining the endpoints of the visible magnitudes [i.e., the ac-

tual objects and their images] are equal

|79] [THEOREM II1.6] Let straight line ABG [in hgure [I1.11] lie
L] i | !."'l-:'l:'.l. II‘:i:‘I'l.'lI'I and let D be the eye Sow let line |:H. L'|,1|',:-1|-,,'|_i|]:|;
both ends of the visible object, be placed in such a way that per-
pendicular DB dropped from D to line AG bisects it, which defines
a facing orientation. Let ray-couples DH, HE and DT, TZ emanat-




ing from D reflect at equal angles to E and Z. Then let the
pendiculars EA and ZG b dropped to AG from poin

let these two ‘!‘l."}"l.'i"k'-'i- ulars be extended until they,
continuations of lines DH and DT at points K and L. Fin
KL be joined. A cordingly, the image of ot E will |
and the image of point Z will lie at point L, and lis

two endpoints of the object’s image

[80] From what we have said, it is clear that,

figure AGEZ are right, it follows that AG = EZ,:

we established earlier that AE AR, and A

whole of EAK the whale of £GL, Kl EZ. and the .|='|'_;||'- al
and L are right

[81] The position of the line joiming the endapomts

thie vizible obiect will thus be as we said. And EZ will be congruent
with KL as far as its appearance to the eye at D is concerned. Also
its face-to-face distance and orientation will be the same. And it will
subtend the same angle KDL as the visible object seemed to subtend
according to the way we have set things up.® For, when the images
of objects subtend precisely the same angles |as the objects them-

selves], they must always appear equal [to one another].®

[82] [THEOREM IIL7] In i'||.'||'|-_' mirrors, the image of a magnitude
appears to have the same shape as that magnitude would it it were
to lie where the visual rays would strike unreflected

=+ B

let its sides be bisected at points E.Z H and'Tl, a

This, of course, entails
Eance (1.6 B when vicweng
oy LB, fe




s Bl in Ehe -

AE and GH be extended 5o that lines
Imes EL anad HM [respectively], and let lines
ial bo lines EM and H":-::n SpPECny l.'|'-._ From
letermined, then, it is evident that the im
chit line along ATG. Meanwhile
vill ippear along FIO, while the im

r along OTR,
se lines EA, KT, and GH are

| _."l::l‘:!'« L, I, and F is convex,
rough points Q, T, and R is concave. The
ray directed along line KZ to point T is nor
lines, whereas the rays that reach the

endpoints of the hines and. all the remaining spots on them are

oblique., With respect to ray [KZT] that reaches T, the rays that

reach U and F are proportionately longer than those that reach A




1 G, whereas with resy
1at reach O and K are pa

and (. In the case of magn

O-face perspecive
masnitudes will appear ex. When this same
[than it is for a straight line], those magnitudes wil
cave # Line ATG will therefore be convex when it
coincide with OTF, whereas it will be concave when it is curved to
coincide with QTR. So line ATG [itself] is straight, whereas with
ot exi ._'E'Ii.-:' line OTEF is convex and line QTR is concave
"-_ Ihat each of these tvpes Of higure 1s necessarily seen
single, continuous line will be ol 15 from the abser

1L I || 5
11 i R T

magnitudes that are composed of h

regularly shaped throughout

age when they appear i

ditions without being confused. Fi

objects of this sort have continuou

sallent 1m any Mspect than the others
i, in tact, establish this j
the basis of what we have ._'.:'-.'.|.!_-.

end, we will draw lines NE and QT and

poant Y on concave are NZ. We will then S OSE that its image lies

on straight line QT, and we will draw a line [ XY ] parallel to AB. Ac

cordingly, AQ : PX = AT : TP, and BZ : I.Z BM : CI. In addition,

ine AT = line BE, line PT = line £1, and line AQ = line BM. Thus,

line X line IC, and line PL line IL. It theretore tollows that
line X1 ine CL, and line YU > hine XL
[90] So the image of ¥ will not appear at point X. But the distance

of U from point X is the same as that of U from point C, This latter

I 1 al - | | ur - . b . I
point will therefore lie above the concave line. Likewise, it we take

T : : : 3.1 1
any hine connecting two points on the immage, it 15 impossible 1or the

image of any point on the Convex or ncave arc to lie on that line.

[91] [THEOREM [11.8] In plane mirrors, the in
same side as the actual object whose image it is, and if visible ob-
jECts MoYVe I Some g1ven direction, thei :ZI'..:.:'_I.‘"- move in the same
direction as far as the eye 15

92] Let straight line ABG [in figure 111.13] lie on a plane mir-
ror, and let D be the '--. and EZX the visible object. Let the bwo




rav-couples DAE and DBZ [emanating] from the eve at D be re-
lected at equal angles to points E and Z. Then let DA and DB be con
tinued rectilinearly to points H and T [respectively], where they
intersect the wo '.'l.'!:.'-.'!'l.i!-. ulars |[EH and ZT] dropped to AB from
i".":'ll'\- I. ..::..H.i .I"'. I '.I 11N I‘I I !1I 'I|:|:!.'|i "". I '\.'.'EIII I'Il.'|'l.'rq_‘-:'\"' e S8
at point H ana point Z at point T, and, in fact, those two images ap
pear to lie on the same sides as the bwo points generating them
!"' '- Mow, let line EZ be conhnued rect |"'I|'._::5_'. until £ reaches H.,
't ray DGR [emanating| trom point D reflect at equal angles
Then let line DG be extended until it meets point L on the per-
pendicular dropped from point K to line AG. The image that ap-
peared at T has thus been shifted to L, and this shift takes the same
direction as that of the visible object itself, i.e., from Z toward K.
[94] For instance, if we assume that KZ and BG both lie above

A
the eve, then image TL will appear to lie higher than the eve, And

this image will be seen as the object itself is seen [in direct vision];
what is higher ppears above, and what is lower appears below.
Clbjects that are seen directly appear in precisely the same way: i.e.
what 15 abovi Appedars above, and what is below Ippears bl
IOr & ;'IE'.'.!'.I.'I' visual rav sees what is ._:i,l-.'-'-,:,-_ whereas a lower one
S8ES 1 ||.\,:: is be %Y

[95] If, moreover, we assume that both KZ and BG lie to the right
of the ove, then image I'L will also lie to the right, and T will shift
to the right [when it moves| toward L. Nevertheless, the image of T
will be judged to lie on the right-hand side [of TL], while that of L
will b ;I.I-.1:.'_l. d to lie on the left-hand side. for when obiects are seen

directly, face-on and piarallel to our facial plane, their right side does
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1 other

FCONMYeX Mir-

rors for preserving

mirrors the retlecting

he center of the sphere,

whereas the surface of a concave mirror will never, atany bime, lie
the position just specihed. Also, the divergences between what
2ars in direct vision and what APPRATS in Convex mirrors are less
nan those i"'-"-'-'\-l'w':'l what e PAEANRT S AT -.:i." N W ESEC ."!!'-\.E wWiat .'II"'I'IA.'.'IE ]
vie mirrors. ™ That 15 why we should start with a discussion

Of convex mirrors, since their study 15 easier than the study of con

CAVE MIFrors.

[99) [THEQREM ITL9] In convex mirrors, [only | one im
coen by an ohserver using one eve, and il appears behind the |~I.I'
A Ol -:i'-l.'i IMIITOr, moreover, that LITLELERE 14 ill nes ar. at any hme. ap

1 5F .' 1 -4 L} ! .' b - i q n wnkls . '
On e |surrace -.-.|!|.- =!"|.-'-.'|I.!_-.| which the

vccordingly, let ABGD [in figure 111.14] b

cle lving on a comvex murror with center E. Let 7 be the

&

the visible i"!I'-| Let ZBH be a ray :'ll::i"l-:' '-""'-"""'l-i'l'-l Frorm .

reflecting at equal angles to H. We say, then, that no other ray-
emanating from Z| reflects at equal angles to that point.
1] Bbut it such is }":--a;-.:i'l:_'_'n_--‘ the ray -couple be ZGH, and draw

out line TBGK. Then, since angle ZBT = angle ZGT, and angle




LGT = [cun
considera
angle ZBA
HBD = |
angle HBG. 1Th

[105] [THEOREM I11.10]

- 1 T »
A circle 1ving on a convex n

to cit are BG on the cir

lentire circumbterence of the
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EG:K be drawn, and let LB retlect at equal angles along ZBL. We

v that, when it is extended, BL will meet EGK in the direc

oints K and L
[106] Now, since arc BG is less than a sixth of the circle, angle
BEG will be less than two-thirds of a right angle, whereas angle
EBG, which equals angle ZBT, is greater than bwo-thirds of a right
angle. But angle ZBT angle TBL, and angle TBL > angle BEG.
['hus, lines BL and EK intersect on the side of points K and L. Let
them join at point M. If, then, we suppose Z to be the eye and M the
visible object, its mage will lie al point s, which is on the mirror's

LA i

| l’._l ITHEOQREM ITT1T] Ha I':-xl!':l,: back to our prev ious fgure, let
ine EK [1n higure I11.16] be drawn so that it does not pass through
point G but, rather, cuts line HB at point K. Let angle BEM be
smaller than angle EBG, which in turn is greater than bwo-thirds of

a right angle
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[108] Accordingly, since angle EBG = angle BEM, while angle
EBG = angle ZBT, and angle ZBT = angle TBL, angle TBL > an-
gle BEM. Hence, when thev are extended, lines BL and EK meet in
the direction of L and K. Let them intersect at point M. Theretore,
to the eyve at £ the image of point M will appear at point K, which
lies between the |surtace of the | mirror and the visible object.

[109] Moreover, it point K could lie between the eye and the [sur
tace of the| mirror, the image would certainly appear in front of the
mirror, as is the case in concave mirrors. But, since point B invari
ably blocks point K, it tollows inevitably that the [surtace of the|
mirror appears in front of the image, for in that case the eye does not
distinguish between the internal and external surface; and so the

image must lie behind the surface

[110] [THEQREM [II1.12] In convex mirrors, the distance of
the visible object from the eve, as well as from the mirror’s surface,
is greater than the distance of the object’s image [from the mir-
ror’s surface],

[111] Let ABGD [in figure II1.17] be the arc of a circle lying on a

convex mirror, and let the center be at E, the eve at £, and the visi-

ble object at H. Let the visual |'.1'-.'-m':1|'.|1|r £ BH be reflected at equa

._'|."|:_a||_'_-i (] r|‘.|._" '«'i*‘.'.!‘--g' |_|';_1|:-.._'|| .I!'|:.‘| let tl'n; hwo lines EB ._!:‘.q._i EH .'_‘~|_'
joined. Then let BZ be extended until it intersects EH at point T. Ac-
cordingly, the image of point H will lie at T. We say, therefore, that
lines BZ and BH [taken together] are longer than line ZBT, and that
GH is longer than G

S Lajeun
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[112] Let line KBL be drawn tangent to the circle at point B. Since
angle ABZ = angle DBH, and [horn] angle ABK = [horn] angle
IDBL, it follows that .'|:":g_'||' KB, which \,,'l,ll,.i.\,ll'- .||1:._1Z:,- LEBT. is l\.\,'l_ll,i.\,ll L8

angle LBH.™ But angle LBT is acute, because angle EBL is right, and
angle BLH > angle BLT. Theretore, line BH = line BT. With line ZB
taken as common, lines ZB and BH [taken topether] will be longer
than line ZBT

[113] Moreover, since BH : B1 LH: LT, line LH lime LT
GH theretore surpasses line GT by an even greater margin.

[114] On the basis of what we have said, it will also be L'._::-c_l:..
demonstrated that, in the case of objects that withdraw '.1'.~.'-J_‘. from
the mirror's surtace| or objects that lie tarther than others [from that
surface], the image lies farther away, and its distance [behind the
Mirror| appears greater.

[115] Accordingly, let line BH be extended to M, and let line EM
be joined. Then let line ZBT be extended until it meets line EM at
E'll.!il'll ]

[11&] If, then, we assume that H is distinct from M and that M is
farther away [from the mirror's surface] than H, then N, which is
the image of M, will certainly lie farther away from the eye at Z than
T, which is the image of H. Moreover, if we assume that H coincides
with M I'EI,JI that its distance increases as it moves trom H to M. then
its image will also become more remote, since it has shifted from T

to M

[117] [THEOREM 1I1.13] In convex mirrors, when objects are sit-
uated in the way we specified for I_“-E.\_'II'I:,' mirrors (where the lines
joining the endpoints of the object lie face-on to the mirror), the im-
age appears smaller than the objects themselves [would appear] if
they were transposed to where the image lies, with the very same
orientation and distance, and were viewed without reflection

[118] Let ABG [in figure [11.15] be the arc of a circle on a convex
mirror, whose center 1s D, and let E be the eve. Let normal EBD be
dropped from point E, let ZH be the line joining the endpoints of
the visible object, and let the visible object be so disposed that line
EBD bisects line ZH at right angles, as is the case for a facing ob
ject. Let the two ray-couples EAZ and EGH [emanating] from
point E be reflected at equal angles to Z and H [respectively]. Then,
let lines DE and DH be drawn, and let EG and EA be extended

B ihat angle HBIL 2 gl LET within Eramaie
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Figwre 111118

until they meet lines HLY and ZD at points L and T [respectively].
Finally, let line TL be joined. According to the principles we have
established, then, the image of Z ought to be seen at T, and the im
age of H at L. Also, line TL will be the line i-:'-l|'|i."|l_'1 the |,'|";-,;,|,":_|i|1|_'-. ok
the object’s image, and its orientation, [being face-to-face,] will be
the same as that of ZH

1119] Furthermore, since the distance of point E, he eve, from ei-

ther of the points Z or H is the same because of their similar dispo-

sition, then the angles created by reflection to those points will be
equal. Also, the distances of points T and L, which lie on the image
that is seen in the mirror, will be equal with respect to point E, so
that lines E1 and EL will be equal. Meanwhile, angles ETK and ELK
will be equal, as will angles TEK and KEL, so triangles EKT and
KEL will be equal and equiangular. But the angles at K are right,
s0 line TL is parallel to line ZH. Consequently, DH : DL = ZH : TL.
But line DH > line DL, so line ZH > line TL.™

[120] Now, if line ZH were transposed to the location of line TL,
and if I'!1|."l.':'.'-:' at E were o view 1t |._!I:"-.'|'|,|:-. it would be seen under a
larger visual angle than TEL, which [image LT] subtends. And this

accords with what we pPropH s,

[121] [THEQOREM III.14] In convex mirrors, facing straight lines
appear convex. In the case of circular arcs, however, those whose
comiex curvature faces the mirror and the reflected ray appear con-
vex, whereas those whose concave curvature faces the mirror some

Limes dppear conmves, SOMMEetlmes 5t I'.'|!:.1|'|[_ .'|I'|;1 sometlmes Concave.

“This Latter clain ks ir
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[122] Let ABG [in figure 111.19] be the arc of a circle lying on a con-
vex mirror, whose center is D, and let E be the eve. Let normal EBD
be dropped from the eye to the mirror, and let two equal arcs BA
ind BG be marked off on either side of B. Let the two ray 'I_I_!l_.ll_'lll':"\-
EAL and EGH [emanating| from the eve at E be reflected at equal
angles from points A and G [respectively]. Let two lines be drawn
tangent to the cirele at point B, and let one of them, TBK. be =LI:|'._|::.;|'|I,,
while the other, ZBH, is a circular arc with its convex curvature fac-
ing the mirror and the reflected ray. Then, let lines TD, KD, ZD, and
HD be drawn to intersect [the extensions of] lines EA and EG at
points L, M, N, and § [respectively . Accordingly, the image of
point T, which is one endpoint of the straight line, will lie at L, and
the image of point K [the other endpoint] will lie at M. Meantime,
the image of Z, which is one endpoint of the convex line, will lie at
N, whereas the image of H [the other endpoint], will lie at S.

[123] It is therefore evident that for both [line-segments] common
point B will appear at B, since this is where the mirror's surface and
the visual ray intersect However, the convexity of arc ABG lies to
ward the eye at E, and the images of simple lines, which comprise a

single line, themselves comprise a single line of a unique type.™

Hence, the eve will see the o lines passing 1_|-||-._||J|L':_|'| !'..|i|'||.q. L.B,
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and M and points 3, B and M as convex, since they are more sharply
curved than arc ABG. Still, arc SBMN w ill be more sharply curve
than LBM. Since the objects face the eve, and since the obl

'
.:-\..;l:l.' LTS

produced from [the endpoints of] the diameter are proportionately

longer with respect to the normal [in the case of the image] than the
corresponding oblique rays when the object is seen dire tly, the line
passing through points L, B, and M. which defines the image of
straight line TBK, will be convex. By the same token, the line pass
ing through points N, B, and S, which defines the image of convex
line ZBH, will also be convex.®

[124] ITHEOREM II1.15] If the line that is seen 15 concave, it can
be demonstrated as follows how it is possible, using the distance
.'|||_'||'|;5l the mormal bebween the two arcs .I!r the concave object
segment and the convex mirror], that the image might sometimes
.'I:,"':"l."'.'lf COTWVEX, Lometimes concave, I|:"I|_| somenmes sSira I iiL.

[125] Let ABG [in figure 111.20] be the arc of a circle lying on a
concave mirror whose center is D, let the eye be at E, and let the
normal be EBD. Let circular arc AZG be drawn from points A and
G so that it cuts perpendicular BE [at Z]. Let two equal arcs ZH
and ZT be marked off on each side of Z, and let the two ray
couples EKH and ELT [emanating] from point B be retlected at
equal angles to H and T. Let DT and DH be drawn, and let them
intersect the extensions of lines EK and EL at points M and N.

e 11, 67 above; see Lejeune, K
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Thus, H will be seen at M, and T at N, while points A and G will
be seen where they actually lie.

|126] Depending on how sharply curved concave arc AZG is, it is
possible for points M and N sometimes to lie between arc ABG
(which is an arc on the mirror) and the straight line joining points A
and G, sometimes to lie on that straight line itself, and sometimes to
lie between that straight line and D (which is the sphere’s center).
Mow it is clear that, when images of this kind lie on one line, and
points M and N lie between the mirror and the straight line joining
A and G, then the eve at E will see r|‘|."i!'-.':l."|'-.|_-'~.i!:l.' directed toward
it. But if points M and N lie on that same straight line [joining A and
G|, then the image will appear straight, whereas if the image is far-
ther removed from E [than that straight line], it will appear concave
This will be obvious through a construction of the image on the ba
sis of the ratios between oblique and normal rays.®!

(127] ITHEOREM [11.16] In convex mirrors, the image of objects
15 seen on the same side as the actual object, and, if the visible
objects move in a given direction, their image moves in the same
direction.

[128] Let ABG [in figure I11.21] be the arc of a circle lying on a con-
vex mirror whose center is D, let E be the eve, and let the visible ab-

ject occupy points H and Z on both sides of the eye. Let the two
ray-couples EAZ and EBH be reflected at equal angles to those
points, let lines DZ and DH be drawn, and let EA and EB be ex-
tended to meet them at points T and K [respectively]. Accordingly,

L] inl ] ."I.'.'.-.I'
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Z will be seen at T, and H at K, and each of those images [will lie]
on the same side as the actual object of which it is an image
|:.::'-': Let H be moved toward L, and let ray-« .|;:='-||,' EGL be re

flected to it at equ ] angles, Then let line DL be drawn so that line

e

EG, when extended, intersects it at M. The image that lies at point

K is thus transposed to M, so it is transposed to the same side as
object itself; and this follows necessarily from the reasons that we
gave in our discussion of the image seen in plane mirrors

[130] It we place points H and L above the eye, then points K and
M, which are the images of H and L, ought to appear above the eye,
and the magnitude that lies between them will appear above the
eve. And if we place H and L to the right of the eye, their images K
and M will lie to our right, and so [the magnitude that lies between

theeim | will be ||_|,_|-_:-u|! b e b0 ke lett, St | this imagze will not be seen

1k,

in the same way as an object that faces us directly,® but[what lies to
thee right] will be judgs d to lie to the left, and what Lies to the left will
be judged to be right according to what is usual, as we have already

saild, in the case of facing objects.™
[131] From what we have established, it follows necessarily that,
in convex mirrors, variations in regard to number, location, and
e L “ -
movement are much like those that occur in the case of direct vision

For it has been demonstrated that, in convex mirrors, the image of

a single object appears single, that the images of visible objects are
equivalently oriented with the objects themselves, and that, when
those objects are transposed In a given direction, their iImages are
transposed along with them in the same direction

(132] On the other hand, in regard (o variations in sizes, distances,
and shapes, the greater part of those involving images in convex
mirrors do not correspond to those i olving objects viewed di-
rectly—and this for reasons that hark back to general pring iples al-
ready articulated. For one thing, we find that the images of

magnitudes situated at an equ 1l distance and orientation appear
smaller than the actual objects [generating them|, because the an-
:-_f:,-m tho=e images subtenc are smaller, For ,,';I':-.'-',l'lyl' we find that
images do not always maintain the same internal organization as
thie actual |_|:‘.~i|,'., I |l|'|._".| generate them]. Indeed, the ratio of |'|':‘-'.I|_|I,I|'
rays to the normal does not necessarily correspond to that which ob-

tains in the case of objects that are viewed directly. Also, while some
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images of objects may have the same overall shape as the visible ob-
fect, they are still not alike in terms of intensity [of curvature|, as is
the case with the Images of CONVex -:'\-|1:|,'-.hl_~. which alwavs AP sar il

ferent from the objects themselves; and the same holds for concave

objects. Moreover, distances appear smaller [than they really are],

for the radial line that reaches the image is shorter than the one

g [ I'Ill'l_;: '.i'l.' actual "E"'i!\.'l_.l "'|!!|,| g% DI |'|_'_'\-\. R ;|-\.-l|_i 1O iu,_i:::.g:p_:

v 1.3 ; y R TT ot
s1zes, shapes, and distances in direct vision, 50 also, all other things

being equal, one will judge them [in reflection]




BOOK 4
REFLECTION FROM CONCAVE MIKRORKS

[opical Resume

Introductory Section [1]; [1] summary of book 3 and statement «
goal for book 4
Finding the Points of Reflection in Concave Mirrors [2-107]
[2] depending on relative location of center of sight and point-
object, reflection can occur from all, or from several, or from one,
or from no points on a concave mirror, |3 5] Theorem [V.1,
demonstrating that if the center of sight and the object-point co-
incide, reflection will occur from every point on the mirror,
[6-25] Theorems [V.2-1V.9, analyzing conditions under which
reflection can occur either from a great circle on the mirror's
surface or from one of the smaller circles parallel to that great
circle, [26-38] Theorems IV.10-1V.14, analyzing conditions un
der which reflection can occur from three points on the mirror,
[39] Theorem IV.15, .|',|.|':.,-'5"::,: conditions under which retle
tion can occur from two points on the mirror, [40-61] Theorems

IV.16-IV.21. analvzing conditions under which reflection can
occur from only one point on the mirror, [62-65] Theorem [V.22,

n':!u,:-'.'-.'iuf_:_ that the cathetus of reflection and the incident visual

ray can meet behind the mirror, bebween the mirror and the
eye, at the eye, or beyond the eye, [66—68] Theorem I'V.23, ana-
lyzing image-location according to place of object-point on the
mirror s radius !-!1” '.'I'IE how sight adjusts for indeterminate im-
ages, [71-73] Experiment IV.1, confirming various appearances
depending on location of eye and object with respect to mirror's
surface, [74-80] Experiment IV.2, showing empirically how an
image of a straight rod normal to the mirror’s suctace is formed
[81-96] Theorems IV.24 and IV.25, analyzing conditions under
which only one reflection will occur, [97] Theorem IV.16,
demonstrating that, under the conditions just analyzed, the im-
age appears between the eye and the mirror’s surface, |98-107
Theorems I'V.27-1V.29, analyzing conditions under which no re-

Hection can occur
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Image-Formation and Image-Distortion [108-155]

_'||_-:__~.:. { Mgt THEE IR TT1G ] |-,__ transitional statement 105 "‘;l

Theorem IV.30, showing that, when the imasge lies behind the

|5 8

mirror, it will appear more distant than the object, [114-119]
Fheorem IV.31, demonstrating that, when the image lies be-

tween the mirror and the eve, its distance can be eaual to, less
than, or greater than the object’s distance

<l - .
0=129]. [120-122

z I'heorem IV.32, showing that,
when the image lies behind the mirror, it appears larger than
the object, [123-124] capsule sum 120] Theorem
1V.33, demonstrating that, when the image lies between the
mirror and the eve, an appear larger than, |ni'.|.1i to, Of

smaller than tie obpect

T T T T -y PR | a ¥ 9 T 1 “Hik
WA E =3P 7 [ HM~=I%1] !I'.

141] Theorem [V.34, analyzing
shape-distortion depending upon whether image lies behind

o1 1N front of Ii"'l. TLT LR

L T14AD

146] Theorem IV.35, showing
ies behind the mirror, it is inverted right

Theorem IV.36, showing that., when the
nt of the mirror, it 15 inverted top-to-bottom,

conclusions about image-formation in con

Composite Mirrors [156-182]
[156-157] general observations on image-formation in such mir-
rars, [158-160] convex and concave cylindrical mirrors, [161-162
mirrors in the shape of a torus, [163] general statement about dis-
tortion in composite mirrors, [164-170] Theorems IV.37 and
I'V.38, analyzing images in conical mirrors, [171
IV.39, analyzing images

/3] Theorem
in polvhedral mirrors, [174-177] Theo-
rem V.40, analyzing image-tormation in multiple plane mirrors
set at angles to each other, [1/8-182] Theorem IV.41, analyzing
mage-reversal in reflection from multiple even numbered and

odd-numbered m

e Fourth Book of Ptolemy's Oplies

[1] In the preceding book we sufficiently discussed the principles
and the determinate conditions that are necessary to a scientific ac-
count of mirrors, and we took into account the properties of images
that appear 1n plane and convex mirrors. We also discussed what

must happen in those [images] as far as all the visible properties are
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concerned. In the present book, then, we must pursue the remain
ing points that we promised to explain about mirrors. 50 let us
speak of those phenomena that occur and appear in the last kind of
simple mirrors that are not compaosite: i.e., mirrors for which the
surface facing the eye is concave; and let us proceed in this analysis
as we have proceeded in the others.

[2] Let us start by demonstrating that it is possible for one ana
the same visual ray to be reflected from a concave mirror [in
several ways]: sometimes from all points on the mirror, some-
times from all points on one of its great circles, sometimes from
three points, sometimes from two only, or sometimes from none
It is therefore necessary for us to distinguish |[among these
cases] and to explain the circumstances under which each of
these cases occurs and where the image must be tormed for each
type of reflection according to whatever kind of

hawve |.'“I"'."!.“‘I.I"~k'l.!

[3] [THEOREM IV.1] Accordingly, we say that reflection from the
entire surface of the mirror occurs as tollows

[4] Let ABG [in figure IV.1] represent the arc of a circle lying on
a concave mirror whose center is D. Let BD be drawn normal to the
mirror. Let D be the center of sight and E the midpoint [where the
axis of the visual cone intersects the surface] of the cornea.? In this

t arc ZEH be drawn through the corneal

plane, on centerpoint D, le
surface. Then, let the two lines AZD and GHD be drawn. They will
therefore be perpendicular to the mirror. Hence, all rays emanating

from point D to arc A B are retlected back on themselves to point

Thus, hes conclusions, wiiach
trapalatiod from (e o
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D. Moreover, they are apprehended and sensed according to the
spots at which rays like DA, DB, and DG strike |as they are] pro
jected from the eve, and they are actually -.:'.“'5_“:'-."i'|-:"'|:'i|'-.2 and sensed

according to points E, Z, and H.

[5] The same happens tor all parts of the mirror that are sensed by

the base of the visual cone. For if we assume that surface ADG
forms a cone when it is rotated about axis BD, then what will ap
peat in the whole surface of the mirror will be the image of the
cormea, and it will appear continuous upon the entire surface. For
the rays that are projected trom point [ to the mirror's surtace and
the normals that are reflected back upon them from the mirror meet
at a point common to them all as well as to the reflecting surtace,

and this surtace is the one that defines the locations of the image.*

[&6] [THEQOREM IV.2| Retlection from [a single| circle on the cir-
cumfterence of such a mirror :-_:-.'lh':'.'||::'. takes place ac |'||'|‘|'.|1:.‘; to the
following example:

7] Let circle ABGD [in figure IV.2] be drawn with diameter BED
Let two points Z and H be marked upon BED on each side of
centerpoint E, and let EZ = EH. Then, through point E, let diameter
AEG pass orthogonally to diameter BED. Finally, let lines LA and
.-"l.H |"||_' l\,,'.'.l'q,'l'."u'l".

[B] Thus, since ZE = EH, while line AE is common, and since the
angles at E are right, angle ZAE = angle EAH. Hence, lines AH and
AL will e retlected al 4 ual angles. Likewise, too, a reflection at
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equal angles occurs at point G. Now if we assume ABG to be the arc
of a circle lying on a concave mirror, and if we suppose that surface
AZH revolves about diameter BD, then points A and G certainly
describe a circle on the mirror, and all the rays projected to that
circle are reflected in the same way as they are alomg ZAH

|"': [THEQREM I'V.3] If, now, we SUppOsSe that £ZE is longer than

EH  we assert '_|'|.‘.'| It 1S !:‘:'||".'l'--*-\..:".-.' tar a rav ta be reflected trom i"'l!i'l'_

A to points £ and H at equa angles, For if we cut line EZ [im figure
Iy

3] at point T [to form segment ET] equal to line EH, and if we join
TA, then angle EAH = angle EAT, according to what we have just
demonstrated. However, angl angle EAH. Therefore, it is
impossible for a ray to be reflected |at equal angles to Z from H] via
point A,

(10] [THEOQREM IV 4] We turthermore assert that it is impossible
[under the same conditions| bor such retlection to occur from some
point, such as K, between A and D |in figure [V.4]. For if we join
lines KH, KE, and KZ, then, since angles EKH and EKZF are sup-
posed to be equal, ZE: EH = KZ : KH.* But ZE = EH. Therefore,
LK = KH, which is [to posit a shorter line| longer than a longer one,
and that is false. Therefore, no rav between Z and H is reflected at

equal angles from point K.

[11] [THEOREM 1V.5] We wish to demonstrate that on the arc
between points A and B there is a point from which reflection takes

place at equal angles. This demonstration is as follows:

Lajruimne
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(12] Suppose |in tigure IV.5] that the amount by which ZE
exceeds EH (ie., £1): EH = ZH : KH, KH being longer than HB.
Let line KL be drawn tangent to circle ABG at point L, ana let lines
LEL and LH be connected. We therefore assert that HLE reflects at
equal angles.

(13] Let line MEN pass through point E parallel to line KL, and let
it meet the extension of line LH at M. Then let [normal] EL be joined,
and cut off ET L to EH herefore, since ZH:KH
[ZT : EH =] ZT : ET, then, by composition® KZ [i.e., KH + ZH]
KH = ZE [ie., ZT + ET]: ET, while ET = EH. By alternation,’
KH:EH=KZ:ZE. But KH:EH = KL:EN, and KZ:EZ
KL : EM. Thus, the ratio of lines EM and EN to one another is one of

ingles KLH and ENH; see Ewclid, |




i:,i:,-'l'.:'-..-;l|:'|,-'-_'_;!'|_-|_-,_i;._.: Noreover, line LE is common, and Bol

angles oI the two [Mangles 51 LY a :.i |.| "‘-ii el ] alt 'I:_;!'l!. because
angle KLE is right. Hence, angles ELN and ELM will be equal.

[14] [THEOREM IV.6] On th
a5 we hiave si 1 | 11
FH: BH

FTrisrTl k!

 [in i . Thus, according to the previously-dray
ample, if we draw line LB a id then draw line MEN parallel to it if
clearlv follows from what we have demonstrated that ME M
Therefore, since angle MLH is bisected by line LE, ML = LIN. bBut
|'.I‘:l.'| ] ,--.|':"|':'-.':'|,.:!‘:.!.!"'.i-.'-l.i Al ATE | iz wal [ 3
equal. Hence, angles MEL and LEN wil
BLE, whiic

| :!"\-l HLIE

1
h 1s impossible.
hax

N
of the line upon w

B anda H.1

[17] [THEOREM IV.7] In general, then, it i
of all concave mirrors centered on E with a
but less than EK, if EZ > EH, and KZ : ZI

projiected between Z and H must be reflected :

KH: EH K : El 4 KH:EH
KL : EM. Thus, KI Kl
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point of intersection between the mirror and a circle drawn upon

diameter Kl

-

[18] Let some point B [in figure IV.7] be taken on line KH [and let
circle KLE, with radius BE, be circumscribed about it]. Then let cir
cle ABG, which lies on the concave mirror, be drawn upon center-
point E with radius EB so that it will cut circle KLE at point L. We

therefore assert that there will be a reflection at equal angles be

tween points £ and H trom point L.

[19] For if we join the lines KL and [normal] EL, angle KLE will
be right, because it is inscribed in a semicircle, and its vertex touches
the circumtberence of circle ABG.Y In fact, line KL is tangent to cir-
cle ABG, because it is orthogonal to line EL, which emanates from
the centerpeint E. It is therefore obvious that either of the two rays
projected between points Z and H from the point of tangency [L] re-

tacts OnE upon the other at e |I_J,_'-.| .'||'!;._'i| 5 As || the case .Ll'_|_'|'|_-_:_| FLH.!

[20] I THEQREM IV.8] Moreover, from what we have said, it nec-
essarily follows that, if LH is ;"'I.'l'i"'l_l'u,,'.i: ular to EK, then line ZL is
tangent to circle KLE at point L, and angle ZLH is the largest of all
the angles at which retlection takes place.

[21] Let point T [in figure IV.7] be the center of circle KLE, and let
line LT be joined. Thus, since ET = TL, angle TLE = angle TEL. But
angle TEL = angle LLE + angle ELZ.'" Thus, angle TLE = angle
EZLL + angle ELE. Also, .'||'.;.;|| ELL angle ELH, so it follows that
angle TLH = angle LZH. If angle HLZ is taken as common, then the
whole of angle TLZ = angle EZL + angle HLZ. But these two
angles together form a right angle, since the angle at H is right.
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Thus, angle TLZ is right, and line LZ is tangent to circle KLE. U4
all the angles at which reflection takes place, then, angle LLH 1s

the largest

[22] [THEOREM IV.9] Accordingly, it will be shown as follows
hat, it I".'”l.'x'.:'-'-l'l takex !1i.||_ e gt |_'|_|:_|.|§ .'|"|:__=|. S ITOIm SOMme '.:i‘-. en E'l-‘-'"i
on a semicircle, it is impossible for it to take place from any other
I_:I_Ii|'||_ on that semicircle:

[23] If it is possible, let the reflecting ray-couples be ZL, LR and
ZS, SH [in figure IV, 8], and let normals EL and ES be joined. There-
fore, since both angles [ZLH and ZSH] are bisected, ZL: LH
ZE:EH and Z5:5SH = ZE: EH, so that ZL: LH = £5: 5H. b
ternation, £5: F1 SH : LH. but line 75 < line ZL."® Therefore,
line SH < LH, which is false.

[24] What we have said will also be demonstrated in like manner
for any other semicircle, because, if the ray is reflected at equal
angles from, say, point L, and if we assume that point B lies on a
circular arc within the concave mirror and that surtace HZL 15 re-
volved about diameter DB [as axis], then from every point on the
circle formed by the circumscription of point L, the ray-cou ple con-
necting points Z and H will reflect at equal angles.

[25]

| Moreover. in such a situation, the images of visible objects

i
will lie on the mirror's surface, for the line passing from the visible
object through the center of "-i:..',l"ll. b0 the mirror is normal to that mar-
ror. As a result, the intersection of lines that defines the image al-

wavs lies at the center of :-.if_'li'_l itself, no matter whether we pl.u'p

, were angle ZLH 1o increase ©

OFTEinal € L i ]




ntat £orH }ecause it
itivity inclines toward
ind, touching the

change, taking the image from the

tormed ] o the place where it ap

quently, the colors of such images, when they lie at

are either indistinguishable distinguishable

colors of the mirrors. For, since those images are not perceived at
] ;

the proper place, and since the visual sense is barely

1A R A TET :.‘I!' AT

¢

wihere the image seems ||,|,' i

determining their place, it inclines to a place ne
.
i

v B By pEae
LIEETRE TLh IMTY

|26] [THEOREM IV.10] After this, however, we o1
gate the cases in which the appearances are created by three reflec
tions from one arc while the eye lies at predetermined points

27] Let ABG [in figure IV.9] be a circle with center D, and let
AEG be drawn. Then et |‘=.':}'x"'h.|'-. ular DEB b« :‘|"'..-.'-.:'|_ i
ABG e marked oft on a concave mirror. Letl there be bva Points o
and H on line AEG such that circle TDK, which passes through
those Bwio points as w ell as D, cuts both arcs AB and BG. Finallv, Lot
lines DZL and DHM be drawn, and let L E first be ""i"!-"':"""l |-.._:::.'|'

.-:.I: I-\.\, L £lhY
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o EH. We savy, then, that reflection at equal angles [between £ and
H]| takes ace at three points: ie., at point B, point T, and point K
[28] Let rays ZB and I*.iH..-"'I'.l'ul'I'H and ZK and KH be the re
flecting :i.'il."-_“.l.':"i_ull'lui let normals TD and KD be drawn. [here
fore, since ZE = EH, and line EB is common, while the angles at |
,',|'|.-',i:,;|.:,,. :':,;El' ERBZ ; E.*:. e EBH. 5o oo, 'Il'.'.:"l:l | B angle LY H
and angle DER.L Al » DKH. because arc DZE arc DH, and
5_'-|,|i:!!_--'[ 1 K lie the circ srence af the circle

': [THEQREM IV.11] We sa
flected [at equal angles] from any point lying between |‘ ints L and
M on arc LM. For, since th gles at points T and K « - KDY
re subtended by i-'-.|=_|.:” TES r'r|:' and DH, there is a reflection |at
equal angles] from these two points. Moreover, the rav to B is re-
flected [at equal angles], because line BD bisects lin "L{ | ind thus
line ZH, which subtends angle ZBEH ':Z-n'_I1:-.1:H|'|'!'..:'.'.-L , O rays are
reflected from any points other than these three on the arc between
[..'s'.xi M. because they lie neither on arc DTK nor on its center

e @ = e n s 11wl
0] It is evident, moreover, that those rays that are [supposedly
. |

reflected between [arcs] AL or GM do not do so at equal angles, be

cause they do not encompass « eI £ D,

31] [THEOREM 1V.12] If such [reflection at equal angles] is
possible bebween M and L, though, then let ray-couple LINH In the
previous figure [redrawn as figure IV.10] be reflected [from some
where] between points E ind B, and let ray-cov |"| Z5H be reflected
[from some .=.I~. re] between points K and M. Let normals DONF
and DQCS be drawn, and let lines £5 and £M '|| es MH and SH
[and lines ZC and CH] be joined

[32] Accordingly, since arc DZ = arc DH, then angle ZFD
angle DFH. and angle ZCD = angle DCH.* But angle ZND w:
[supposed to be] equal to angle DNH, and angle .-"Hll was |sup
posed to bel ¢ ..,.._|.. to angle DSH, 50 the angles of :"i-'l"‘i:\;'_ll ZMF are
equal [respectively] to the angles of triangle HFN, and the angles of
triangle CSZ are equal ||1 spectively] to the angles of triangle SCH
Meantime, sides FN and SC are common, 50 line ZN = line HN,
while line $Z = line SH. But lines NOD and SQD bisect the angles

1 bosgic heeres i that, for all of the pessible reflecting ray-couy m ZLH to ZAH o1
n HMZ to HGZ, the normal from centerpoint D will invariably fall outside the angles
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at N and 8. Therefore, line ZO = line OH, and line ZQ = line QH.
Each of these |-'-.|!.I.‘:|:Z'I.'HI. MO WEYET is i:::_'_'-n:-.;-.':_'_:_-I since  line
ZE = line EH

[(33] In the same way it will also be demonstrated that reflec
tion [at equal angles] cannot occur between B and K or between T
and L.

[34] [THEOREM IV.13] Reflection [at equal angles] occurs at three

places, even if line EZ is longer than line EH

o] Let the circle passing through points D, Z, and H |in figure

IV.11] cut each of the arcs LB and BM [such that EZ = EH|. Ac-

|-|.;.|||.L' AT
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cordingly, as we have just shown, no ray will reflect from points T
and K. because arc DE = arc DH. Mor will 1t ot from point B,
since LE EH. and the two angles at E are right. However, in lieu
of the two reflections that took place from points B and K, two rays
wrill reflect from the arc that hes between poimnts B and K. Moreover
n lieu of the reflection from point T, a ray will reflect bebween

points Land T

[36] [THEOREM IV.14] Mo ray reflects from the arc that lies
between T and B, nor from the arc bebween K and M, tor if a reflec

tion from any of these arcs were supposed, the resuil wonldd
impossible

[Suppose that such a reflection does occur from points I and S
on arc ABG. According to this supposition, then:)

|T_" SInce .:!':_':n_ L5010 !:'_._:l.' DSH, and angle ZND ANgle
DNH, then angle ZNF = angle FNH. On the other hand, angle
ZFMN = angle NFH, while angle ZCD angle HCD, because arg
FA B arc DH. From this it follows that -'!"::_'_ll SCH -.'.:'.:.::l' S
whence ZN > NH, and SH > Z525Thus, angle ZHN > angle
NZH, and angle SZH = angle SHZ. It follows, then, that angle
NOH < angle NOZ, and angle Z0Q5 < angle SQH; this means

that obtuse angles must be smaller than acute

ANEIES, WK h is
impossible

38] If, however, we suppose a reflection [at equal angles] from
the are that lies between T and L or the one between B and K, then
the result is not impossible. This we w puld demonstrate in the same

wav using a similar figure, for the obtuse angles should be larger i

wie assume the heure o conform oo this condition

[39] [THEOREM IV.15] In order not to prolong this discussion,
'.'-.l'q,'\-'_l:.'_l'.| r-.'-al||~',|'_.-,||,- that, if circle ZDH does not cut some arc othe

T mele FN 1gle FMH, w ngle E£FH gle MFH
DH]), then angbe FELDN mele FEMN, and angle BNFH LEN. T
FH P sk 4 3 I £ amgle [MEH ik LM, which s
b follovs that £8 = HMN, The same fine of
ion that SH = £5
e TL and 2) from point 5 on ¢
e EMD = anghe HMND (Beca
borlbowies Eheak £F HE

H Mk
20 ; HO by Euclad i W1 5
1L Al FLIH 1 e anale FOE. CASE
AR a HCD (b s arc L1 14
at 87 SH s v b8
L0 LYH VI 3 i i
L e LU
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an BM, and if point Z passes through point A, as in the present
Fune :|1":' or b ':-,-'l--,i 1t E_.‘:l:l"!:,; 1ne |'.-"|.i, then the retlections Hhat
occurred at equal angles from points B and K [in theorem [V.10
above] will occur only from two places between B and K—as long
as we exclude arc TL—because the whole of arc AB will lie within
circle DZH.7 In the same way it will be demonstrated that none of

the other rays retlects at equal angles.

[40] [THEOQREM IV.18] If, however, we assume that circle ZIDH

cuts arc LB only, and if we suppose that its other intersection-point

iz B, as represented in the present figure [1V.13], or somewhere be

nts A and B, then the reflection s place between points




T and L, because ar
tion does nok Oocun

zide the circle. | 1
demonstrated that no r
point other th

r than the one we have s

11] [THEOREM IV.17] Mearly the
al

o alsd |'|._'.|:|_'._':"-. when circle ZHL) does not cu
L I'u.:" 1 I"'.I:I'\:: r .EL"\- !"';_':'.'-\.I S '.'-\.Ii:l:.'- .|" Al Ii El."" 111
ection takes place at equal ang

[42] Let circle DZH [in figu

refl s

ire V.14] not cut circle ABG, and, fo
a start, let ZE = EH

1 . i " 1 DN
13| It 15 obvicus from what We Dave sNown that the will be a
wction at equal angles from point B, Furthermore, 10 will De
i
from arcs AL and M. NOw
it will be demonstrated as tollows that 1t 15 E::"|':"""'i!"|"' i !

evident that there is no retlection

OT 3 TeTied
tion [at equal angles] to occur from the arc that lies between L and
B or the one that lies between B and M.
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i4] It such a reflection is possible, then let it take place according
to L1 and TH. Atter [normal-|line DKNT is drawn, lines ZN and
MH will be joined. Since angle LND angle DMH, insofar as an
£ = arc DH, it tollows that angle ZMN'T angle HNT. But angle
ZTN was [supposed to be] equal to angle DTH. Therefore, triangles
EMT and THN are eq !':.=_I-|.'|I'_. and line T is common. Conse-
quently, £1 = TH, so it tollows that ZK = KH. This entails a longer
(1

ine| being equal to a shorter [line], which is impossible
[45] The same thing will also be demonstrated if we assume the

reflection to occur bebween points L and B

[46] [THEOREM IV.18] Let ZE [in figure IV.15] be longer than EH,
let £H be bisected at point T, and let line DT be drawn to K. We say,
'.!'l-.'Z'l_ that reflection ||I|Il:|:_: thie rav-c |-.'.;'!'\-':|_- jeaming £ and H can onlv
take place [at equal angles] between points K and L.

[47] Now it has been demonsirated several times that [such re-
flection] does not occur from are AL or arc GM. Furthermore, it will

b demonstrated from the present pure that it is 5;|',i*-|,'-.-h||'-:._- hor re-

¥
¥
I

flection to occur between points B and M. For, in such cases, line

EH, which is shorter, must be longer than line EZ, which is longer
than £ MNor is it _'."-:.'::-:-'..!';l.' for reflection to occur at .._-.._||_|;_| .'||'|j:.:l_'l-\.
from arc KB, because, it [such] a reflection is '--!II_"P:‘-‘-:H.E at |_1|.'-i:||: K.
then angle ZTK = angle HTK: an acute equal to an obtuse angle.?
And if [the retlection] 15 assumed to occur al point B. then _:||'_:,';||
ZEB = angle HEB, although both are right? Fina ly, if the re-

tHection is assumed to occur between K and B, an acute angle be

[his fallosws beca
from [ that bisecis thie 2 iz gl
£ H 1o thi raght of E but with the an on Bhe side of E acuite
cut ZH A way Ehak the dhst between itand H i ¢

8 imiaks | N EH must excesd & that. But EH k5 sh
“sance normal DYTR bisecis ZH b T
c imal el arpeles af T wiall b and. ks, o o ardher

ows boecause are Z0 = are DH
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COMEes greanet

[45] But if we

place bebween L and K, then w

;l'l'l.\.:i:'l'._l:\., let the reflectHon occu
DPOMN be drawn, and let OZF and

_':"il Anle ZND was i!-.m tiedd | equ ] b angl
L0 ingle DOH, and arc ZD = arc DH. Meantim
tary angle NOH > supplementary angle NOZ
[herefore, line PH ine PZ, wihich
MIH = angle MNHP. [t tollows, then

angle NPZ, which is as it sh

[50] [THEOREM IV.19] I
erected on centerpoint L
sects line AEG at right angle
da OOncave Imirror '-. (2] 1
ray-couple] lie at Z and tl
from arc ABG, only onu
W ESETY i--.*-:"'ZH Eand Z
[51] Let ZE be bisected at poir
DZT be drawn. Thus, the rays th
from arcs AT and BG do not encomy
if we SLEP M the reflection to
will be .::‘l.'.;ll.‘:i
[52] But, assuming that this is not the case
along ZK, KE. Then, since ZH = EH, line EK
the one to the other 15 as that of the i
EH, since angle ZKE is [supposed to be] bisected b
Moreover, since line HEK is common, then angle KHE

80 an acube angl

=

e 15 equal to an obtuse one, which isin




he more absurd if we suppose the

ir between points B and K, for in that case an acute

mclusion will be all

in obbuse one ™ Buk if we suppose the

i
M POoLNesS I’ andl |‘-.. the COnMVEeTsE "|_||.‘!'\-:
the obtuse angle will be larger than the acute one. Mor can the

o resiilt occur 1n any other way

[54] ITHEOREM IV.20] So too it will be demonstrated that it is
I E""-'-ihl-' or two reflechions at equal angles o occur simultane
ously between points £ and £ from two points between points K
T. The demonstration is as follows

such retlection 1s possible, then, using a higure like the pre

vious one [recast in figure [V.17], let the two reflecting ray-couples
EME and EQZ. Let the rays be extended to points 5, L, F, and N,
d let [normal] lines DO and

i ]
TION | D ASSMEsd T 1F ak e

DM be drawn, Then, le the rotlod

COUE at edqul ] .||':__'E|_ -

26| Theretore, since DZ > ED, the line that bisects angle EDZ
will cut E£ between E and H.% On this basis, then, angle EDO will
W much AT e than .'|I'_::§| L0, Hence, because ._'_:':_=.||_- ECILY 15
posited equal to angle ZOD on account of reflection, the sum of the
bwo angles EDO and EOLY, which equals angle DEF, 15 greater than
the sum of the two angles ZD0 and ZOD, which equals angle DZS

But angle DEF is acute, 50 angle DZS in turn will b

& acube. If, hos




ever, from a-.-'-'x"'.wi::'. D we draw DQ perpendicular to M£ZL and

DCR perper ular to L'.If“\ and intersecting ML at C, the
l|"'h.|.| i, =S :'.':
lows that 1.'-']{ will be much longer than DQ), and line ML
longer than 05.* Hence, angle ZMA, which i ited
gle BME, will be larger than '.:'.,!'t' FOA, i
.|'1-'||_' EOQORB. It therefore follows "'n[] ""\- nust e

t D than DEF.* which i :': : SINCe I_}E""-.
rav=couples ZOE and ZME do not reflect at equal :

71 [THEOREM 1V.21] n, let ABG [in figure IV.]

a circle with centerpoint D), ; raw [normall |
line cutting it at right ang
that arc ABG lies within
[end |points |of the refled
AG, but let one of then
between those twi
rom arc ABG
[538] O course,
: then the retlechion oocurs
0o lines that
| et if one of the I.'!‘:..'_ |

it ..-" oth of which lie o
reflects at equa angles from arc BG
BG, it follows that the arc subtended b

any of the points lying on arc BG {

by the line joining that [given point on HE
the other hand, fro

such as AH and HZE. can

AH and HT can then be egual

1
(N I'll_' S0 reflech: a fnom |!":|"'\- L&

MEN = DEI

Ee n DQ, since the angle at Q is right. From this it

LM
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eV DS arcs ;.'.LH
in those twio

Vi AT SR

line EZ were longer than

v hE | 1 P T90vE By F il ral
fiscusse hir position [of the radial

i!; '.'\-\.. ||i:'\;i;-|..| T VIE, I.\:'v it
lies bebween rror and kbl cemter ofF the
Urring at !.'II'_..\.!.
o possible in-
the visible ob
1 CAsES, howwes 2T, that intersection o _:"‘-\-E"I'"i: 1l
1others that intersection occurs behind the eyve

[63] [THEQREM [IV.22]

i MFIrreT
| IMICTGT b

O peCT and af the sphere, it ne I8

Fdy =5t FITvient ."'|'.:"|.|I_E|*:_-_; Irom the eve
| from the visible object to the

two aforesaid lines are

g the center of the sphere and the vis-
» reftlected line-segment, then the inter
will lie behind the mirror. If, however,
For than the line

poaning the center-
then the intersection

lie behind the

| "1'_ Let A By |in eure s 19] represent the arc of a circle |y 1T O

th centerpoint 1. Wit

ne eve ;.";.I-.l.-.‘: at point
ur at equal angles along EB

line DH be drawn equal to HB.
g, from point D, let line DT be draw :'|;ll:": er than TR, let Lin

DF be drawn shorter than ZB, an

and let H, £, and T represent the vis-

R

LY

10le objects. Finally, let each of the lines drawn from E to the visible
ts tall, like EZ, between the center of the sphere and the mir-




ror. We sav. then, that DH is parallel to EB, that L¥]
hind the mirror, and that DZ intersects it behind the vic
ir‘- | BJow, since DH BH, angle DBH, which 1l to a :'_il
DBE, will be equal to angle BDH. Thus, angle BDH = angle DBI
and s0 line EB will be parallel to line LYH '.'. i, sinee line Bl
DT, angle B angle DBT, which 15 |
lines EB and DT intersect on the side
the mirror, since BE is always retlected
BD. By thie same token, it angle BDE
to angle DBE. lines BE and LY must mex
and D, and it is evident that the interseciion s
because ZE lies between B and D

[66] [THEQOREM 1V.23] Alon;
come evident that, sencerally spea
the normal dropped to the marr
that is cut off on the side of th
radius, then the reflected ray wil
point D and the visible object
[67] Let ABG [in figure [V. 0] represent the circumieren
cle wikh -._;_':'.!l."'|'.'|.|'|| . draw normal BD, and et 1t be bai
Let the visible -."'!":l.'l.! lie ak E ||‘::I-_ all of the lines drawi
the circumference will be longer than EB, which is equal
Moreover, those lines wil be even I";'-F'.'-" in comparison to ED
they are drawn from some other point lying between E and D
[68] But if the visible object is placed [at a point] between E and

|
B the line drawn from that point to the circle can sometir

equal to the line between that point and D), sometimes longer and

sometimes shorter. Let line ZHT be dropped at right angles to DB




re, so that £H YH

» gircle|'s

1 H0Ime

S OO

of the mirror,

1ot render the

. 1
i"'il':'l I

s 1s

images are formed in a mircor: namely, that objects whose im
AFeEs are rormed pevond the rrOT apDear |'|.._--'|;-:__| !l'l!_'
ned behind the eyve appear

[71] [EXPERIMENT IV.1] But w in examine the cases
image-location that we have d 1

each in burn, usi

in g :'|'.|". 15

ate we described earlier.®® As before,
V. 21|, we draw lines EB and ZB [reflected trom ABG]

ronze templ

I




ine B
f the peg placed at Z or H will seem to coalesce

el |_'; L3 .:'I_ :'I_"_"'Ililil H- §i|_ = N '|i-I MIIrroT, &

its position and co
.

15 a proper intersection-poi

y common location with
73] The ima

||I do nok Ippear on
determinate locations
ko lie bevond the m
ever lies bebween H
the reason app opriate bo
and D¥F as well, and if their
image of point Z will lie at point B. Accorad
intersection at point T will appear toward K, which les in
B with respect to D, because the location of T with respect to |

in that chirection.®

[74] [EXPERIMENT IV.2] On the basis of the mirror as laid
iz possible for us o Ealn a e *ral I.II'|-.'::'I*--‘..':I'I.EI:|::_ o e
concerning the intersection and displacement that

ocations, which we have said incline boward a posi

| 1171 NLES

roflecting surface]. Assume that we draw line BDE |

below] and place a long, thin rod, such as BZ, along BD.




PERCEPTIOMN

pomnt E and ook at BE, we will sei

B on the mirror, and it will lie between
ror s surkace, Moreover, what the
nd its image looks like

115« "i'|5-:"'*-'.'x'i of line

the visual rav is retlected

that determines image-location

will instead lie at point E

Images that are in the mir-

| At Eand e Vs AL

|, the image of BE curves in the di-

i reasonable distance, it
L LA Vi

he form of the Greek letter alpha,

nok stop curving until it reaches

to hine El A Phex |i'|l'_ I ends o

manate from H and are retlected to BE,
| i ‘: wtoresald line !E"l':-: | he L]
bween points B and K intersect line DB beyvond

1T %0 hen

all of them are extended, theyv intersect

as lines MH and HN do. But those lines lving bebween A and K
intersect it behind the eve, as do lines SH and OH.
. " dhat har in such a transposition of distances.

itersection tormed at point N the image is

iransterred o-

whereas, in the case of the remaining intersection-points,
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as should be the case according to

rrivie at the point [where the line of

-..I:"' 1T LA W ill be formed alon i

will turn back on account of the

wioakness of the visual POWET, W hich judges |".'.I'.|:I.'i*- to extend o

infini by and assumes that the distance of any intersection in the case

of the subseguent, nearly J* wrallel ravs extends !.il'-ii!'!-'l'.'.'|'=-!-'i'- far, as
if it reached to the Pleiades or whatever other distance one 1
conceive. Because of this, then, the visual power reverts to m

2 behing

ate limits. And, because the parbicular mtersechion O0C

the eve, whereas the visible object forms a continuous whole, the

images of [such] objects must be similar to them in kind.#

—a . | 3 [ SR
|_ '-I_ AS TAr as any inersection Iornmmec Dey ond L is concerned,

image created by] reflection will always be near the mirror, e.g.,

along line LSO, because the point on the [visible) magnitude
grasped by [radial] line KH, which is parallel to line MBZ, would
appear at point E. if it were isolated. But what 15 seen by rays SH
and OH will appear on the mirror—e.g., at Q and C—because the
intersection of those rays with line BE occurs behind the eve. On the
other hand, the part of the magnitude that appears along line KCQ
is not disposed as it actually appears, because it is neither in a de
terminate place nor disjoined from image MFL but appears contin-
uous with it, even though it lies in front ot the mirror—the point
being to insure that a continuous object not be perceived as discon-

tinuous. Therefore, since the intersection formed on the side of the
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IMIrror 15 -|".'|,5|i-.'-_5 b, point L, the place of K is transposed poten
tially to point L, so that its image is joined to the remainder and
made continuous with it, In other words, line LSO, which iz trans-
posed to the same side and will have its image correspond to KQC
reverts to what is nearer, so that the image, lacking its proper loca-
tion, 15 transposed to an appropriate place for something with a de
terminate location.

[80] In order not to repeat ourselves, we sav that on the other side

the same :i-,“-“.‘ happens in the case of the '.'uii:'||| lines emanating

from point T to arc BG, the [base of the] visual cone here being rep-

resented by line MPR, which is similar to line MLOA5

[81] [THEOREM IV.24] Having, therefore, elucidated these
points, let us now demonstrate that at point E only one reflection
can be made at equal angles when the position [of the object] is as
has been specified

[62] Let ABG [in figure IV.24] be the arc of a circle lying on a con-
cave mirror with center D, and let line BDE be drawn, We say, then
that if the eve lies on EB. but not at point B, the ray directed at point
B reflects back onto itself, a fact that is evident. since the angles at B
are equal. However, those rays that are reflected to a point between
B and D or between D and E from any point lying between A and
B or bebween B and G (e.e.. EH and HZ) do not fall at -:_'|,|I.I.:|| angles

from any side of centerpoint D. For they form unequal angles on

each side, e.g., angle BHE, which is greater than angle AHE 5
1

[83] Again, since the case is as previously explained, it is clear
that, when the ray that is reflected to point Z passes through points
B and E, the image of the eye appears on the actual surface of the

mirror toward the [tront side of] the mirror. For, as we have said,
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=

Frpiere 1V .25

the image tends toward one of the locations where the intersection

that is common to it and the mirror lies, and that is at point B.°

[84] [THEOREM IV.25] We must also demonstrate that, on the
whole, when the center of the sphere lies between the mirror itself
and the line joining the eye and the visible object, reflection at equal

angles takes place from only one point

[85] Let ABG [in figure [V.25] be the arc of a circle lying on a con
cave mirror with center D, and let normal BDE be drawn with line
HEZ cutting it at right angles. Let one of the [end |points |of the re-
flecting ray-couple] be Z and the other H. First, let E£ = EH. We
say, then, that between points Z and H there is no reflection at equal
.1n-_;q'|e-:- except from point B

[86] Let BZ and BH be joined. Accordingly, since lines EB and EL
are equal to lines BE and EH, respectively, and since the angles at
E are right, the two triangles will be equiangular. Thus, angle
BZE = angle BHE and angle ZBE = angle HBE.

[f it is possible, let another ray-couple, such as ZTH, reflect at
equal angles, and let normal TDK be drawn. Theretore, since line
KT bisects angle ZTH, then KH : KZ = TH : TZ.~> But KH > KZ, 50
TH = TZ.Thus, angle TZH > angle THZ, and so angle BZH will be
even greater than angle BHZ, which cannot possibly be the case,
since we have just shown them to be equal. Consequently, TZ and
TH do not reflect at equal angles.

[87] What we have established will also be evident if we assume
some other line.

Civen it idiosymerasies, Lijeune

thisanem fepresenis & 1Aler in bt
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[88] Let a diagram [figure [V.26] be constructed similar to the pre
vious one, bt let EH > EZ. Then let lines ZDT and ]{E'.I'h be drawn,
let line ZH be bisected at point L, and let angle ZDH be bisected by
ing DM. Let EZ = EC, and let lines LDN, MDS, and C [:IL' be
drawn. We say, then, that the reflection at equal angles of the ray-

couple jommang £ o H w Il oocur bebween points Y and S.
E2"*"| But from arc KA and arc GT no ray-couple will reflect at
I '.:_-'-"'-. for the ray-coug "‘l. reflected from either of them does
centerpoint ]}l

.LL us demonstrate first that it does not reflect from point
3. IF 1t could, let it retlect along Z5H. Theretore, since angle
ZDM .1|'-'|- HDM, angle SDZ = angle SDH Iin'.h-_-x-". angle
L5l was I.|.|'-‘" '._!'l.l.|l."|"'-.i2:'| DSH. Therefore, triangles ZDS
and HDS will be equiangular, with line DS common. Accordingly,
ling £D = line DH, so angle DZH = angle ZHD. But angle DZH
angle DMCZ, because sides CE and EZ are equal, as are the angles at
E in triangles CED and EZD, and line ED is common. Conse-
quently, in triangle CDH interior angle ZHD = exterior angle DCZ,
which is false

[91] If, moreover, we assume a reflection [at equal angles| from
some point between § and T, the result becomes even more absurd
For in that case ZD ought to be ||'l'1s'l.': than DH. Also, line MH,
which is the longer, will be shorter than ZM, which is the shorter,
and interior angle DHZ -.1|':l.1||, LZH, which is equal to exterior
angle DMCZ, all of which is impossible.
[92] "-:."-'ail'l. assuming that it is |.!::I:-:-;.i:!|l.'. let the reflection occur

ilong ZMH. Thus, since line ZL = line LH, then ZWN = NH, and an-
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gle NZH = angle NHZ. [t therefore follows that angle NLZ
|1||_'|:|q"‘:'..'||'_'. .'.‘:‘:.=_|l.' NLH, which 1s IZ':';"I.=~-i|"|:'

[93] This will be even more absurd, however, it we assume the
reflection [at equal angles] to occur between K and N. Such an
assumption leads to the conclusion that a line shorter than ZIN
longer than a line longer than NH, while angle NL .I"'., which is more
acute than angle NLH, 15 larger than an angle that is more obfuse
than angle NLH.

[94] But if there is a retlection at equal angles, it v ill certainly
bebween points S and N, in which case nothing |'|'-I.'|'Z- '.|'|.'.I 1
trary to what we have proposed. That only one ray-couple reflects
at equal angles from this arc will be obvious, as we shall now ex
plain. But n arder not to confuse the figure, let us assume that the
two points 5 and N lie on the arc from which we have claimed that
it is possible for retlection [at equal angles] to occur. Moreover, as-
suming that it is possible, let the two ray-couples [Z5H and ZNH]
be reflected at -.'-.:_:i.|' angles from those two points

[95] Accordingly, ZS : SH = ZM : MH, and ZN : NH = ZL: LH
FL:LH = ZM : MH.so ZN : NH = 75 : SH. By alternation, ZM : £5
NH:SH, but NH > SH, because it 15 nearer to centerpoint L.
[herefore, ZM will be much |.'l‘:‘.:'_l.". than 75, which 15 imposgsible
since 75 = ZM, insofar as it is nearer the « I'I"|'-"'|"-.‘-'"‘

|'-.1|1| But if we transpose M to proant Uand S to a position between
F:"-'i"ll‘h S and B, the are from which the reflection occurs is defined
by the line joining the cer "u »oint and the midpoint of the line join
ing the two points [Z and H] along with the line that bisects the
angle subtended by this I|.'n' [ZH]. And there is only one ray that re-
flects at equal angles from these points

§7] [THEOREM IV.26] To continue, let us now demonstrate that
whenever the disposition is as just discussed [i.e., when the center
point lies between the mirror and the eye-object line|, the image is
always formed between the eye and the mirror [and appears] in
its |'|||'||'|._ P lace. For the normals L‘l"‘"l"\-"-l.‘--.l ITOET |1-_:-i"|l- Zand H :'.I'.
figure IV, 26 above] and passing through centerpoint D always

choose U s the point of reflection, then, given that ang .‘.-_.” will b
renia] LD |-..:_.-\,-\."|r"|,, I.II el LH. Thu 15 Ao rLee
roeer th ari LIH . i AT 1 N By the samoe (oken, angl |.|..I'I

v Rhie SUp pose X kould be greater th '--..'- "'h.l.-" wl

sridied by Ehe s Ppisd ol 1
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Figure [V 27

intersect the incident rav {(which is the one by means of which the
image i1s perceived) in front of the mirror. Moreover, the normal in-
variably passes through centerpoint D in the triangle formed by ZH
and the reflected ray-couple (e.g., lines ZN and NH), for in such a
retlection, when the eye is situated at point Z, point H appears as if
it lay at point O, and if we place the eye at point H, we will see point
Z at poant F, In addition, the image will lie in front of the mirror be-
tween the eye and the mirror itself according to previously estab
lished principles. [t also happens that certain distances shorten and
appear as if they were nearer the mirror.

[98] [THEOREM IV.27] In cases of the sort we are going to dis-
cuss, there will be no reflection at equal angles.

[99] Let ABG [in figure IV.27] be the arc of a circle lying on a con-
cave mirror with centerpoint D, and let line BDE be drawn. We say,
then, that, if the eye and the visible object are distinct and lie on
4rr.1|;.;l'.l |ir'|4.' HE -.I.'1;.‘| 1 |'E-:'\-: ik |.1-| ;.|l.'u.":- MR ..II' .:":I,'ll.'.'l_'l_'['l I;|'_|.-r11_, I:f'||_-|'|_- i:a
no reflection at equal angles between them, whether one of them
ltes at point D or not

[100] This peoint is easily grasped, because no ray whatever is
retlected at equal angles from the arc lying between A and B or be-
tween B and G, for in that case the rays do not encompass center
pomt 1.* From point B, moreover, there is only a potential, not an

actual, reflection, for one of the posited entities [i.e., eve or object]

blocks the reflection. If, in fact, we assume the eye to be closer o
the mirror, it itself is what blocks the visual ray reflected at point B
trom reaching the object, insofar as it lies in the way of the ray and
blocks it. And if we assume that the '|_'in.:'_-'~||_- -:'-|_15|,'.._|; 1% .,'||_|-;.g-,-' o the
marror, then it blocks the visual ray from reaching point B, insofar

)
i, prop. 2
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as the visible object is located between the eye and B, and blocks thi

latter point.

[101] [THEOREM IV.28] Now, let ABG [in figure [V.25]
cle with centerpoint D, let line AG be drawn, and let
-.:!_ru_'-rpru,f ;::,'|E'-|_'|'_-.5_i._'_|' ir to it. Let arc ABG be the segment of a circle
inscribed in a concave mirror. Then, of the two points [eye and ob
ject] under discussion in the preceding figures, let one be placed at
point A and the other at point E. We say, then, that there is no re-
flection _|_||_|.|.|.-. |_;1.|_|_'-.|_""||'l"“ from : ABG

[102] I_ 1= clear that no such reflechion occurs from arc B, sin
it is impossible for the rays retlected between the atoresaid :'.'-'.'-n
points .‘_;1 ETICOMPASS E'u,'i:|!_ . From arc AB. as well. it is obvious
that no reflection at equal angles can occur. For if such a reflection
could occur, for instance, along AZ and ZE, then arc HGZ would be
-;']l' 1] to arc AZ, which is false, because arc HGE is much larger than

¢ ZA, given that arcs AB and BG are equal

103] ITHEOEEM IV.29] Likewise, tog, it will be evident that

i : T 5 : :
reflection [at |'-.;'.i.|' angles] cannot occur if one of the points lies

within the circle on line AG while the other lies at E, nor [can it
occur| it one of -Iw points lies at A while the other lies between /
and E or if one of them lies outside the circle while the otl
between A and E.

[104] .‘-.:;.l'.:'.. let circle .-'ILH-'EI [in i:; re [V.29] with center D be
constructed, let line AG be drawn, and let perpendicular DEB
be dropped to i'_ Let arc ABG be the arc of a circle inscribed in a
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concave mirror. Let one of the points—e.g., A—lie between A and
E. and the other—e.g., F—between E and G. Then let circle ADZ be
drawn to pass through points A and £, but let it not cut arc BG. Fi
nally. let lines ALY ana 1DAH be drawn. We sav. then, that behween
A and Z no ray reflects from arc ABH at equal angles.

[103] As was shown in the preceding figure, 1t 1s clear that no such

reflection takes place from arc AB, because of what results from the

!Il-u Aares "-.1.|||_-._--._._: :|:='= f--l_:-. |'._ | :-"||'= I_i:-."l ,_j.'-l_'--

[size-]difference in
not take place from arc GH is obvious, because the ray-couple re-
flected at this very location does not encompass the centerpoint D.
But let us now show that no reflection takes place at '-'-'-;:Z-I. angles
from the arc between B and H.

[106] Assuming that such [a reflection] is possible, let ATZ be the
reflecting rav-couple, and let lines TKLD, KA, and KZ be joined.
| ey, since arc AL arc D, angle AKLD ._'.":::;l:' DYEE. I ftollows,
theretore, that angle ZKT = angle AKT. Now, if we suppose that
angle KTZ = angle KTA, then, given that the angles at T are |as
sumed ] equal, while side KT is common to the triangles KTA and
KTZ [it follows that TEZ = TA. But] TZ will also be longer than TA 57
hus, angle TAL = angle T.LA. For this reason, and because the an-
gles at T are [assumed] equal, if follows that obtuse angle TLA -
acube an TLE, which is false. Therefore, ATZ does not retlect at
equal angles. In the same way it will also be demonstrated that, if
point A were to lie outside the circle, no retlection |at equal angles|
would tak pl.'l-.':_'

[107] From this it will be easily understood that, because no re-
tiection at equal angles can possibly take place between points that
are situated in such a way [with respect to the mirror’s centerpoint],
the eyve does not apprehend the posited object, and, since it is not

.'|l_"r|'|.'|'|-._"'|.1|'-._: by the sense, the object will have no i:'|'.!:_'|-._'

|;I"f'-| A2 far as what |"._|5_‘~fr"|_'|‘:h in F::'.l"_i:_l:i,_.: cases of retlecton andd
as far as the apparent locations of images are concerned, let the dis-
tinctions we have drawn suffice. We must subsequently examine all
possible variations among visible objects, each in turn (not only of
those whose image lies behind the mirror, but also of those whose
image lies between the mirror and the eye), not according to partic-
ular aspects, but according to the essential and true nature of the
phenomenon.s
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[109] [ITHEOREM IV.30] Accordingly, in concave mirrors, when
the image lies behind the mirror, the distance of the visible object
along the reflected ray-couple] will be smaller than that of its im
age [along the incident ray] if the visual radiation were to continue
behind the mirror.

[110] Let ABG [in figure 1V.30] be the arc of a circle inscribed in a
concave mirror with centerpoint E. Let point Z be the eye, and point
H the visible object to which ray-couple £ZBH 1s reflected at equal
angles. Let [cathetus] EHGT be drawn, and let BZ and HE be ex-
tended to intersect at point T beyond the mirror. lhe refore, the
image of H will lie at point T. We say, then, that B£ + BH - ZT,
whereas GH = GT

[111] Let [no |'|||1|| EB be drawn, and let line KBL be drawr. tan-
gent to the circle at point B. Therefore, [cun ilinear| angle ABZ
[curvilinear] angle GBH, and [hom] angle ABK = [horn] angle
GBL, so that the whole angle KBZ, which is equal to angle TBL, is
equal to angle LBH. Now angle BLH is acute, since angle LBE is
right. Therefore, angle BLH < angle BLT. And if we posit angle
BLM = angle BLH, then, since angles MBL and LBH in triangles
MBL and LBH are -_'|,||,|.'||, while side BL is commuon, it follows that
MB = BH. Consequently, BH < BT. And if we take BZ as common,
then ZB + BH < LB1.

[112] Moreover, since LH : LT = BH : BT, while BH < BT, then
LH < LT, and GH will b¢ much smaller than GT

[113] From what we have established, it is evident that, if the dis
tance between the objects and the same viewpoint increases, or if

AT e (el LT
(i Wil Hhe

e b |




FTOLEMYS THEORY OF V151

that diskance 18 greater, then the distance between the im

the eye increases, or that distance will be greater. For if we extend
BH to 5 and continue [cathetus] ES until it meets the prolongation
of ZBT at point N, then the image of § will lie at point N, and so

b5 + BN = BH + B1

[114] [THEQOREM IV 31] If the image that appears in concave mir
rors lies bebween the ovie and the mirr r. the distance of the visihle
|"'i-\.'-\.: ITOIM the eve |' w.'l'::.; ::I'\.' |'|_'||;'-_'I|_'_| rav-CcoLu |_'| 1Y |! !1._- :_:|'|_'\-'_! N
than the distance of its image [along the incident ray]; nevertheless,
the image’s distance from the mirror will sometimes be smalls T,
SOMelimes greater, and somelimes equal

[115] Let ABG [in figure IV.31] be the arc of a circle inscribed in a

concave mirror with centerpoint D, and let normal DB be drawn.
| ek |".-':': E be the eve, and let :'.|:-. oL i'i:.' EBZ emanating mom |l-'-i,'|:,
E be retlected at equal angles. Then, let [cathetus] TDH be drawn
through point D perpendicular to BD, and let the two catheti KDZ
and LDM intersect one another at COFFespRong

|116] If, therefore, we place [magnitude] ZTM at the location that

15 observed, then, according to principles established earlier, the im
age of £ will lie at point K, the image of T at H, and the image of M
at point L. Indeed I:"ll,'_'. fall between E and B, and their distance
from E will be less than EB. Moreover, that distance will be much
less than the [eye’s] distance from the object-points reached by re
tlection, e.g., [along] EB and BM.

|- It is also evident that, if ._!_'_l'_;lg' EBZ is bisected |_'|-_ line B
then BT = BH, and DT = DH. But line BZ = BK. while ZD > DK
Also, line BM < line BL, and MD < LD. Hence, the image of T
will lie at point H, and the distance of both [points] from point B
will be l\.'-II_.‘.\,EI But the distance|from .;""Ili||| B| of Z's image, which

appears at K, will be less [than that of Z itself], and the distance
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[from B] of M’s image, which appears at L, will be greater [than
that of M itself]

[118] S0 it is clear that, when the distance of objects from the
eyve increases, or when it is greater, the distance of their image:
the eve increases or will be Frearer. For, since the distancy
Z from the eve i5 greater than that of the remaining points, it
age appears tarther away, and since the point-obpect at v lies nearer
the eve, its image, which is at L, is formed nearer [the eyve| than the
:q\"]'._'!:r.il':_.; IMmages

[119] On this basis, then, it is evident that, when the distance of
the visible object is no greater than the distance of the line [HDT
'."-.I:-:-.:'::_', throueh the center of '!'.I.'Hi"!'l. re, but when, instead, the ob
ject itself and the mirror lie on the same side of this line
object will always lie a shorter distance from the mirr
age. For, when the situation is as we have just stated
the visible objects will lie farther from the sphere. But if the visil
object lies behind the line passing through the center of the sphere,

the result will not be as claimed.!

[120] [THEOREM IV.32] In concave mirrors, if the image of a

visible object appears behind the mirror and the location of the

generating object is what we have called “tacing,” then, according

to what we have already said in regard to other mirrors, the lines

joining the |_';'|_ii'||_!i'|:'\- of the images of visible magnitudes appear
.
|

longer than the lines joining the endpoints of the visible magni
tudes themselves, assuming that those magnitudes were observed
directly from the [same] fixed viewpoint at the same distance as
that of the ir1|.|:_5|,' and with the same ortentation

[121] Let ABG [in figure I'V.32] be the arc of a circle inscribed i

concave mirror with centerpoint D. Let E be the eye, and let normal
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LEBL be drawn from E. Let ZH be the line joining the e dpoints of
the visible object, which is oriented so that line BD bisects it at right
angles, tor it must be placed in a directly facing position. Then, let
the two rays EA and EG be reflected from E to Z and H. Let those
two lines be extended to intersect the continuations of catheti ZD
and DH at points T and K, which lie behind the mirror. Let line KT
b 5:-"”"-"-1- and et line DB be extended to cut it at }'l.'-i.'ll: L. Therefore,
the image of Z will be seen at T, and the image of H at K. But line
TK joins the endpoints of the object’s image, and its orientation is
the same as that of ZH

[122] Therefore, since pomits £ and H lie the same distance from
the eye at E, and since the angles of reflection are equal, image-
points K and T will lie the same distance from point E. Also, since
both lines EL and ET are qual to lines EL and KE, respectively, and
since angle TEL = angle KEL, it necessarily follows that the [re-
spective] angles of both triangles are equal. The angles at L will be
right, and KT will be paraliel to line ZH. Moreover, KT : ZH
TD: ZD., But TD > ZD. Therefore, TK = ZH. And if ZH is trans
posed b location KT and mainiai hie same orerlabion, wisual
angle KET will be larger Han the visual angle sublended ty ZH, as

v dleai I I S B

R LR R :
HEE I s dOPKEE af aitrechliy ang tnal 1S gistance arad orserfafion

g3 i
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the same as that of TK, Thus, to the eye af E, KT will appear longer

than KH.!

E 1.44] and I ] :H See nobe 64 below for the text of these l,‘r.||.'|:,;|',||,'.|'|-.

(125]| ITHEOREM IV.33] In concave mirrors, when the image of a
visible oect APpears between the mirrors and the ex £, and when it
is oriented [in a facing position] as we specified, the straight lines
joining the endpoints of the visible magnitudes sometimes appear
to be equal to [those of] their images, sometimes longer, and some
times shorter, when those visible magnitudes are observed direct ly
and maintain the same disposition and distance as their IMAEes, A5-
suming that the eye remains fixed

[126] Let ABG [in figure IV.33] be the arc of a circle inscribed in a
concave mirror with centerpoint D, let line BD be drawn, and let |
be the eye. Let line ZH, which joins the endpoints of the visible ob
ject, be positioned in such a way as to be bisected by line DB at right

angles, according to what must obtain in the case of things that have
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Figure IV 33

a facing orientation. Let the two ray-couples EAH and EGZ ema-
nating from point E be reflected at equal angles to points £ and H
Let [catheti] Z[D]T and K[D]H be drawn, and let them cut lines EA
and EG in points T and K. Finally, let line KLT be joined. The im-
age of £ will theretore appear at point 1, and the image of H at poin
K. KT will be the line joining the endpoints of the image, and 1ts or
entation will be the same as that of ZH
[127] Therefore, since the distances of the eye at E trom poin

and H must be -_'|_||,|._'.|_ a5 we have pres iously said, and since the an-
gles of reflection are equal, the distances of K and T from point E
are equal. Moreover, the two lines KE and EL are equal to lines ET
and EL, and angle KEL = angle TEL. Therefore, triangles ETL and
EKL will be equiangular, and the angles at L will be right, while line
TK will be I,'I.;'.|'.||Il\\'. to line ZH. Also, ZH : KT L - TL, Put we
have already shown in the previous discussion that it is possible tor
DZ sometimes o be equal to DT, sometimes shorter, and some-
times longer.® Thus, it is possible for ZH sometimes to be equal to
KT. sometimes longer, and sometimes shorter

[128] However, if ZH is transposed to the position of K I, while
it maintains the same orientation, angle KET will sometimes be
.;-.|||,':| to the angle subtended by FH. if its .|'.:-i"l.'-|'.§l.!|'. and distance

are the same as that of KT and if it is observed directly, and it will

appear equal to the eye at E. But sometimes it will be greater and

will appear greater, whereas sometimes it will be smaller and will
appear smaller.®
[129] Moreover, all objects whose distances from point E are less

than half the radius of the sphere that torms the mirror maintain a

S th
Cnd
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distance between the endpoints of the magnitude that i5 ereater
than the distance between the endpoints of the image.®

13| [ITHEOQREM IV.34] When the image of an object that is seen
in concave mirrors lies behind them, or between them and thy eye,
at face them directl appear concave. Further-

ctrai

traignt cbpects th
ITRCHDE, TN

ircular objects whose concave side faces the mirror and the

elleCied ray appear concave, but those whose convex side faces th

MIrror sometimes appear concave, sometimes straight, and some-
times convex

| First, then, let the image of the visible cnect e behind the
murror. Let ABG lin figure [V.34] be the arc of a circle inscribed i

1IN
concave mirror with centerpoint LY, and let line BDE be drawn. Lel
line ABG be hisected at point B. Then, thre g h pomits A and G, let
straight line AZG be drawn along with circular arc AHG, which has
its concave side facing the mirror and the reflected
DH = HB. and let

ray. Lot
the eve be al point E.




[132] The image of points A and G on
ADPeaAr at |"\-'\-"._'- il + themselyves VEEAE e IIMas ]

rror, £ at point K and H

at the tarther objects lie

noints £ and H will appear behind the n

at point L, for it has been demonstrated
from the same v i._'l.'..'_'-n,li:;'_ the farther their images will e from Ehat
LU e B I,"'.I'I"'.! Hut the distance of H from the eve at E, as '.:l.i_,[_n'-.'. A0NE
the ray-couple [EB, BH] reflected from point B, is greater than the
distance of £ from the eye at E |along ray-couple EB, B£L]. Point 1
iz alzo farther aw than coint K. and both of those points lie on
th i"l'.::;_'.'

[133] So the image of line AZG will appear on the line that passes
through points A, K, and G, whereas the image of arc AHG will ap-
}l._'.L:_' O b |':'| |_",_-.*----i|'|_-_'h :|'::'|=|..:_;'| !'l.'-'!'!H .-"|._ |._ ..J:..l.i L. Wloreover, th
concavity of arc ABG will appear to be turned toward center of
sight E, and the lines passing through points AKG and ALG will be
MONe Pronound o in thein -..-":..l'-.i!:-. than ABG. =ince the ravs
i.,*,liin_-_; per E'lu,'||._|:| ular to those arcs are i'll'l'l!'l-.ﬂ'll.l"':.'lln.'i'-h E.'l:'l:',l.':' than
the ones falling more obliquely. Generally speaking, though, the
images of straight and concave objects will appear concave.

[134]| To continue, let a convex arc EBL [in figure [V.35] ;
through point B, tangent to the circle and [thus] to arc ABG. Let
[normal] lines DEH and DZK be drawn, and let DE and DZ be
longer than EA and ZG. Let tangent LBM be drawn through point
B of the circle.

[135] -".u_-.:'-:._1i":§::|:-._ the image of BEL can somehimes be seen De-

S : 1
& CIramw

bween L and A and bebween M and G, sometimes on L and B them
selves, and sometimes beyond points L and M (e.g., at points H and
K), all depending on the distance of E from A and of £ from point
G. But the image of B will lie at point B itself
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1136] If the images of E and Z lie at points L and M, then the im-
age of convex larc] EBZ will appear along straight line LBM. But
when the images of E and Z lie between A and L and between C and
M, then the LT m e will dppPear Concave, tor ".'..lr'l{"'! |,|i:-:i-_i'_||,- ravs
mihw;: on objects are E,Wr-.:-l,":‘-.'li-i"ll-.'lll."!".' smaller than perpendicular
ones, those objects appear concave. Finally, if the image[s] of E [and]
£ lie beyond points L and M, then the image will appear along a

convex line, for in this case the opposite o what we just specified

happens insofar as the oblique rays are proportionately longer than

the perpendicular ones. Thus, when something is concave in com-
parison to straight line LBM, it will be absolutely concave. and
when it is convex in comparison to that [same straight line], it will

be absolutely convex

[137] Now, let the image lie between the eye and the mirror. Let
ABG [in r];-,.:r-:- [V.36] be the arc of a circle inscribed in a conca o
mirror with centerpoint D, let line EDB be drawn normal to the mir-
ror, and let the eye be at point E. Let HZ be the line joining the end
points of the visible object, and let line ED bisect it at right angles.

[138] Accordingly, when catheti ZDG and KDH are extended,
the image of Z will appear at point T, and the image of H at point
K. Let cathetus TK be drawn, and let it be extended to point L on
the arc. Let line LDM be drawn, and let it intersect the extension of
line ZH at point M. Thus, the image of point M will appear be-
tween points D and L, since none of the rays emanating from the

By 1 |.--:---||:|- Brbeeri b Pp. 95 i
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eye is reflected at '-"*E"'ﬂ: angles from point L to point M. But if w
suppose that the image of point M lies at point N, then the image
of straight line MH will be seen along the [curved] line passing
through points K, T, and N, and the concave side of this image will
tace the eye

[139] The same thing holds if we assume that the line passing
through points Z and H is circular, with its concave side facing the
mirror. For, if we construct the arc to which the visual ray is re-
flected and have its concave side facing the mirror, as is represented
by arc HZS, then the image of point 5 will lie between points D) and
M (e.g., at point O). And the line passing through points K, 1, and
0 will be even more concave il"'l.'ll'l the Ir‘-"'-."'.'il:lh One rI-.r;-;:,th K.T,
and N|. But this very line [KTO] lies on the visible object’s image

[140] Let us now suppose that arc ZSH lin Hgure [V.37] has its
convex side facing the mirror, let us draw straight line ZH joining
the endpoints of the visible object, and let KNT represent its con-

cave image. When the rays are shorter, the image of the object seen

by them lies closer |||| the -."".'-.'E. Therefore, since the distance of 5

from the eye at E is less than that of L [from E), as measured by the
ray-couple|s EB, BS and EB, BL] reflected from point B, and since
the distance [EM] of its image, which lies at M, is less than that of 1
[along EN], then point S will be seen between D and N

[141] So the image of S can sometimes appear at M, and the
image of ZSH will lie on straight line TMK. But sometimes [it
can appear| between M and N, and the line will appear concave
Finally, the image can sometimes appear between points D and M,
and the line will appear convex, depending on how pronounced the

WThis follows because e resu g fay-coi il:-"'l-fl E woukd not dncompass cenberpoing 12
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ty [of the visible object] is. Still, the image of [end]points Z

and H | 1ain Hxed at points T and K

COMCA

142] ITHEOQOREM IV.35] In concave mirrors, when the image of a
visible object lies behind the mirror, it is perceived to be on the same
side as the actual object; and when visible objects are moved in am
direction, their images appear to move in the same direction.

[143]| Accordingly, let ABG [in figure IV.38] be the arc of a circle
Inscribed in a concave mirror with centerpoini 3. Let the eve be ai
E., and let £ and H represent bwo visible objects flanking it. Let
catheti DZT and DHK be drawn, and let the two rayv-couples EAZ
and EBH be reflected at equal angles from E to £ and from Eto H
[ hen, let lines EA and EB be extended =0 as to intersect lines DT and
LK at points T and K. Therefore, the image of Z will lie at point T,
and the image of H at point K. Moreover, those images will be per-
ceived to lie on the same side as the actual obhjects.

:| 14| Let H be moved to ] cand let E!:""'i"-:l-i-'i"': EGL be reflected
tor 1t at l.'|.|||-:| ANEies L heen, let |-_ ath |_|__--.. DLM be Joire, and lek 5t
intersect the extension of EG at point M. Therefore, the image at
will be moved o i"--:iilt M, which lies in the same direction as that
toward which the actual object has been moved.

:l"l.'_l '-'.:‘::-..'-ill. if H and L. which represent the visible :'li'E||.':'.H_
are above eye-level, then their images K and M will be above eve-
level and will appear above [the original location]. For the upper
parts of objects directly fa ing the viewer are apprehended by
higher ravs

[148] If, however, we suppose H and L to lie to the right of the eye,
then their images, which are at K and M, happen to lie to our right
But those images are not judged to lie to the right, because the part

of what we see facing us that is touched by right-hand ravs and that

appears to the right is actually on the left-hand side of what we see




i renencaec
ct vision. Buk in the case of retlection

at 1s apprehended, a acing sides of
opposite us, so the images that lie to the right
to lie to the lett ac I o ENeE nor | arrangement of

1 TaYs 1N regard o po

[147] [THEQOREM IV.36] In « 2 MITFOrS, wWhe » image of a

1 :-II'II;' 01 '|-_'.\,: :I_ ebwneen [h ill_". 21 e
e HRe Fovards ]

object 15
CEreCtiomn.

[148] Let ABG [in figure IV.39] be tl rc of a circle inscribed i
concave mirror with centerpoint D. Let the eyebe at E, and let Zand
H represent two isible objects on either side of the eve. From point
E let the two rav-=couples EAZ and EBH be retlected at equal angles
to those [two point-objects]. Let catheti ZDT and HDK be drawn,
and let lines EA and EB intersect them at points T and K. Thus, the

image of point Z will lie at point T, and the image of point H at K

Consequently, the images will IDPEear O the opposite sid
actual [g :'|,,':.'||:|'|,;E |lf"|-.'|':*-

[149] By the same token, if point H 15 moved to pomnt L, 1t 1
couple EGL is reflected to it, and if cathetus 1 DM is extended to
meet line EG at point M, then the image of H, which is at K, will
move in the opposite direction from that in which the actual object
has been moved

1150] Furthermore, if H and L lie above eye-level

which are represented by K and M, will lie below

parts will appear lower. For things that are apprehended by lower
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visual rays appear at the lower side of the visible object, but what

nded in such reflections by lower rays appears at the

upper side
[151] And if we suppose that H and L lie to the right of the eye,
then their images (i.e., K and M) will appear to our left. And so
right-hand objects will appear to the right, for the parts of facing ob
jects that are :|}'|"'i'l.'.'l."l‘:l.il.':.| by |'._,:I"!|"'I|'|i-:|,,i :,_‘::-.*-. Appear tey the I._-I"_I

¥ 3 : X
while those that are apprenended by left-hand ravs appear to the
. ’ i

right. Among objects seen by means of such reflections, moreover,
those that move toward the right appear to move toward the left,
i'l.'L-\.' LIS |i|'| s l.'-:"'\-l.': our hand l\,,il\.!l_"h ot seem o move as a mirror-
image, but in the opposite direction, as if it were a right hand [rather
than a left]. Indeed, facing objects that are seen in direct vision are

disposed so that their right sides lie to our left.”

[152] From what we have explained, then, it necessarily follows
that, in concave mirrors, images appear in a different way from the
actual objects that are seen in them; sometimes the result is the same
as that in direct vision, but sometimes not

[153] As in the case of objects that are seen directly, variation lin
the image| depends on a face-to-face position and on a back-to-front
displacement only, just as we have shown is the case with convex
and plane mirrors. For the images of objects that lie farther from a
given viewpoint always lie farther from that same viewpaoint. In-
deed, reflection has no effect on the displacement of rays in a back-
to-front direction,™

[154] But side-to-side displacement does cause a difference, be-
cause the visual rays are changed in their fundamental nature.
[hus, tor '."'-.I!‘.I:."..l.'. wiie have shown that a "|::_'.i' posiiion w 1 somme-
times appear high in concave mirrors—just as we observe when the
object is s0 placed that its image appears behind the mirror, in
which case it will be as if the obvect were seen direckly sometimes,
however, what lies toward the top will be seen toward the bottom,
so that [the image] is inverted in comparison to what is seen di
rectly. Moreover, right-hand things sometimes appear to the left, as
is the case [in direct vision] with objects that face us. Sometimes,
though, the opposite happens: i.e., [the right-hand side appears to
lie] to the right.

[155] Also, in this sort of mirror, the eve sometimes sees a single

image and sometimes several images of the same object. And when
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the eve remains fixed and unmoved, some images will lie tarther
from the eye] than the actual object [that generates them |, whereas
others will lie closer [to the eve than their generating object]. Fur
thermore, the images of magnitudes will at times appear to be the
same size as the magnitudes themselves, at times larger, and al
times smaller. The shapes of some objects [e.g., concave ones) ap
pear similar to those of their images, whereas the shapes of other
objects (e.z., straight ones) appear dissimilar, and the shapes of yet
other objects (e.g., convex ones) somelimes appear gimilar and
sometimes dissimilar. But the way in which these vanatons are
perceived is governed by the set of principles we have established

[156] What we have said to this point provides almost everything

that is necessary for an analysis of images appearing in simple, non

composite mirrors. However, anyone who wants to understand not
only what happens when the three primary shapes—i.e., plane, con-
vex, and concave—are juxtaposed but also what results from suc h
a composition of shapes can do so using the reasoning that has al
ready been set torth

[157] If one considers what has been said about plane, convex,
and concave mirrors, and if one considers the diagrams pertaming
to each type according to what we have shown, and if one applies
to these composite mirrors spec itic properties of their [constituent]
crosz-sections and the cross-sections of the objects that appear fac
ing them, then no further discussion will be necessary for such an
analysis, unless one wishes to repeat the same points. For, on the
basis of earlier analyses, it will be easy for the student to understand
the specific types of image-variation that are created in each kind
of composition. Still, it does no harm to talk briefly about these
variations

[158] Take, for instance, mirrors composed of a straight and a con-
vex section, such as those that are cylindrical. When the eye taces
the convex surtace of S h a mirror, and when the visible object
stands upright in front of the mirror, which also stands upright,
then the object will appear undistorted™ along the vertical li.e.,
along its own length], its upper edge being above and its lower edge
below. It will, however, appear compressed along the horizontal
[i.e., along its own width], and its right-hand side will appear to the
left, while its left-hand side will appear to the right. On the other

hand, when the object faces the [upright] mirror sideways, it will
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Ll appear
[160] If, however, the image appears [to lie] between the concave

i the mirror and the eve, then, when the object and the mir-

FEace O

ror face one another |.i"':'.:._'|'.| the obect will appear undistorted
along the vertical [i.e.. along its own length], and the upper edge
will appear above, while the lower edge will appear below. Along
the horizontal [i.e., along its own length], however, the object will
sometimes appear undistorted, sometimes distended, and some-
bmes compressed, and the right-hand side will appear to the right
and the left=hand side to the left. Yet, when the object faces the mir-

Ol -.i._'in".k.'l:-.-a iI_ wrill g

appear undistorted along the vertical [ie.,
i
i

along its own width], and the right-hand side will appear to the lett
and the left-hand side to the right. Along the horizontal [i.e., along
its own length|, though, it will sometimes appear undistorted,
sometimes distended, and sometimes .'»:-un_:x-----\-..,-.,i, and the upper
edge will appear below and the lower edge above

[161] Finally, in mirrors composed of a concave and a convex

sechion, 1f the image of the visible object ought to be seen behind
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|63] Generally speaking, in the case of all images formed in com
posite mirrors, forward and backward motions are reversed, inso
IAr a5 Certain parts ans nearer .!"l\.i certaim tarther _:"\-""l' '.il-\.' I TLE =
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in direct vision, nor are th he same as in the case of objects whose

images appear in unitorm spatial orger.”




PTOLEMY'™S THEORY OF VISUAL PERCEFTIOMN

[164] A mirror can also be conical, and when the visual flux
strikes the interior surface of such a mirror, the resulting image will
have an acute angle, for it is composed of straight and concave lines.
However, the outer surface of the cone is composed of straight and
convex lines, as we have explained

[165] [THEOREM IV.37] Let a conical mirror be constructed, let a
section of it be represented by triangle ABG |in figure [V.40), and
let the visual ray strike its interior surface. Let its axis be AD, and

let point E lie on AD. Let the eye lie on the extension of axis AD at

ot L. and let rav-cx -'.I|.‘~:l.'“ LHE retlect from AL at « ._::l,:._l', .||1Hi[~= b
tween £ and E. Then let [cathetus]| ET be drawn normal to AG, and
let it intersect the extension of ZH at K. The two theretore intersect
behind the mirror. Since angle KTA is right, angle ZHG, which
equals angle THEK, is less than a right angle.®

[166] An imasge of E happens to be formed along the entire circle
that K describes when plane EZK is revolved about axis AZ. When
this retlection reaches AL and [the incident ray ZH| is extended,
then, because of the mirror’s concavity, the image will appear
along the entire circle passing through point H, assuming that axis
AD remains fixed and the plane revolves about it. For all the
planes passing through the axis are normal to the surface of the
cone, just as the planes passing through the centers of spheres are

normal to their surfaces
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[171] [THEQREM IV.39] In the case of mirrors that are formed in
such a wav as to appear spherical to the viewer, if they are actua ly
COIM PSS Of Em.':.‘“-'!l'.ll-' mirrors all hav i|'.::; the same
images of a single object are formed

constituent] mirn
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Ihis happens |
iding only one, sir

OF INCIAeNOE S retleciion | for
[172] Let ABGD [in f e |V.42] be the arc of a circle with cen
terpoint E, and let lines AB, BG

and GD of equal length be in-
scribed. In this particular ca

L ase, let the eve be
ABGD be continuous

the visual tux

Le

ATY1F
e k4|

Let plane
and let it pass throu

h the plane of reflection. Let EZ, EH, E
resent all the possible ravs for each mirror

and EM rep-
Accordingly, everything
etween H and T as well as between L and K, and thus every-
thing that the ray strikes at an angle, talls outside the firure of the
mirror when it is reflected. On the other hand, what lies bebween 7
and H, T and K, and L and M falls inside the figure of the mirror

vhen it is retlected. The number of images will be equal to the num
ber of mirrors
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o l:"'PI'-'ZI.-."'I.E the contrary occurs, so that
s obpect is formed in severa MIrrors accord g bo Hhe

faces, put chuetlhy among plane mirrors
"
I

[his is what happens when the eyve and

I
s100e ofrect are on separate sides and an object is :.Itq.'.\'ll\'.\'\-l'l.i iy
!

block them from one another. In sUCh & case, in fact, several 1T gres

g 1 1
lormed according bo the contimued refle LOon o the ray [rom one

MEOre Pane mirrors 1o the visible obpect, and the images within

e T ¥ § E 1~ P - A TP |
CIrTors are rormed along the line of incidence, Accordingly,

» following serve as an example to clarifv oui point:

2| ITHEOREM IV.40] Let the eye be placed at point A [in fig
43] and the visible object at B. Let some object G be placed
between them to screen one from Hh other. Let AD and BE be
drawn from A and B to opposite points, and let line DE be drawn.
Let angle ADE be bisected by line DZ and angle BED by line EH.
Let the twao perpendiculars KDT and LEM be -.|:';1=.*_:'-|'-.i to DF and
EH [respectively], and let them each represent a straight line on a
plane mirror, according to the principles we have established # Ac-
cordingly, AD will reflect at equal angles along DE, and DE will re
tlect [at equal angles| along EB, for these particular lines form equal
angles with the normals dropped to the mirrors. Indeed, the visual
ray emanating from A is reflected along ADEB
176] Also, in conformance with the fundamental principles [of

retlection], the visible object at B is seen at that point in the mirror
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these principles are perfect : evident here, since ADS
|[ED} +] EB. Thus, since BE M, and ND = DS, then, with
forming a common segment, the whole of AS = AD 4 ED

178 [THEOKEM I'V.41] Much the same thing as we estab

[1n the case of single reflechions| happens in the

1 £

Hections: 1.e., the sizes of the

equal, which is invariably
entation 1s TOvE TR Sarme, '
same only when the number of m
in number, then right-hand ol
hand objects to the righ
1749 Accordingly, let the eve
be the visible object, and let D be some body
obiect from one another|. Let there be a reflection fr

rors: namely, E£, HT, ana KL. Let a visual rav be retlected toward

.
B at equal angles from every mirror, and




EH, HK, and KB. Toward G, meantime, let a visual

| along sepmie nts| AL LT, TL, and LG. Lel i._:.|i the

» extended to intersect the normals. According to

i [trom mirror HT fo mirrod , the image of | mag

» Bl will appear at MN. According to the second distance
mirror EX to mirror HT. the in age ol M i I.|:_'-:,'|_'.!'_ | at S0.

And according to the third distance [from the eve to mirror EZ, the
image of 50 will appear] at CQ

180 From th 1 analysis, then, it is obvious that the [ap

par I distance of the image “CILE: a the sum of the |:-;*--.'_|-'|-. .
i

the radial segments [along one reflected 1 v-set]. For, since the jux
i

taposed angles [Le., of inciden nd reflection] are equal and the

extensions of the reflected ravs are alwavs straight, i

. t necessarily
follows that KB and GL are CONEruent with KM and LIN.*™ while
HM and TN [are congruent with] HS and TO, [as are] ES and ZO
with the whole of EC and ZQ). By the same reasoning, the eyve at A
PErCeIves BG in the mirrors as if it were seen in direct vision at the
safme locabion with the same orientation—i.e., at € L), where in this
15¢ the objects are perceived according to [visual] angle EAZ, and
thiey ApPpear equa
1] Itis also evide , when the visible object faces the visual
ray that reaches it b y of the three mirrors, point B of magnitude
BG will appear to the right insofar as M and S are [projected] to C
which will [in turn] appear to lie toward the right-hand side of the
eve at A. Point G, meanwhile, insofar as [it is projected via] N and
O, will appear at Q, which lies to the left-hand side of the eve at A
But if we posit bwo [instead of three] mirrors—i.e., EZ and HT
then point M, which is on the left-hand side of magnitude MN, will
appear through mirror TH at C and will appear to lie to the right

irom the perspechive of A, while N, which is actually on the right

= KLMN is perfoctly comerent with KBGE
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REFRACTION
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Experiments on Refraction [5-22]
3| simple experiment to show how refraction affects where the
object is seen, [6] Example V.1, illustr ting this experiment, [7-12]
Experiment V.1, determining the angle of refraction from air to
1

W BET

tion from air to glass, |19=-21] Experiment V.3, determining the

18] Experiment V.2, determining the angle of refra

n Irgm water o glass j:: { IIZ"|.':I.'-.Z||'I:_'h staterment
Atmospheric Refraction [23-30]
L2 desq iphon of eftect of atmospheric refraction on astro

-

| observation, [25-26] Theorem V.1, analyzing that effect
wo dimensions, | 27-29] Theorem V.2, analyzing the effect in
ns, | 3] possible practical ramifications
General Considerations on Refraction 131-45]
M| prinaple of reciprocity, | 32-34| Experiment V.4 to determine

o | . i e |
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onsiderations on the mequality of angles in refraction, [38—45
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Image-Location [46-63]
o] introducton, .'-.'!:.!:;;I.I:_'h_ [47=54] Theorems V.4=V.7. analvz-
iz conditions under which the cathetus of incidence and the re
Iracted ray do or do not meet when the surface of refraction is
plane or spherical, [55] summary of results, [56~61] Theorems
V.5-V.10, analyzing conditions under which the cathetus of re-
fraction ana the refracted ray do or do not meet when the surface
Of relractinon 15 plane o -~|_'|=.|.-_'i~.|:. i-!-:' - '~| Summary of resulis
]I1I.-.1I‘__*,1."-|.:'i=-:ln:|li|:||:| | 6487
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using cubical vessel for refraction through a plane interface,
[69=74] Theorems V.11 and V.12, analvzing distance-distortion in
refraction through a |'|.|||-' MIrror, |."':~ "'-| INheorems V.13 and
V.14, analyzing size-distortion in refraction through a plane mir
ror, |[79-82] Theorem V.15, showing that no shape-distortion o«
curs in refraction through a plane interface, |B3] preliminary

observations on refraction l!":-.::__'|' a convex intertace using the
cylindrical glass vessel, [§4-87] Theorems V.16 and V.17, analyz

INES distance-distortion in refraction ::IE'.'-l.I'.'_E' i CONyex mieriace

| :'|| :EII.I' "5"-\.\, v |':|:||_'|'I'-, o | L AT

[1] There are two ways in which the visual ray is broken. One i

voalves rebound and 15 caused by reflection trom bodies that block
the |'. 151al ran '-..| assaEe and that are included under the hes -\Jizl-_'h

of "mirrors.” The other wavy, however, Involves penetration and 1s

caused by a deflection in media that do not [completely] block the

[visual ray’'s| passage, and those media are included under the
single heading “transparent.” In the preceding books we have dis-
cussed mirrors: and. insofar as it 15 |'l-\."""‘\-!|"==| tor 1t 1o be demon-
strated, we have explained not only variations in the images of
visible objects according to the principles laid out for the science of
optics, but also what happens with each of the visible properties
[in reflection]. It thus remains for us at this point to analyse what
sorts of variabions occur in such objects when we look at them
through transparent media
[2] It has been claimed earlier that this sort of bending o

sual ray does not occur [the same -\.'...'I'-.: in all |!|||,|i|i'~- and rare me-
dia; what happens, instead, is that in each one of these [media] the
amount of deflection is determined solely by the wav in which the
medium allows penetration. It has also been claimed that the visual
ray radiates rectilinearly, and such rays break only because of an
impedance posed by the surfaces separating media of different con-
sistency. It has also been claimed that refraction occurs not only in
the passage from rarer and more tenuous to denser media—as hap
pens in the case of reflections——but also in the passage trom a denser
to a rarer medium. And it has been claimed that this breaking does
mol tako PI.'H_'-_' at I,'I,,II_I.'Ii ._':'.l::;ll,'-.: however, the a :'|g||_--. [of incidence and
refraction] do bear a certain consistent quantitative relation to one

another with respect to the normals




FIOLEMY'™S THEORY OF VISUAL PERCEPTION

| ve ought to investigate the quantitative rela-
tionship between the angles [of incidence and refraction] accordi

to specihic intervals, But we should start by discussing the phe
nomena that such refractions have in common with reflections
First, in either case, whatever is seen appears along the continuation
of the incident ray—ie., a Ong the continuation of the rav that em-
anates from the eye to the surface at which it is broken—[second,
the object appears] on the straight line dropped perpendicularly
from the visible object to the surface where the breaking occurs. It

theretore tollows that, just as was the case for m rrors, so in this case,

the plane containing the broken rav-couple must b perpendicular

to the surtace where the breaking ooours.

[4] We have already shown in the place where we laid out the
principles governing mirrors that the above proints are in the nature
of observable phenomena and that what happens |in the breaking
of rays| is quantifiable.?

5] That this is clear and indubitable we can understand on its
own terms by means of a coin that is placed in a vessel called a b
tistir® For, if the eye remains fixed so that the visual ray passing
over the i'i‘ of the vessel passes above the coin, and if water is then

wred slowly into the vessel until the ray that passes over the
the vesse] is refracted toward the interior to fall on the

then objects that were invisible before are seen along a

ght line extended from the eve to a point higher than the true
point [at which the coin lies].* And it will be supposed not that the

[ .
ilogpaiis ot

U LAY, DT i
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ray is refracted toward those lower objects but, rather, that the
objects themselves are floating and are raised up to [meet] the ray
For this reason, such objects will be seen along the continuation of
the [incident] visual ray, as well as along the normal dropped
[from the visible object] to the water’s surface—all according to the
principles we have previously established.®

[6] [EXAMPLE V.1] Now, let us suppose that point A [in figure
Vi | ig the eve, ZHE the common section of the ‘:'l|.:'||"|_- conta iﬁi”f—'\. the
refracted ray-couple and the surface [of the water] in the vessel, and
ABL) the ray passing over the vessel’s lip at B. Let us also suppose
that there is a coin at G, which lies toward the baottom of the veszel,

Then, as long as the vessel remains empty, the coin will not be seen,

because the body of the apparatus at B blocks the visual ray that

could proceed directly to the coin. Yet, when just enough water is
poured into the vessel so that its surface reaches line ZHE, ray ABH
is detlected along line GH, compared to which AH[D] is higher. In
that case, then, the coin will appear to be located along the cathetus
dropped from point G to EH—i.e., cathetus LKG, which intersects
line AHD at point K. Moreover, its image-location will lie on the ra-
dial line passing from the eye and continuing rectilinearly to point
K., that radial line being higher than the actual ray [HG] and nearer
the water's surface: zo the image will appear at point K

[7] The amount that the ray is refracted in water below the [origi-
nal line of| sight is determined according to the following experiment,

| hais. 167 4 g o i T T
1 1
mined i reflection: see [IL 5§ abov
I - arnid 1B aslB Bl
Fraschiom 15 inoarrect, amdd 18 wifimakied
later on i the book: see Ljeune

of refraction
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i
|

which is conducted by means of the bronze plaque that we con-
structed for analysing the phenomena of mirrors

[8] [EXPERIMENT V.1] Let circle ABGD [in figure V.2] be de-
scribed on that plaque about centerpoint E, and let the two diame
ters AEG and BED intersect one another at right angles. Let each of
the [resulting] quadrants be divided into 90 equal increments. At
the centerpoint let a small marker of some color or other be at
tached, and let the plaque be stood upright in the small vessel [dis-
cussed 1n the previous l.""-.|1-.".'i."|'l."l'||: Then let a suitable amount of
water that is clear enough to be seen through be poured into that

vessel, and let the graduated plaque be placed erect at right angles

tor the surface of the water. Let all of semicircle BGD of the plaque,

st nothing bevond that, lie under water, so that diameter AEG is
normal to the water's surface. From point A, let a given arc AZ be
marked off on either of the two quadrants that lie above the water.
|".|.'|"II.'I'ZI'.I.'I'I.'. |l.'| il -4':1.'|;E. l\.'l\.'illl'l'-\,,! Tt !n,_-_': |'-|_' |'||_';|,'._-|,| at £

(9] Mow, if we line up both markers at £ and E along a line of sight
from either eye so that they appear to coincide, and if we then move
a small, thin peg along the opposite arc GD under water until the
end of the peg, which lies upon that opposite arc, appears to lie di-
rectly in line with the two previous markers, and if we mark off the
portion of the arc GH that lies between G and the point at which the
object would appear unrefracted, the resulting arc will always turn
out to be smaller than AZ. Moreover, if we join lines ZE and EH, an
gle AEZ = angle GEH, which cannot be the case unless there is re-
fraction—that is, unless ray £E is refracted toward H .1-.'|_'|_'|r|_1'_-|'_:,=_- ki

the excess of one of the opposite .II'||,"!l.'*- over the other.
Hl )
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(10} Furthermore, if we place our line of sight along normal AE

we will find the image directly opposite along its rectilinear con

tinuation, which will extend to G; and this [radial line] undergoes
no retraction.

[11] In the case of all the remaining positions, when arc AZ is in
creased, arc GH in turn will be increased, and the refraction will be
greater. When are AZ is 10 degrees gut of the W) 1
rant [AB] is divided, then arc GH will be around 8 degrees.® When
AL is 20 degrees, then GH will be 15.5, When AZ is 30 [degrees],
then GH will be 22.5. When AZ is 40 [degrees], then GH will be 29
When AZ is 50 [degrees|, then GH will be 35. When AZ is 60 [de-
E'_I'I.'l.""\-i_ then GH will be 4005, When AZ is 70 [di grees|, then GH wil
be 45.5. And when AZ is 80 [degrees], then GH will be 50 [see Table

V.1 below for a EVNOPS -|_
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[12] We find the amounts of refraction created in water to be just
as shown on the |::'||.|I.'|'-|!-:'t:'l.|:|l'.:.': that there 15 no sensible difference
in density and rarity among [various] waters. !

(13] Now, if we look toward a rarer medium from a dense one,
such as plain water, there will appear a considerable alteration in
the difference between the angles as well as in the amount of angu
lar deflection that occurs in the course of the rav's passage from l:-., =
ter, which is denser, to the rarer medium. However, since it is
impossible for us on the basis of the previously-described experi-
ment to gauge the refraction produced when the rav passes r'|'|-||'|‘-; a
denser to a rarer !i,..:l: 1d, we have taken it upon ourselves o analyvse

the relationship of angles as follows. "

[14] [EXPERIMENT V.2] Let a clear glass semicvlinder, repre-
sented by arc TKL [in figure V.3] be made in accordance with
the semicircular section of the round plaque, but let its diameter
be smaller than the diameter of the aforementioned bronze
plagque. Then let its base be attached to the plaque so that both
are completely joined. Let its center be E, and let its diameter TL
coincide with [the plaque’s] diameter BD, and let AE be perpen-
dicular to the flat surface of the glass. Therefore, every line drawn
from point E to arc BGD and to arc TEL will be normal [t
1h::l-~|'.'|'{--_|

[15] Accordingly, if we set up this experiment as we did before, and
if we make a small mark on the m dpoint of the semicylinder’s sur
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face where it[s axis] touches point E, and if we look with either eve
|

along line AE toward the edge of the glass and move a marker on the ar

found to lie on G itselt, For line AEG 15 normal toboth TEL and TEKL
And if we move our eye until it lies directly in line with this position,
and if we look along line GE so that the marker that has been moved
along the arc lies directly in line with GE, then that marker will be
situated on line EA. For the same reason, moreover, there will be no
refraction in the passing of the ray [orthogonally] from glass into air.

(16] But it we take some given are AZ from point A and draw line
ZE, coloring it black, and then if we sight along this line until the
marker, which is moved behind the glass, appears to fall in line with
it, and if we mark the place—e.g., point H—where we found it so
that the black color coincides with EH, then we will also tind in this
case that angle AEZ = angle GEH. We will also find that the angu
lar aitference 15 greater than the .‘:I'.;.:II:.‘: r difference in water, where
the arc [measuring incidence| was the same

[17] If, moreover, we station our eye at point H, which is opposite
point E, and sight trom point H along HE, |both of the points] E and
Z will appear o coind ide on one and the same line of sight. And
since there appears to be a refraction of the ray in this situabion, it is
necessary that, whether the ray passes from air into glass, as repre-
sented by ZE, and is refracted along EH, or whether it passes from
glass to air, as represented by HE, and is refracted along ZE, the re

fraction takes i'l|.:|-.'|_' toward T.12 And since the normals |_1|:li'l:'l|.":1

MG matber
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trom E to TKL are the same, rays [that pass along them] are not re-
fracted, whether they pass from E to K or from K to E

[18] In addition, if we now analyze the amount of refraction for
each of [the previous angular] positions, we will find that, when the

SR ] 2 i e i : F
2%e 15 ;'---'-'-l| at the same 2 T LA distances as before and when the

z
angle measured from point E (i.e., the angle [of incidence] formed

by normal AE and ray EZ) 15 10 degrees of the 90 ascribed to the
circle’s quadrant, then the [resulting] angle [of refraction] GEH will
measure nearly 7 degrees. When the first angle is 20 degrees, the
second will be 13.5. When the tirst is 30 [degrees|, the second will
be 19.5. When the first is 40 E-.il.":_;:':'-\. 5], the second will be 25, When
the first is 50 [degrees), the second will be 30. When the first is 60
;kll.'.:'!'l.'l'-\-._. the second will be 34.5. When the first is 70 :'-E'-"-fu!'l"-'“'“l- the
second will be 38.5. And when the first is 80 [degrees], the second

R : : : :
will be 42 [see Table V.2 below for a synopsis].
I
ABLE V.2

AR T GLASS

A iliade FfroeTs
10 Tl

Wi 134

1y 145

H 4.0

=0 0
= LF L]
T Lo
B 430

[19] But if the glass is placed in contact with water, the ref
Hons will turn out to be smaller, because the difference in ref
tive effects between these media is not large. In fact, the difference
in density between water and glass is less than that between air
and either of these two media, But it is i"'l'-'-ii":l' in this case as well
for us to ascertain the amount of refraction in the way we have

I | - §
already discussed

[20] [EXPERIMENT V.3] Let the glass semicylinder [in figure
V.4] be attached to the bronz I,"'I.'I;_il_;,l_' and let it be set up 50 that its
cenber coincides with the .'l.'I':1|.'I'l.:fll".l."'r""..ll.]ll-:" List point E b colored
somewhat, and let the plagque be set up in the basin at right angles
to the water's surface, which coincides with the plaque’s [horizon-
tal] diameter, and let the curved surface TKL of the glass [semi
cylinder] be arranged such that it lies above [the water's surface].
Then, let water be poured into the basin just until line TEL of the
semicylinder coincides with the water's surface. Within the rarer
medium (i.e., water) let some arc GH be marked off, and again let it

be 10 degrees. Let some thin colored marker be placed at H, and
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Fisrure V.4

sight with either eye |along HE| until marker Z, which is moved on

arc AB, appears to lie in line with point H and the colored spot at E

With things so disposed, let the two lines EH and EZ be drawn.
[21]

| It then, we take the angle formed in the denser medium (i.e.,
In glass), that angle being designated on arc AB, we will find by
means of this experiment that, when the angle in water as measured
trom the normal—namely, angle GEH—is 10 degrees of the 90 as-
cribed to a right angle, the [resulting] angle in the glass—namely,
angle AEZ—is nearly 9.5. When the angle in water is 20 [degrees],
the angle in glass will be 18.5. When the former is 30 [degrees], the
latter will be 27. When the former is 40 [degrees), the latter will b
35, When the tormer is 50 [degrees), the latter will be 42.5. When the
former is 60 [degrees], the latter will be 49.5. When the former is 70
|degrees], the latter will be 56. And when the former is 80 [degrees],
the latter will be 62 [see Table V.3 below for a synopsis].

[22] At this point, then, we should state a g

eneral principle, just
as we did in the case of direct vision: namely, Ll.'_!il_'l_'!'\-\. that are said
to appear along a single line are seen by one and the same visual

ray. but we must understand that this is ideally, not [alwavs] actu

-1:|:-.' the case. Indeed, objects that initially block the visual flux pro-

huknt it from reaching objects that lie behind them. For, because the

DEreC] W I

ing. In thas
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WATER T
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1 I’ L i
al flux will not have penetrated the first objects, those objects
that lie behind them are not seen by the aforesaid ravs, It is there

fore evident | 1 ANE NOE S2en Dy any of the ne -_'h:|:'-|_||':':-_'_ TaAVS

t, since those [subsequent objects] are not
. !

flux that a hends the first object, as-
he |screening and scr :_""-,u._!_i objects whll

For all of them are aligned along the vi

ble tor us to realize that, at the surface

e 15 3 refraction of the visual rav accord

 ditterence in density between thes . lia. The re-

phenomena are as follows:

[24] We notice that [celestial] bodies that rise and set tend to in-

toward the north when thevy are near the horizon and are mea-

1 by an instrument for measuring the stars.'s For, when they lie

the east or west [i.e., at rising or setting], the circles drawn
through them parallel to the equator are nearer to the north thas

circles drawn through them when they are in the middle of the skv,

and the more they approach the horizon, the more they are inclined

to the north. Moreover, the distance from the north pole of the stars

that are always visible [i.e., that do not set] will always be less when

they lie on the meridian toward the horizon, F r when they are on

the meridian in a location that is closer to the zenith, the circle at that

location that is 5.".|i'.|'.!|'| o the equator becomes E-'-:':-:.'-"'- whereas in

the previous position it becomes smalles I his is a result of the re-
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fraction of the visual flux at the surface that separates tl
ether, a surtace that must be spherical, its

center being the

CENEET Of ._'|§' the elements

[25] [THEQREM V.1] First, let E [in figure

viewer's zenith, and let one of the great circles on the SPEres Of the

: B i T T Y s =1
aforesaid elements cut the earth along AB. Let GID be a great circle
on the interface between the air and ether, and let EX be a great cir-

cle passing through a given star, and let the center of all the

be point H. Let line EAH be drawn. Let point A be the eye and line
ADZ a line coinciding with the common section of the [plane of the
horizon and circle GD. In addition, let DT be normal to the circle[s

Let us SUuppose that ADK i= a visual rav ri fracted .:::-:'I'_!' LD at :_'Il!!"!'
D, and let the star lie at point K

T BT 1 = e " I
261 Since the visual ray 15 retracted at the intertace boward a po

| =]

sition away from point E according to the normal dropped at equal
;

angles to the refracting surface, angle KDT [of refraction], which

lies in the subtler medium, will be greater [than .::':_:il ALND of inc
| be seen from point A along line ADE, and

dence|. [hus, the star wil
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its |apparent| distance from the zenith will be less than its true dis-
tance, for it will be seen along arcal distance EZ instead of arcal dis

tance KE. Theretore, the higher its distance [toward the zenith], the
smaller the difference between the star’s apparent and true location.
And if the star is at k. there will be no refraction, because there 1s 10
breaking of the visual ray that passes from point A to point E, for in

that case it will be normal to the surface of refraction

[27] ITHEOREM V.2] With these points established, let ABG [in
higure V.6| represent the circle of the horizon and AEZG the semi-
circular arc of the meridian that lies above the earth. Let point E rep
resent the zenith and point £ the apparent pole of the heavenly
sphere [of fixed stars]. Let BHD be the arc of a line above the earth's
surface that is parallel to the equator and that passes through cer
tain stars. ! Let T be a star that lies on this line near the horizon, and
let KETL be the semicircular arc of the circle that passes above the
earth through the zenith and through star T

[28] Accordingly, since the star appears to lie nearer the zenith than
it truly is when it is near the horizon, and since the divergence in its
apparent from its true position is measured on the great circles pass-
ing through the points on the horizon, the point where the star that
is [actually] at T appears will lie between E and T, such that it ap-

pears at point M. Moreover, the line parallel to the equator and pass-
ing through point M will lie higher to the north than the line parallel

to the equator and passing through point T, which at our particular

1. BHL)Y represemds o hine of latiha
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latitude is inclined toward the north. And when the star rises to po-

sition H, it reaches a proint w here the visual ray i=s refracted without
any perceptible difference between apparent and true location 1
[29] Likewise, if we suppose £ to represent the north pole and it
we draw one of the circles parallel to the equator that is always vis-
ible [at our latitude), e.g., circle N5F, then, when the star lies at point
S on this circle, it will appear closer to point E, which lies at the
zenith, and it will seem to lie at point O. But when the star is at point
M, then there is no difference, or only an imperceptible one, between
apparent and true location.” And therefore, when a star approaches
the horizon in its revolution, its distance from the north pele of the
[celestial] sphere appears to be smaller [than it really is|; but when
it approaches the zenith in the course of its revolution, that appar
ent distance seems larger, for arc ZN will be larger than arc O
[30] It has thus been demonstrated how stellar observation must
b aftected l*:- the refraction of the visual ray. It would also be pos-
sible for us not only to examine the degree of such retractions, but
also to analyze such refraction in the case of certain [celestial] bodies
whose distance is given—e.g., the sun and the moon—and to de-
termine the '\,,E':,':.;l"l_'l_"". |_;_'|:| Pelrad '.il'll‘:: toward the horizon as well as the
amount by which the refraction of the visual ray shifts the apparent

“In other wiords, poink b peprese
» |6 above, whereas H e
ARG 1D .-.'l.l!El-!'.-:':'
he ray Ehuat teactes 18 will B maxi |
siar wiill lie as far northward a
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he difference is one of kind [rather than of de-
om the rarer to the denser medium, the rav in
. whereas in passing from the denser to the
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32| [EXPERIMENT V.4] In fact, if we set up the plaque as before
ana a tha hameter BD [N ngure ! .__ lies on the nieérface
between th » different media, and if we draw normal AEG as

ell as the refracted ran -.-.'-..I!'-|| LEH inclined toward the normal.




with which it forms anele (EH, then the i"..l: of Felrachon remains

E
one and the same. In fact, when the visual ray passes through point
E. and the eye is stationed at point Z, the line [of sight] after refrac-
tion—i.e., line EK—inclines toward the normal according to its con

hinued PASSA " Ong }'.I'[: while the v 1=ible object is seen along the

rectilinear continuation [EK]. But if the eve lies at point H, and EF

lies within the rarer medium delimited by ABD, then, after refrac-

tion, line EL will take an opposite tack from that previously speci
fed, 1N« i:l'.ll'l_._'\_ away from normal AE [along EZ] in such a way that
it lies farther out [from the normal] than would the visual rav if it
were to continue in a straight line

[33] Furthermore, when the media and the angles differ from one
another by a significant amount, the ditterence [between the angles
of incidence and refraction] increases as the density of either of the
media grows. Indeed, if we assume that arc BAD lies in the rarer
medium and arc BGD in the denser, and if we take angle AEZ as
it is represented, then, when the medium within section BGD
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becomes denser than it previously was, the difference between [an-
gle AEZ and] angle GEH will vary with the difference in density be
bween the two media. In fact, when :'||'_::;||_' AEF is 30 '-E'-'!-'.r"'-"“'“ In air,
angle GEH in water will be nearly 22.5 degrees, whereas in glass it
will be nearly 19.5 degrees.” And in this latter case the refraction
and ditterence in angles measured from the point at the top |of the
T ITLG Wwill b greater, bocatige the substance of glass is denser
than the substance of water

[34] So too, if we SUpPPOSe that the refraction of another of the vi
sual rays takes place at some other arcal distance [than AZ] from
normal AE—e. g, along ray-couple TEK—then AT : AZ > GK:HG
By alternation, AT : GK = AZ : GH. By separation, TZ : AZ
KH : GH. And by alternation,] TZ : KH AFZ - GH. Furthermore,
wWe Can determine pari ular cases on the basizs of the refeactions as
we measured them if we take the resultant numbers and, on their
basis, investigate particular measurements of this sort, substituting

the numbers so derived for the two arcs AZ and AT, 26

[35] But someone might object by demanding an explanation for
why, in light of the first principles laid out concerning normals and
the appearance of the visible object along the straight continuation
of the [incident] visual ray, the sort of breaking that we have dis
cussed is similar to the breaking that occurs in mirrors, whereas the
angular relationships are not, for in the case of refraction the equal-
ity of angles is not conserved. It will be seen in response that this
must be the case accord Ing to what we have |_-'-._'_'-:_L|'_:'|,'.:|. on which ba-
sis an even more marvelous fact will be apparent: namely, the
courss of nature in conser ing the exercise of power

[36] In fact, the distinction [between refraction and reflection)
consists in the fact that, in the case of refraction the visual rav con-
tinues in the direction of the surface at which the breaking occurs,

whereas in the case of reflection. the visual ray continues away

from [the direction of] that surface. It therefore follows, it seems to

1 S sort of

|5 Iy .l:l':"\.::;'
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us, that refraction involves a certain breaking with respect to the
normals, whereas reflection entails a more pronounced breaking.
In both cases, each of the visual ravs must conbinue o move .||||:"_:.;
a straight line according to the portion of a right angle it cuts off
[with respect to the normal|. But in such cases, a significant break
ing

* | il ~ L- - T - + 1 By
15 Involved so that the rav does ot proserve jks !:'.:|-:;|!|:||: dizg

F:I.l:"-!l.li'l."l. In the case of reriections, 1t 1s possiple 1or the ravs o

continue on their course as they move upward [from the reflecting

|, but in retraction this is not the case, because it is impossi-
ble tor the !"'""-.'.!.nil'l:_'| L8] E“:'-.'*:'l"-.q.' the same relative .L|'.Mi1-.:--i'.:l.!:'. _|.'l.'
bween incident and refracted rayvsl. It necessarily follows, then, that
such breaking in refraction is greater when the arcal distances from
the normals are greater, whereas in reflection it is smaller under
the same conditions.?

[37] Furthermore, in the case of reflection, the size of the angle
formed by the normal and the line of incidence is the same as that
of the angle formed by the normal and the line of reflection. It fol-
lows, therefore, that in the case of refraction the angle formed by the
normal and the line of incidence is unequal to the angle formed by
the normal and the line of retfraction passing through the interface

|of the refracting media)
|1-3"\-: ,'.II HELKEM 'L',.'::.' | s Poant 15 ilustrated as follows: let us

take a surface at which refraction takes place, and let us suppose

common section ABG [in figure V.8| formed by it and the plane
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within which the visual ray is refracted. Let DBE be normal to that
common section, let ZB be an [incident] visual rav, and let ray
couple LB, BH be reflected at equal angles, with DB representing
the normal and ZB the oblique. Thus, angle DBZ angle DBH, and
angle ABD = angle GBD

[39] In the case of refraction, if a given normal to AB is drawn
along perpendicular DE, then angle ZBD is formed at point B from
incident ray ZB (assuming it is oblique) and line DBE. Thus, TB will
lie along the rectilinear extension of ZB, while BS will lie along the
reclilinear extension of BH. and only under this condition will each
of the angles TBE and EBS be equal to angle ZBD.

[40] But if the [visual ray's] passaj rere along ZBT, there would
be no refraction whatever, since the opposite angles are equal

TE|

[41] If, however, the passage were to occur along BS, then, in the

first place, there would be no difference between the refraction that

takes place within a rarer medium and that which takes place
within a denser one. In fact, such [a symmets ical| refraction occurs
only along the perpendicular, or as if what lies orthogonally above
were Inclined in both cases, which is not so by necessity

42| In addition, the intersection of the catheb dropped from
each of those ||'l-"i."ll.'- on BS| with the continuation of the i||'51.'||‘||'|'“:i
rays by means of which we locate the image of the visible object

would always lie outside that (refracting] medium; but we have
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gles but, rather, the relationship were conserved in terms ot the

ality of angle ZBD to angle DBH, a change would be immed
apparent. While neither DB nor AB is refracted, the subse
undergo such significant refraction that they divide
le ABD in half and arrange these oblique dispositions to be
rectilinear and unbroken [throughout] with respect to the normal
[45] So too, let us assume that b passage of all the visual ravs

takes place at the point of refraction along the normal—e.g., along

ZB and BE—and that whatever [ray] strikes point B at a ditferent
angle [refracts] at an equal one This assumption will easily be
found untenable. For it would then be the case that perpendicular
rays and rays that are inclined at any angle [to the surface] would
maintain one and the same position when refracted at the impeding

surface. Also, the image-locations would always lie in a single plane

where the normals dropped from the visible objects necessarily
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intersect the yvisog rav that meets with the 1, a5 15 the case with

those pe rpendiculars that are dropped to B from SH and ZT.
[46] It has now been shown that there cannot possibly be an
equality of angles in the case of refractions. But 1 the basis of
have already establ | as well ] v have yvet fo

an be understood that the types of angular relationships we

have determined [previously by experiment] are subject to none of

the problems just set forth. Since we now grasp the requisite prin
ciples that govern refraction, there is no need to pr long our dis
cussion. We oug to talk now about the intersection of the
retracted ray emitted from the eve and the cathetus aropped trom
the visible object to the refracting surface, that intersection defin
ing the actual lecation of each of t nages. We ought also to ex-
plain what happens in the case of each of the plane figures under
examinatiorn;* and, in order to make what we want to show clear.
we ought to begin with objects apprehended by the eye as it is lo-
cated in the preceding discussion.

|47] [THEOREM V.4] To start with, let ABG [in figure V9] repre-
sent the common section of the interface of the two media and the
plane containing the refracted ray-couple. Let D be the eve, DAE

the cathetus of incidence dropped from the eye [to the interfac




and DB an oblique ray. Let normal ZBH be dropped from point B
Then, let DB be refracted inone of bwowavs: 1) toward the normal,
as is the case when the eve lies within the rarer medium, so that it
is refracted along BT; or 2) away from the normal, as happens when
we look through a denser medium |inbo a rarer one|, so that it 1= re-
fracted along KB

| $81 A ording to our presuppositions, then, .:Z=:=.||' DBZ will be
preater than angle HBT and smaller than angle HBK. And it is

clear that cathetus of incidence DAE intersects neither [ray] BT nor

: EB on the side of points Eana 1. since the sum of angles BA
and ABT is greater than two right angles. It is thus even more
clearly the case that lines BK and D] AE must not meet |on th

of Eand T|.

[49] [THEOREM V.5] If the interface between the two
spherical, then let us start by assuming that its convexity faces to
ward the eve, and let arc ABG [in figure V.10] of a circle with center
I FEprese nt the common section of this interface anad the plane thak
contains the refracted rav-couple, Let D be !:'II"."':'\. e DAE the cathetus
dropped from the eye to point E, and EBH the normal to the point of
refraction. Let both [of these perpendiculars| be connected by [ray
|line DE, and let it be refracted either toward the normal—e.g.,
i.ll-.'-l'.:-_‘h:.rl‘g—lll awav from the normal— E '.1|.1:1;I K H

[50] Consequently, the farther KB conbinues, the more it diverges

from cathetus EAD, whereas BT will sometimes be parallel to
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cathetus EAD, sometin intersect it on the side of E and T, and
sometimes diverge from it. For at times an 'I-L AEB can be egual to

ngle EBT, so that both lines will be paraliel; at imes, however, it is

e
SIMaLler., st .,|l

| THEOREM V.6

terface™ ABG [in '5;_:-
cavity faces the | e ey at

enter and the :|'i|_ rtace’s surface. Let catl
drawn, and let EB be an oblique ray.
!I-"-' 1 D] to H, and let ray EB be refracted either to
long BT or .|..~ v Irom the normal along BE.
15211 EELY TS DIk !E'l.' more fhe tw
continue in the direction of T and K, the more thev diverge from H.

i iskar rom cathetus DAZ will be greater than that of BH
(from DAZ]. Furthermore, the farther BH is continued, the more it
di ETEeEs [Tom DAF

33| ITHEOREM V.7] Now, let the center [D] i il-.-:'.-.---.'l'.I.’i'.l.'-."-.l.'

| E and arc AG [in figure V.12]. 1 * refracked toward
the normal along BT, or let it be refracted away from the normal
along BK

! '-I| | huis, the farther BT confinues in the direction of I'. the more
it diverges from [cathetus] EDZ, for angle DBE = angle HBT. Line
BEK., however, is sometimes parallel to line EAZ, sometimes inter-
sects it on the side of points K and Z, and sometimes dive FEfs away
trom it. For angle KBH, which is greater than angle DBE, can some-
times be equal to angle ADB, as is the case when both lines [BK and




[SH TRAMSLATION: FIFTH BOCE,

EAL| are parallel; somet

Case wihen the extensions ol

Ties E'_:_-'.-_n_-'-_._-'__ 1t CAn De [l L
2% INTeTSECK
and sometimes it can be smaller, as is the case when, the f

['H 3 1 1
ines are extended, the mol

s possible, then, | e cathetus dropped from the eye to

face OfF refraction not o meet

CASE Elthner wnen thhe |retraciing | surrace 15 convex and
ity lies, along with the rarer nedium,

when the

the refracted rav. This is the

115 COMVEeX-
on the -!l.il."' Ll l'i'.l.' EYE O

concave side taces the eyve while its center hes bebween

the eve and the |refracting | surface, and the denser mediurm l1es

the side of the eyve. Ot llure to intersect| can hary

vt this point, we want o demonstrate how the caths
1 the visible object to t

e Vil
LTS AU EScLICE

INPErsects e refraced ray

[57) ITHEOREM V.8] To start with

1, let :;'Il' ::|'|I'|I. Kl !:-_-
ane, and let straight line ABG [in figure V.13] r

TEPTESREILL

| 5|

mon section of that surface with the plane containing
ray-couple. Let D be the eye and DBE an oblique ray. |

ZBH to E-'IIil!I. B on AB, and let LYB be refracted :I."."'..ul -d il

rd the normal
along BT, on the one hand, and away from the normal along KB, on

the other. Let the visible objects lie at T and K, and trom them Llet the
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two catheti KL and TG be dropped to BG. They invariably intersect
line DB, for angle ABE is larger thanar ght angle, while the angles

at G and L are right.

V.14] be '-E"-'II.'I'ZI.'-.lE. [let its center be H,| and let its convex surface face
the eyve. Let D be the eve, and let [incident ray] DBL be drawn

129] Accordingly, catheti, such as KH, that are drawn to anv of the
visible objects placed on KB between Z and H- invariably intersect
BL. However, catheti, such as TH, that are drawn to such objects
and that intersect BT and ZH, will sometimes be parallel to DBL,
somehmes intersect it in the direction of T and L, and sometimes di
verge from it For it is }"I-'u!-.ii‘h' tor angle HT'B to be at Himes equal ko

.'-ff:u:.ll' LET, at times greater than it, and at times smaller than it

|60] [ THEQREM V.10] Mow, let the concave surface face the eve,
which lies at any one of the two positions |between the center of cur-
vature and the surface or beyond the center of curvature]. Let ray
LDBL [in figures V.15a and V.15b] be drawn, and let the visible ob-
il.'l."."\- be assumed to lie on BT and KB

[61] According to both positions for the eye, then, the cathetus TG
-.:|'|||'l_i‘1|_i_| from the visible object on BT will intersect ray BL. But the
cathetus KM dropped from any of the visible objects on KB will
sometimes be parallel to line DBL, sometimes intersect it on the side
of K and L, and sometimes diverge from it. For angle KBL can be

sometimes equal to angle BKE, sometimes larger than it, and some-




[62] In this case, moreover, i
lines—i.e., the refracted ra
ible object to the retract
that there will be no deter
when the refracting surface is s

the eve, which lies in the rarer

face faces the eve, which lies in the denser med

[63] In every other case, though, the lines we h

ways intersect. But when they do not intersect, the visual faculty is
aftected in the same way that it is in the case of mirrors in regard to
thie intersection |"'-.:_|_'|,'I_ that the location where thi E"l'.:;_‘:.' 15 [Ormed
will not be determinate but is shifted to the common intersection of
the normal and the refracting surface, and it takes on the i
thie visible abject and will coincide with it in location and

transparent medium
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1] and find ot it

=tablished

a sttuation 15 understood

Yy e B wa | [} } i
Meaqium. In ract, those

with di
Ihe sam
WHETY SOIME0TE

WIS 10 l.'i.l.l'

'L"“'.!."i.l! 1 the ._|5 LT

lained in the case i

we have demonstrated » former cases, th
DECALSE, ONOE W } 10T 1IN One case what

lefinitely h

| [EXPERIMENT V.5] In order to make a general analysis on

t construct three containers made of FIASS that is

3 . | il
a5 I-u_-\...-\.|.||:- =01 that :!"-"'. are '.-'-I:'I"-l'-\.'!:l':':. Let one of




ndented |
|:'“"\l I.'Il\.':':'
ing distortions of im;

aciu

DS ES OF WAL Wi

IO FOT every partict

[70] [THEOREM V.11] Let straight line .

the common section of the Waler s surrace ;

e contair
the refracted ray -'l.ll:|‘:||' Let D be the eve, let rav DB be drawn, ;
I ormal ZBH pass through point B. Let ray DB be ref

cfracted




vcoordingly, an object that lies at poin ill be seen
1since lines DB and BT taken together are longer than line DBK
i angle BT is obtuse), the

the distance o '.I'l."-.lei'li:'l'i"'é.'l !.'- 1IN LA E

t of the object itself

we draw BTL and |'!.|.| the visible object at L,
we draw [cathetus] LMN normal to AG. the
1d the image that appears at point M will

But it will

| !
15 = i
L lar math

hip that is proper to it. Thus, since TG and LN are
i plane, MN:KG = MB: KB = LB: TB. And =0

1 the case of something seen when
m demonstrated, When

however, the ratio

apparent] will be

but the distance of the

5 '} | L
CEVE ACTLLAL ODECTs.,

lin fig-
orms an angle [of refraction] LBH greater than an
] DBZ, then the ratios of the

[ THEX

‘\‘ ¥y

MEM V.I2) For it we refracted ray BT

iy | - =
1 IOV PR VI

distances will remain
¥ dlstance |_EHI o clistance

to distance }'-.,!I?I-;

 DNeY]-




case, the visual ra

whereas the opposite

(76] [THEQOREM V.13] L

e drawn from the

normal DBE. Then let them |
normal along AL and HG

tucle ::'5""|'*-l.':'||-.':i bwy the line connecting the i
nitude ZEH. Finally, let lines DZ and DH i
evident that angle ADG = angle ZDH, becau
lie farther from the norma :. war Hh

rays along DE and DH H will b

angle [than otherwise], ass: i1

[of the magnitude] remain
[ ¥

:I'!'\- ks, L

2 I1| Tad5

[78] [THEQREM V.14] But, assuming that the : fon s e re

verse of that just specified, let us suppose th: 1d DG [in




1 0% EES | "':I'-- T ¥ n T Froves | I
LELATE % .20 AT FeITacihed aw I I e o rmma S NapDens wnen

ve join lines DF

R e B
HLLEEL R 20

and DH, angle ZDH > ang And so the actual object must

orsear lareer Han i T .
ol Al LATEEr [INAan 1S iImage

will be similar to the

[80] [THEQREM V.15] . . . Otherwise, as is suitable:% namely. t
it ray-couple DAE [in figure DBZ, and ray-couple
DGH are each refracted toward magnitude EZH, and if catheti of

| I el l\.l\.".!i"'il'

q ~+ 9

refraction ET, ZK, and LH are dropped, while lines DAM, DBEN,

cted, then the image of line EZH will lie on the
pugh points M, N, and 5. Also. TM : KN = ET : ZE.
ke LH, and TM : Sl ET:LH?
1] The same will hold as well for every ty pe of disposition, For
nts Tk, K£, and LH define the observed line EZFH as a
ling, then segments MT, KN, and SL define the observed

1 straight line. % On the other hand, if the former seg-

LR N8




i-ll_'!':'-\.lil':

the observed 1IIMagre
nne a Concave I::'l. o L
1 31 . v - I B 'y |
L5 15 represented

|".-'--|

Wi --:|i"

1, the narn

lindrical «
and if the ruler immerseaa
sual field [perpendicular to th
find that, when the ruler is 1
the same direction as the upy
Tt ::-_'l'q._i' It the ruler lies bebwoe
it will appear closer [than it actually is], whereas if
that axis, it will appear farther away [than it actual
magnitudes will alwavs appear |.||':_::'| [than thev actua

their images will appear more convex when they lie bevor

aAnd more concave 'l'u'i'll.'"l ey .|Z' 1IN feont Or 1t. :{:.lt T
things will be clearly observable because of a coalescence
whole image’s point-image locations, a coalescence that is d
wieakness of the visual flux* That this must be the

as follows:




TCEPTION

[84] [THEOREM V.16] Let circular segment ABG [in figure V.23]

Non secion of the convex surface of the water and the

r I rerracte - rav. Let |I CEMLeE !ll_' I} ||.| tl'.l."'l."l\.'l.' RIS

E. and let line EAD be connected. Let line EBZ be drawn, and let
line DZ be connected. Let EB be refracted toward the normal along
line BTK, let lines DL and DH be drawn, and let DL stand at right
angles to EAD. Finally, to that line [DL], let perpendiculars ZM, TS,
KM, and HL be drawn.?

[85] Accordingly, angle DEZ forms obtuse angle ZBD, and angle
HBK forms obtuse angle BKH

[heretore, ac -'l!'.J.::'t':'1 o what por
ns b0 displag =l

f , ments, the image of T will lie at Z, and the image of
K will lie at H. Also, the image of T is nearer, because TS =< ZM. and
o :

F K15 farther awavy, because LH = NK S

]
i
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[86] [THEOREM V.17] Supposing that the eye lies within the

denser medium, let the refraction take place away Irom the normal,

as represented by the similar Higure [V.24]. Actually, the distortion

15 similar o that represented in the preceding case, but the dis

placements will be reversed. For the form that lies within [th
reion between eve and axis| will be farther away, and the form that
lies bevond [that region] will be nearer, since TS = ZM, and
LH < KN, as is obvious from the figure

{87] Now, let perpendicular AL be drawn

[88] The rest of this book has not been founc
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22, 75n, Bln
ion: See artistic depiction
tes, Rords 22n, 56
difference f3n. See oleo differentia i Latin-English index
Differentiating Faculty: See virtus discermitiva in Latin-English index.
diopter/diopira 16, 36, 37, 41 £3n, 98 134,135
nlopda 20 21, 26, 33, &4, 82-90, 113, 117, 141=151. S also revolutio i

Latin-Enghsh index
discriminative power 30
.i::-|.'|:'|n.l.'-|"l."'l. Epion Lo PHErCE |*-! ion of distance
Drabkin, . E. 11, 15n
Iq 21
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Hn, B0n, 1370, 1760
Epicurus 22n
l-angles law: See reflection
Eratosthenes 4
ether 3n, 46, 1.2/, 2348, .
it 5, LEm, 35, 4

35n, 53, 54, 82n

330 247

Eugene of Sicily, Admiral 7, 8, 6dn, Gon, 6bn, U
expermmental a ratiag 26, 36, 41, 43, 44, 47, 48, 65, b6, 83, B4, 134, 147,
1G4, 195

extramission 22,

farsightedness 107

feeling 25, 37, 990, See also touch. See also senbive in Latin-English index

E
fostir: See baptistic

Galen 4, 221 53, 54, 57n, 77 De placitis Hippocralis ef Platonis 22n;

auli: See Prolemy
Ceerard of Cremona 8n
glass/elassmaking 44, 48, 55, 59, 66, 81, 114n, 115, 122, J30n, 134 237,
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Governing Faculty 5, 28-32, T5n, 790, Bln, 1030, 106n, 111n. See also hege
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vk accidens
sntal: accidens
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mon: actus, motus
activibyv: molus
actuality: actus
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couhbi: dubitatio to have o dowith: aceidere
'_.-.\,!lu :"' -_'.'.|_||_'|.; by hiold: accidere
horann: OrEon
o achus, effeckus, motus
1 LR D | .
. icdedl: accidons
CAdERe =
(i B | [Ny T8 ||_|-;|'||'
empirical fact: effectus ] ’
clarus, lucidus, splendidus
penelrane
i comprehender
> conlinuus
err; Fallere
to establish: dinoscere, preponere

establishimg a i'.IZIIZ congideratio

i:':li-'llillulli“. IU:\.:\.!.I'-'"\-
accidens, di |'|'l|i|'|_ fallacia,
yiaginatio

LT .'||'-:;:-.|riliu_ aspctus, forrma,

Ly 1 n*'u_-llrn-
EvVEni: aciis ) : F X

iple: insensipiiis
By X W perscrutars TR
¥ . - cadere, incidere
EXATEE l,'ln.:-l-\.:tH:-

7 SRmietit SAsus
Experiment: experimentum

. M-S SR :\,|1r'|'||,'|||_'|||_'|'|'\1i n |'I.I\.'\1i-\..l_
I exiena l.a.'-'.l'.'l'..' -

1 1 PEFCUSRIN. W o ST = L TIN PRI s RO
ROk EMRETIE EHYIE ','-rm'lr.:r:' 5

. | Yl il

2 II 2 conbnuus
extrapolation: ratiocinatio
eve: aspiciens, oculus, pupilia, visus

=gl wisus

noidence: CasSuUS. s

if s1ghik: visus
1 adtus
L .].l.l ere, incidene
FRL i O 1 viertere
i | L B NMheEreEmceE f.'.: Flak] |

- LY LS
Ature -\.1!.‘.||.||.'|1"'\- : PR =
o ratiocinan

: mlerence: considerato, rabocinatio,
fincl oal: viders %

it -:'||.1|,1|.1r-\.' t'-.r:-|1ll.'|q,:i.1
o Fix On: aspicers R
o moltus
e visus

v fieel: sentire

nsirument: instrumentum
mtent: intentio
to imberacl: communicans

LS .|"1]"I_'I:t;l'-\. . ¢
INIEFIMe 1At I'|'.|."'|_||I.|I'|'|

tor baklowy: accidere
force: incubitus, virtus
form: forma
n: comprehenders
ikate; dinoscere

ECH 1AL riel: raknd ATl
ion: consideratio
cf: transire
= comprehendene, oon-
siclerare, distin EUETE, invesh Zare,
perscrutare

ndine: intellizere .
. inviestigation: contemplatio, See

rather: coaptare
i r VS
ratiocinars : !
3 g Iy Lkl .|I'I.'|-d-€'rl'"
- poant SSouarce |,1|'||'||;||1|I_||=I 1
: . A Qi furved: concavus
Feus !_:I..'I1I_|l-\.
B 1% | MEAROMS ) pre |,'||’||'|1_'||_'
INce: aspectus
11 ohservare
roang Faculiy: wirtus regitiva to judine: accipere, abritrard, exist-
Asp: cadere, comprehenden:, 1n- mang, iudicare, ratagcinar
cidere, 5 3 ETast judement: arksitratio, assimilatio, con-
s erafan, See ¥ ITVREE & L

msue: dubitatio. Sera i

juxtaposed: continuus




L .J-\.I':':"' CONSEryare

A vl HI:"“'.IH

i KW & HEMOSOETE

KT .I'|::|:I' scientia.
ki led e

s

i LAy oul preponens

| axtrav: tallere

il
1, |||_' ;_.'I"il.:"l"l_‘l 1:I|_'i|,||_'|-q,'
o he bebwieen: distinguens
izht lucidus, lumen, lux
o light: illuminare, incidere
lighted: lucidus
lime of ir radius

i, radius, radius

visibilis, visus
b linee up along & hne of s

.'|'\-||,'|i|;1_'

t: radius
location E!'I'\H.i!il:l. sikus
mskion: molus

b lioak: apparere, .1'\.pi|'|.~n'_ widere
to look like: assimilar
looker: aspiciens

lucidus
lucidus
lumen

luminosiky
lamarn
||,|':'||".|:\,|-\. |:l' e |
Iyimg in a straight ligwe withe continiEs
nntaIn: CoNServan:, chservan

»a judgmeent; discermene
transire
ST Ol '.'I:II.':!'I.II'-ul.'I'rI'

| PASSATE
o mMaxs
o mark out: comprehendere, iransire
to mean: intelligere, senlire

measLre: m:{irll.'ll:

to meet: inciders
to meet (a condition)
i; rabiocinatio

observane

medinm
maedium
fallere
y dubibatio

motion: curses, mohio, mofus
10 ROve: movere, transine
moveEmenit; motio, motus
MOVINE: CUursis

natural: naturalis

:|.|:|.-.'.|I::.' naturaliber

rature: habitas, nalurd. See also by
nature

nebulous: aereus

NEryvos; Nervosus

o Sonsuebiado

B Bt ] e

normal: perpendicularis
watcrable: sensibilis
mullified: insensibilis

|'..'- ywvable !"'."I MOIMIENGN: SENSUS
oery ation: aspectus
o observe .1~.p||'rr-.-_ videre
bserved phenomenon: effectus
o BT ASPICIENS,
to oocupy: comprehendere

(. ur; accidere, cadere

ark pli:'u_'ipiu:n
Afrire

C5: optica
: .-n.'i'll.'::':.' comsuebodo
mtation: positio, situs

prvint: principium

al: perpendicularis
o outline: préponeng
ksl prim_':.pi.un'u
pubward Curve: curvus

o overtake: accidere

BN N

P il tabuala

ki pass: efficere, incidere, movere
ko pass indoyover to: fransine

B PRASS thira cadere, penetrare,

Iransire

passage: penetratio, transitus. See aiso

b make & pa
PaASSIE transitus
r"'.l'\-'\-!l'": I."J"hhil'
path: situs, fransitus
o penetrabe: penetrare
perETation T.ll"l'n'“'ﬂ tio
Ve cognoscere, comprehen-
-cir!'l'_. dinoscere, '.'l:;"-ﬂ:l' TTLETE, & w15kl

I
ECk Jrerc
mare, incidere, intelligere,
percipere, sentire, See alzo to visu
ally perceive
liz; semisibilis
1 comprehensio, considera-
tio, scientia, sensibilitas, ymagina-
tio, S alse visual perception
|_---.'.'|_-|'::|:.:I griasp n:ln'l.pr-u:'hrnain
pertect e idence: certitudo
|'-._-.-'F:.-|'|-.1:|'ui.|r p.,lrp._lmii{l.llnr'sl-.
perspective; siftus
|"'|'." -\.l_":||_ LIS F'l_'hr\lil.'.'-lhi.]i'\
b peertain bo accidere
phenomenon accidens, |_14_'r-.;rl.|r.1ri|1,
Led TATL
MoVEne
|'|.'..'|- |,1|:|~.i|::i|:|_.hilu~1
bo place: existimare

bo vt




EMGLISH-LATIMN INDEX

T E l,!:l'h:'!ill UL M| FEVEFSID
lam: naturalis L vt verbene
it -\.E.i'\-“III_Ti-\.:- o revinlvi INOYEneE IFANSIF
y pOosik: artrifran rall; movere
- |'\l||-\.i|.|| situs
partiEntia
virtus, 5 M=r VisUAl Do er CANT A revilutio
precede; preponene : e scientia
preserve: conservare, observare crenlalie acoount
K PIEPONETe } study: scientia
i principdum b scrut aspicere, considerane
|'|Iil":|.'l|'|illl'.1 - ATV |_'-:-I'I-\.El_|l_'|.'“|fi:"-_|.\.1|:i|:il_:'!:.||ill
ambiguitas, dubitatio by 20 ASpPICETE, |'|||'.-15=|-.":'.r|1|11-r|;~,
actio, See also viewing proc dinoscers, sentire, viders,
e efricens Y IaAgInar
tus, molio } SRR ApParere, Viden
Hin '\1|'|‘|~|i|1i|i|‘.l'-_ SENSUS, o
effusio % Al sEfsAtion
AXLE Proprius 0 sense: cadere, percipere, sentire
habitus. See alse visible S Of 1t Sensus visibalis, visos
virtus
IpOSE Preponene LT 1A e TR SEMSNS
rovicis: accidene -\..-l"!'l.\,'-\.-\..' PAassLO, gefisplitas
sensibilis
effect: virtus
impression sensibililas, sensus
sensibilibas
sensibilitas
sel up: preponere
IGETI G
AT COMmMmuUnICare:
= cadere, incidere
CONMCAVLUS » abvine upson: accideres
I W concavitas hirung: splendrdus
attonal inberchange: ratacinatio b show: preponerne
' radivs, radivs visibilis, radius to showw forth vividly: lucescere
VisSUs, 5o o ViSLEA] ray sicdie: situs
risach: cadere, incidere, transire il aspechus, aspiciens, visgs
Leb DL NERL e, dimoscere [ |1 .'|-\.|,:-i|_q,'|:|_' :
, ratiocinatio atuation: dispositio, situs

ratic 1 slide: movene

L '~C<l!., LISLCTE, |.|:||:u|l1:..1rrﬁ SUVIITCE SN E= PO RN |'|||E'||,';|,'|i|_|;|'|

ot franpene, refr 0 SpeCily: préponene
FIECT 0 I.I-ll.l.ll-i_. refrac b, spiveidd: motio. molus
reverberatio i start: preponene
» refract: flecters, frar pere, refmingere state: habitas
racting: flexio tix skay': comservare

Hlexin, fractio, reflexio. Sa t shipudate: preponere
il i clhm i strikes cadere, incidere
retractio study: contemplatio. See a
CcOMmMimuncarse kg y
LN COMESTVATE qubgrabenee: subsigstentia

o represent: existimane substance: substantia
represcnialion: ymago o subsbend; comprehendere
o resist: repellene b suppose: arbitran, existimare
to result: accidere sure: certus




EMGLISH-

10 |."H.-'|||:lr:||'\-||||.'.I1'|

aOe Of T
vigusllumen penelrat
aerry revolutio

Hn: Vertere

accidere, cadere
S511 considerare
IFVEs VErtere
AdCTELS
e sensed: sensibilis
cogitare

Flafklgy
[} ¥ e 3
EANETTE

anterpretan
nlerpres
penetrabilis visun

wedium: resfcorpus qu;

visuslumen pencirat
anspose: ransine
el transaius
ITAVIELD MONEre
raverse: moveres, pen
COncavus
1& OErtis
1 furm: Hlectere

1L I

i T 4

differeniia
larus
insensibiliber

accidere

T DI THRECTE, dinoscere,

ratiocinari

el consuetudds

ation: differentia
wCiby s motus

ATIN INEMEX

PTITRCT P AT

soolomia
view: apparene, aspleene, scrutare,
viders

.|'\1|'\l:-\.;|'|"\1_ LY R

i Wikis: aspectis
.'|'~||'\'|.'|'|'.I'\1_ VEISUE
visibilis
ihject Sproperty: res videnda

As |'l|_'|_|_" 5 % isus

Coie piramis, piramis visibilis,
[T |.'|q.|:'.ll-\. i |-\.||,'|||'- visus

accidens, k]
| effosct

ASpeCius, SeEnsus, semn-

SRS visibilis. visus
]k |.lil-\.'ll'li"1 '\..|'~|||_'||||'~| YViSiis
i=ual flu: clanibas visos, radius, ra-
dius v i"-\.il_li||'-\._ '-\.I_'I'I'-\.il_'li ilas, sEnsus,
sensus visibahis, visabihis, visus
asp .:H'!"I'-C'I_I,'l-\.
uston: tallacia
i"'"'"';'“ ymago
1 ASS100E PASSLD
visual perceplion: aspectus, ¥ 1% L%,
vmarinatio
W VISUS
| radius visibilis, visus

vy racdius, radius visiahs, ra-

TakY
1S VISKES

SEMASUS, SEMEUS
sensibalatas

rocive: videne

cursus, iranstos

Wil

wiont: consuetudo
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