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PART ONE

The Question




How Do You Know It Is
There?

Put a finger on any mark in a Euclidean diagram and ask the question that
gives this book its title. How do you know it is there?

There are only two kinds of answer. The first is: because I can see it. The
two circles of Proposition 1.1 plainly cross; the point of crossing is plainly
on the page; anyone with eyes can check. The second is: because a per-
mitted action put it there, and I can name the permission. These answers
sound close. They are not close at all. The first makes geometry a report on
drawings. The second makes it a demonstrative science, and it is the only
answer Euclid ever gives.

The difference is easiest to feel at the place where it is usually missed. A
commentator objects that Euclid never proved that the two circles of .1
meet. The objection assumes that the meeting point is a thing whose exis-
tence must be separately certified. But in the reconstruction followed here
the point is not a thing that was found. It is the outcome of two executions
of a granted command, in a plane whose completeness the postulates have
already determined, judged by a criterion of coincidence the Common No-
tions already supply. Asking for a further certificate is asking the diagram
to vouch for the argument, which is precisely the inversion that makes the
Elements look defective.



THE QUESTION

0.1 Book 1is not the first book

One correction has to be made before the ledger can be stated honestly, and
it changes what the opening page of Book I is entitled to assume.

Book I is not the beginning of the Elements. 1t is the beginning of the geom-
etry, which is a different thing. Before it stands the layer set out in Book 0:
the primitive terms Euclid uses and never defines — meros, peras, klisis, pe-
likotés, mékos, platos, bathos — then the five Common Notions, which are
principles of quantity in general and not of figures, and then the two abstract
quantitative sciences that depend on no diagram at all: Books VII-IX, the
science of iow many, and Book V, the science of how great.

The reason is given in full in Book 0 and can be put in one line here. Defini-
tion I.1 defines the point by meros, and meros is defined nowhere in Book L.
Its two formal definitions are VII.3 and V.1, and they agree: a part is the
lesser that measures the greater. A reader who opens at Book I is there-
fore using, in the first sentence of the science, a term the science has not yet
determined.

‘WHAT BOOK 0 HANDS OVER BEFORE PROPOSITION 1.1

BO The prior layer — the seven primitive terms; the five Common Notions
as general quantitative principles; and from Books VII and V, the determina-
tion of part, multiple, equality of wholes and remainders, and the general
theory of magnitude.

In particular: a part is the lesser magnitude that measures the greater; a Aalf is the
part that measures its whole exactly twice; a double is that whole. These are not
geometrical notions and they are not assumed by Book I — they are handed to it.

This matters to the ledger in a specific and checkable way. It is not a licence
to draw anything: [B@] adds no action, and the hand is still restricted to the
three postulated commands. What it adds is quantitative warrant — the
right to reason about parts, multiples, halves and doubles of magnitudes that
the three commands have produced.
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And it settles the single oldest complaint against Book 1. At Proposition
1.37 the reader is shown two triangles, each the half of one of two equal par-
allelograms, and asked to conclude that the triangles are equal. Nothing in
Common Notions 1-5 mentions a half. The manuscript tradition duly sup-
plied the want: extra Common Notions about doubles and halves, including
halves of equals are equal, entered the text early — before Theon — and
Heiberg marked them as interpolations.

They were never needed. Once part and multiple stand first, zalf and double
are names of particular parts and multiples, and their equality properties
follow from what those words already mean. The floorboard at 1.37 does
not give way. It was never loose; the reader had simply been brought into
the room through the wrong door.

That argument is worked out where it belongs, at 1.37 below, and the same
step is discharged again at .38 and, inverted, at .41 — which is what Propo-
sition [.47 then spends.

0.2 The postulates are permissions, not merely asser-
tions

The five postulates are customarily read as assertions: statements that certain
things are true of space. Read them again with an ear for their grammar.
The Greek opens with 'Hutie0w — let it have been postulated, a perfect
imperative. Euclid is not describing space. He is asking for something to be
granted, and what he asks to be granted is a licence to act.

This matters because a licence has an edge. If you are granted three actions,
you are granted three, and not a fourth. Everything that appears in the first
proposition must be produced by those three, or it does not belong there.
The postulates therefore do two jobs at once: they say what exists, and they
say what you may do. The second job is the one this edition keeps in view
on every page.



THE QUESTION

0.3 Three verbs, and nothing else

At the moment before Proposition 1.1 begins, the entire permitted repertoire
is this:

THE INITIAL GRANT — EVERYTHING YOU MAY DO AT THE OUTSET

P1 Draw a straight line from any point to any point.
P2 Produce a finite straight line continuously in a straight line.

P3 Describe a circle with any centre and any radius.

Three verbs: join, extend, sweep. That is the whole of it. You may not yet
bisect anything. You may not yet carry a length from one place to another.
You may not yet drop a perpendicular, copy an angle, or draw a parallel.
Every one of those powers has to be earned, and Book I is the record of
earning them.

Postulates 4 and 5 are of a different kind, and the distinction is worth draw-
ing sharply, because collapsing it is what makes the parallel postulate look
like an intruder. Neither tells you to do anything. Postulate 4 declares all
right angles equal; Postulate 5 states the condition under which two straight
lines, produced, must meet. They are not commands but constraints — de-
terminations of the plane in which the three commands are executed. You
cannot perform Postulate 4. You can only rely on it.

0.4 Two ledgers

Because the postulates do two jobs, the growth of Book I has to be tracked
in two columns, and this edition keeps both.
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THE TWO LEDGERS

The ledger of actions. What you may now draw. It begins with P1, P2,
P3 and grows only at the fourteen propositions of Book I that are genuine
constructions — problems, in the old vocabulary, closing with which is the
very thing it was required to do.

The ledger of warrants. What you may now conclude without proving it
again. It grows at every proposition, including the theorems, which close
with which is the very thing it was required to show.

The distinction is not decorative. It explains the shape of the book. Of the
forty-eight propositions, only fourteen enlarge what your hand may do: 1.1,
1.2, 1.3, 1.9, .10, I.11, 1.12, 1.22, 1.23, .31, 1.42, 1.44, 1.45 and 1.46. The
other thirty-four enlarge only what your reason may assert. A reader who
tracks just the first ledger sees Book I as a slow accumulation of instruments,
from the equilateral triangle to the square on a given line — exactly the
instruments Book II will require.

0.5 What the annotations mean

Every constructive step in what follows carries, in the right margin, the per-
mission that authorises it: [P1], [P3], [I.2], and so on. The rule is strict
and admits no exceptions. If a step cannot be tagged, it is not a step. A line
that appears with no permission beside it is a line that was seen rather than
drawn, and it has no place in the demonstration.

Three recurring panels carry the argument:
* Tools in hand lists the repertoire immediately before the proposition.
Read it as a constraint: this, and nothing else.

» How do you know it is there? takes each object the construction intro-
duces — especially the intersections, which are where the alleged gaps
always lie — and answers the title question for it.

* Added to the repertoire records the delta: the new action, or the new
warrant, that the proposition has just paid for.

6
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0.6 Why Definition 4 is the hinge

One definition does more work in this reading than any other, and it is the
one most often dismissed as empty. Definition 4 says that a straight line is
that which lies evenly with the points on itself. Taken as a description of a
line’s own points it says nothing, which is why commentators have called it
vacuous and noted that Euclid appears never to use it.

Read as this reconstruction reads it — keiton expressing relation to some-
thing else, so that the points are those of a reference line laid against the
candidate — Definition 4 becomes a criterion of coincidence. Two straight
lines that agree at two points agree everywhere. And that is exactly the in-
strument needed at Proposition 1.4, where the tradition reaches instead for
superposition and has been apologising for it ever since. In the treatment
below, 1.4 moves no triangle. It constructs the second triangle onto the first
with two applications of 1.3, and then lets Definition 4 force the bases to-
gether. No motion, no new postulate, and no gap. The hinge of Book I is a
definition everybody had written off.

0.7 What this edition claims, and what it does not

It does not claim that Euclid’s Book I satisfies Hilbert. Pasch’s axiom, a
continuity principle and an explicit treatment of betweenness are genuine
modern additions, and rearranging Euclid does not turn them into theorems.

It claims something narrower and internal. Every object introduced in Book I
can be traced to a permission held at the moment it was introduced. The al-
leged gaps are not holes in the reasoning. They are the places where a reader,
having stopped asking which permission is in force, has begun reading the
diagram instead of the argument.

The rest of this book is that trace, carried out forty-eight times.
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The Book Itself




Introduction

This study reconstructs Book I of Euclid’s Elements as a cuamulative and in-
ternally articulated system in which definitions, postulates, common notions,
and propositions acquire their full force through dependency on one another.
Its principal thesis is that the familiar charges of hidden assumptions—
concerning uniqueness, intersection, continuity, order and betweenness, su-
perposition, and the equality of figures—need not be accepted as defects in
Euclid’s own framework. The reconstruction developed here distinguishes
carefully between two questions: what a modern formal axiomatization re-
quires when its primitive terms are deliberately left uninterpreted, and what
Euclid’s own geometrical language determines when definitions and postu-
lates are read relationally and cumulatively. The result is a proposition-by-
proposition account of Book I in which the standard objections are stated
in their strongest form and answered from within the architecture of the El-
ements. Particular attention is given to Definition 4, Definition 7, Defini-
tion 17, Definition 23, Postulate 5, circle and line intersections, the method
traditionally described as superposition in Proposition 1.4, order reasoning,
the theory of parallels, and the equality of rectilinear figures culminating in
Propositions 1.47-1.48.

Preamble

The present treatise aims to restore the internal coherence of Euclid’s Ele-
ments, Book I, by reconstructing the true meaning of its definitions, pos-
tulates, and propositions in their original logical and philosophical order.
No modern axioms, symbolic logic, or external assumptions are introduced.
The reasoning proceeds solely from Euclid’s own text, read in its Greek
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phrasing, and interpreted through the natural logic of the postulates them-
selves.

The central thesis is that the Elements constitute not a system of empirical
geometry but a system of intelligible relations. The postulates are not arbi-
trary assumptions but determinations of being: each defines what is meant
by line, plane, or circle. When these are properly understood, all later propo-
sitions follow by necessity, without recourse to external axioms or modern
order relations. This work regards the Elements not as a static set of state-

ments but as a dynamic sequence of operations. Each definition, postulate,
and proposition functions like a call in a program, invoked only after the pre-
ceding steps have defined the objects on which it acts. Book I is therefore
a process of generation—a living algorithm of thought that begins from the
definition of the point and culminates in the Pythagorean theorem. Each suc-
cessive concept emerges only when the preceding logical conditions make
its appearance possible.

The central thesis is that the Elements constitute not a system of empirical
geometry but a system of intelligible relations. The postulates are not arbi-
trary assumptions but determinations of being: each defines what is meant
by line, plane, or circle. When these are properly understood, all later propo-
sitions follow by necessity, without recourse to external axioms or modern
order relations.

The analysis begins from the basic definitions of the point, the line, and the
plane, showing that these notions are not fixed entities but gradually con-
structed through successive invocations. Definition 4 (“a straight line is that
which lies evenly with the points on itself”) introduces the idea of rectitude
through comparison with a reference of the same kind—a criterion of truth.
Definition 7 then extends this relational structure to the plane, defining it
as the surface that lies evenly with the straight lines upon it. These are not
descriptions of visual form but statements of logical uniformity. The line
and plane are determined by equivalence relations, not by sight.

Through subsequent definitions and postulates, these ideas mature into full
geometrical being. Definition 17 introduces central symmetry through the
diameter of the circle; Definition 23 defines parallelism as uniform direction

10



Book 1

and non-intersection; and Postulates 1, 2, 4, and 5 complete the structure
by establishing connection, continuation, equality of right angles, and the
defining behaviour of lines in the plane. By the time Euclid reaches the
theorems on parallelism and the right triangle, the nature of the Euclidean
plane has been internally generated from its first principle—the point.

Thus, the text of the Elements grows like a living organism. The point is
its birth, the line its first motion, the plane its field of being, and the com-
pleted propositions its maturity. What modern readers have mistaken for
incompleteness or dependence on visual intuition is, in truth, the necessary
economy of a system in which each concept is introduced only when its
grounds have been logically secured.

Retrospect

Euclid’s Elements, though long regarded as the archetype of rigorous reason-
ing, have often been charged with incompleteness. Critics from Proclus to
Hilbert have claimed that Euclid omitted the axioms of order, betweenness,
continuity, or area, and that his reasoning rested upon the intuition of dia-
grams rather than upon logic. Yet these objections arise chiefly from reading
Euclid through the categories of later mathematics.

When his text is read through the lens of its own definitions, however, a
different picture emerges. The Elements are not a manual of constructions,
but an ontology of extension. Each definition describes the mode of being
of a geometrical entity. The postulates express the relations by which these
entities coexist in the plane. From these foundations all of Book I unfolds
as a necessary sequence of determinations. Euclid’s Book I unfolds as a
precise logical sequence. Each element—definition, common notion, pos-
tulate, proposition—appears exactly when the preceding steps make it pos-
sible. This order mirrors a recursive program of reasoning in which earlier
constructions are continuously invoked as subroutines for later theorems.

The first definitions (1-3) introduce the primitives: the point, the line, and
the extremities of the line. Definition 4 then sets the criterion of rectitude,
appealing not to sight but to an abstract standard of evenness. This leaves

11
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the visible form of the line open to be determined by later reasoning. The
meaning of straightness evolves step by step:

* Definition 17 (diameter as a straight line) enforces symmetry through
the circle’s centre.

* Definition 23 (parallel lines) defines uniform direction and non-
intersection, introducing translational invariance.

* Postulates 1, 2, 4, and 5 ensure connection, continuation, equality of
right angles, and the unique geometry of the plane.

Taken together, these constructs yield the true nature of the straight line: a
magnitude symmetric with respect to all its points, infinite in extension, and
lying evenly with every other of its kind. The straight line is therefore not de-
fined all at once but assembled through a sequence of dependent definitions
and postulates.

In parallel, the concept of the plane develops gradually:

* Definition 7 presents the plane as a surface lying evenly with the straight
lines upon it.

* Definition 23 implies that only a surface of zero curvature admits par-
allel lines.

* Postulate 5 uniquely determines this surface, distinguishing the Eu-
clidean plane from the spherical or hyperbolic by its singular parallel
condition.

Hence, Book I is not a manual of constructions but a logical genesis. Each
proposition arises as a consequence of the preceding framework, invoking
earlier propositions as logical functions. The intersection of circles in Propo-
sition 1.1, the equality of triangles in Proposition 1.4, and the final reasoning
of the Pythagorean theorem are not isolated demonstrations—they are recur-
sive calls within a single, self-consistent system.

When viewed thus, Euclid’s geometry is not static but developmental. Its
text mirrors a process of organic and intellectual growth: from the point (the
birth of extension) to the full rational harmony of the Pythagorean relation.

12



Book 1

By the time we reach the converse of the Pythagorean theorem, the system
has matured from elementary being to self-reflective necessity—a geometry
conscious of its own logic. Through these reinterpretations, every major
criticism of Euclid’s reasoning—concerning superposition, betweenness, or
area—is resolved within the system itself. No external axiom is needed: the
logic of Euclid’s own words suffices.

Methodological Framework: Alleged Gaps and the
Ontological Reconstruction

The problem of “unstated assumptions”

A substantial modern literature reads Euclid’s first book as mathematically
profound but formally incomplete. On this reading, the demonstrations rely
at various points on principles not separately stated among the five postu-
lates and five common notions. The recurring candidates are: the unique-
ness of the straight line through two points; the existence of intersections
of circles and straight lines; an order or betweenness relation on points of a
line and on points inside or outside figures; the invariance of figures under
motion or superposition; and rules governing the composition and decom-
position of rectilinear figures. These concerns appear in different forms in
the work of Heath, Hilbert, Tarski, Mueller, Hartshorne, Beeson, De Risi,
and other modern reconstructions.[?, ?, 2,2, 2,2, ?]

The present reconstruction does not deny that a modern formal system,
whose primitive predicates are intentionally semantically neutral, normally
states explicit axioms for such matters. It questions a different inference:
that the need for those axioms in a later formalization proves that Euclid
himself was reasoning with unacknowledged premises. The thesis defended
here is that the semantic work attributed by modern formalizations to inde-
pendent axioms is distributed, in Euclid, across the definitions, postulates,
common notions, and already-demonstrated propositions.

13
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The Skliros thesis

The reconstruction attributed in the source notes to Aris Skliros presents
Book I as a complete, self-contained, internally coherent ontological system.
Its governing claims are fivefold. First, no modern axiom is to be imported
merely because a modern axiomatization chooses to isolate a corresponding
primitive relation. Second, definitions are relational rather than merely de-
scriptive: the straight line and the plane are determined through criteria of
evenness, symmetry, direction, extension, and planar behaviour. Third, the
postulates are not arbitrary supplements but determinations of what the rele-
vant geometrical objects are and what operations upon them are universally
executable. Fourth, Book I is developmental: later definitions and postu-
lates complete the content initially introduced by earlier ones. Fifth, each
proposition operates as a subroutine whose inputs have been prepared by the
preceding architecture. In this sense the Elements function as a “living algo-
rithm of thought,” developing from the point to the Pythagorean theorem.

Two different standards of completeness

The dispute is therefore methodological before it is technical. A Hilbertian
or Tarskian formalization asks whether a theorem follows in a specified for-
mal language from an explicitly enumerated set of primitive axioms. The
ontological reading asks whether Euclid’s own terms already carry deter-
minate relational content and whether that content is progressively fixed
by the order of the text. These are not equivalent questions. The first de-
liberately abstracts from intended meaning; the second treats intended geo-
metrical meaning as part of the deductive architecture. Consequently, the
observation that Hilbert introduces order and congruence axioms does not,
by itself, settle whether Euclid’s text contains a hidden assumption: it es-
tablishes what Hilbert’s formal language requires after Euclid’s semantic
structure has been recoded.

14



Book 1

Cumulative determination of the straight line and the
plane

Definition 4—*"a straight line is that which lies evenly with the points on
itself”—is the central test case. A common criticism is that the definition
is obscure, circular, or textually incapable of doing the work assigned to it.
A stronger form of the criticism charges the relational reading with silently
inserting an external comparison line not named in the Greek. The reply de-
veloped in the present work is that Definition 4 is not an isolated exhaustive
description. It is a seed whose content is progressively determined: Defini-
tion 17 imposes central symmetry through the diameter; Definition 23 adds
infinite non-intersection and uniform direction; Postulate 1 supplies univer-
sal connection, Postulate 2 continuous production, Postulate 4 invariance of
right angularity, and Postulate 5 the planar condition under which the result-
ing straight lines coexist. On this interpretation, the charge of circularity
mistakes a staged definition for a one-sentence definition.

The plane is treated in the same manner. Definition 7 introduces the plane as
the surface lying evenly with the straight lines on itself. Definition 23 tests
whether infinite straight lines can remain non-intersecting in both directions,
and Postulate 5 specifies the convergence behaviour of straight lines cut
by a transversal. The completed notion of the Euclidean plane is therefore
cumulative rather than supplied all at once.

Postulate 5 and the historical objection

One criticism recorded in the source material initially treated Postulate 5
as an empirical-looking assumption accepted because Euclid could not con-
ceive geometries of curved surfaces. The same critical discussion later with-
draws that historical formulation. Greek mathematical astronomy already
supplied a sophisticated geometry of the sphere: Autolycus’ On the Mov-
ing Sphere and Euclid’s own Phaenomena provide the relevant context. Fa-
miliarity with spherical geometry does not by itself prove a particular au-
thorial intention behind Postulate 5, but it does remove the argument that
curved surfaces were conceptually unavailable. The ontological reconstruc-

15
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tion can therefore plausibly treat Postulate 5 as a discriminating condition
on the plane rather than as an unconscious projection of visual flatness.

Proposition I.1: analysis, synthesis, and existence

The first proposition concentrates the dispute about continuity. The mod-
ern objection is precise: after circles with centres A and B and radii AB
and BA are drawn, the text takes a common point C'; a modern formal-
ization typically supplies a circle—circle continuity principle to license this
intersection.[?, ?, ?] One proposed Sklirosian reconstruction begins ana-
lytically: suppose the equilateral triangle ABC' is the object sought; then
AC = AB and BC = BA, so C' must be common to the two circles. The
synthesis then draws precisely those circles.

A serious criticism of analysis and synthesis is that analysis alone yields only
a necessary condition: if C exists, the circles meet at C'. Merely drawing
the circles does not, in a semantically empty formal system, reverse that
implication. The fuller reply given here therefore does not rest on analysis
and synthesis alone. It combines the constructive force of Postulate 3 with
the already determined nature of the plane and with the identity criterion of
Common Notion 4. On the ontological reading, the circles are not arbitrary
predicates in an uninterpreted domain; they are plane figures generated by
a universally executable construction from equal radii in the plane already
determined by the opening definitions and postulates. Thus the existence
claim is read as internal to the meaning of the construction rather than as a
further empirical observation of a diagram. The formalist can still choose
to isolate this content as a continuity axiom; the present thesis is that doing
so is a re-expression of Euclid’s semantics, not evidence that Euclid silently
borrowed a proposition foreign to his system.

Proposition 1.4 and the meaning of superposition

The second major controversy is the proof commonly described as super-
position. Heath and Mueller treat the language of “application” as invok-
ing rigid motion, while Hilbert replaces such reasoning by explicit congru-
ence axioms.[?, ?, ?] The reconstruction advanced here rejects the infer-
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Book 1

ence from Euclid’s language to a physical act of lifting a triangle. Proposi-
tions 1.2 and 1.3 provide transport of equal lengths by construction; equality
of the included angles fixes the corresponding rays; Definition 4 together
with uniqueness of connection prevents two distinct straight lines with the
same determined extremities from enclosing a second path; and Common
Notion 4 supplies equality by coincidence. “Superposition” is thus inter-
preted as logical coincidence forced by construction, not as an additional
kinematic principle.

Order, betweenness, and inequality

Modern formal systems generally take order or betweenness as primitive or
axiomatized. The present reconstruction instead emphasizes Euclid’s own
resources: continuous production of a straight line, the distinction of whole
and part in Common Notion 5, construction of equal segments by circles,
subtraction in Common Notion 3, and propositionally established relations
of greater and lesser. The claim is not that the modern predicate “Between”
has secretly been written into one sentence; it is that Euclid never abstracts
order from the determinate operations that generate points on produced lines,
cut off segments, and compare wholes with parts. The proposition-level
critical apparatus below identifies every place in the supplied assumption
catalogue where a separate order principle has been alleged.

Equality of figures without numerical area

The corresponding criticism of Propositions 1.35-1.47 is that Euclid lacks an
axiomatized numerical area function and therefore tacitly assumes additiv-
ity. The reply distinguishes numerical measure from geometrical equality.
Euclid’s argument proceeds through congruence, equal bases, common par-
allels, bisection by diagonals, complements, and the addition and subtrac-
tion of equal figures under Common Notions 2 and 3. The chain 1.33-1.45
establishes a calculus of equivalence before 1.47 is reached. On this read-
ing, “area” is not a hidden number attached to a figure; it is shorthand for
an equivalence relation exhibited through permitted transformations and de-
compositions. A formalist may choose to axiomatize polygonal additivity;

17
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the ontological reconstruction treats the relevant additivity as already ex-
pressed by the common notions acting upon the figures whose equality has
been proved.

How the critical apparatus is used below

The remainder of this book retains the entire pre-existing exposition un-
changed. New material is added in two forms. First, each definition, com-
mon notion, postulate, and proposition receives an integrated ontological
restatement based on the supplied wording document. Second, where the
supplied catalogue identifies an alleged unstated assumption, a short critical
note states the objection and the corresponding reply within the cumulative
framework. These notes distinguish the historical or formal objection from
the answer defended here; they are not substitutions for the original demon-
strations.

18



Primitive Terms

Preamble

Euclid’s Elements presuppose seven terms that are never formally defined
within Book I, yet are used in its very first definitions. These terms belong
to a pre-Euclidean conceptual vocabulary, recovered from Aristotle’s Meta-
physics, Proclus’ commentary, and the grammatical analysis of Apollonius
Dyscolus. They are the hidden foundations of the entire work.

THE PRIMITIVE TERM 1: MEPOZ (MEROS) — “PART”

From Aristotle to Euclid: The concept of part before formal definition

ARISTOTLE, METAPHYSICS V.25
(1023b12-25)

Mépos Aéyeta éva v Tpémov eis &
Suapebein &v T TOGOY OTW0HY- el yip
 G9aipodHEVoY T05 000D i T0sOV
pépog Myetau éxeivov... #hov B¢ Tpomov
T KATAUETPOBVTA TV TOLOVTY {6VOV:
81 T 560 TV TpIdY E0TH év dog AéyeTal
pépos, Eot §' iog 0D,

“A part i said in one way to be that into which
a quantity may be divided in any way; for that
which is subtracted from a quantity, whether it
be a quantity or a quantity of something, is
always called a part of it.. In another way,
only those things which measure the whole

are called parts. Therefore two is in one sense
called a part of three, but in another sense not.”

TWO SENSES OF “PART”
1. BROAD SENSE
Any sub-quantity into which a

Only those quantities that measure

 The part need not measure the whole
exactly.

 Two is a part of three (in this sense),
since three can be divided into two and
one.

 Used in ordinary speech and
general reasoning.

Aristotle
(384322 BC)

whole can be divided. the whole exactly (divide without remainder).
Whole ‘Whole
Part Part Part Part Part

 The part must measure the whole.

 Each part is an exact sub-quantity such
that a whole number of parts compose
the whole.

 Twois not a part of three (in this sense),
because two does not measure three
without remainder.

DOMAIN-SPECIFIC DEFINITIONS
2. STRICT MATHEMATICAL SENSE Book VII, Definition 3 (Number)

Mépo £otiv GpiBpds GpiBpod & Ehdaowy.
00 peifovos, Gtav katapetpi tov pellova.
“A part is a number of a number, the lesser
of the greater, when it measures the greater.”

Book V, Definition 1 (Magnitude)
Mépos é0ti péyefog pey£Bous T Ehacaov
00 peiovos, Tav KaTapeTp o peilov.

“A magnitude is a part of a magnitude, the

lesser of the greater, when it measures
the greater.”

E;(AMPLES ACROSS DOMA[NS

———————¢
A C B

AC is a part of AB because it is contained
in it and can measure it when repeated.

|

LENGTH (GEOMETRIC) |

NUMBER (ARITHMETIC)
3
—_———
i b
Two is a part of three (broad sense),

but not a part of three in the strict sense,
since 2 does not measure 3 without remainder.

AREA (PLANE FIGURES)

The smaller square is a part of the larger
rectangle because it is contained in it and
can measure it when repeated.

‘THE POINT HAS NO PART

A point cannot be divided into any
sub-quantity that measures it.
‘Therefore, a point has no part.

[ @ Takea whole quantity (a line, a number, a magnitude).

Definition L1 says: Enpei6v éotv, 06 pépog o00Ev. andmathematics:
R e s e ot Ask: Can it be divided into equal sub-quantities |
5 s not a single
definitions in
mathematical sense,
of part in Book I.

3 that exactly measure it?
But pépog has not yet been defined in Book 1. The formal

definitions appear only in Books V' and VIL Therefore, in a
definition-before-use reconstruction, the meaning of pépog
‘must be clarified before Book I can be properly understood.

but has dif
Books V and VII fix t
which underlies th

]

If yes, each sub-quantity is a part (strict sense).

- —
WHY THIS MATTERS FOR BOOK I 1 " ACTION FOR UNDERSTANDING

I

I

I

I

|

I

I

I

I o If no, it is not a part in the strict mathematical sense.

A point has no part because it is indivisible.
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Primitive Term 1: pépog (meros) — Part

Background
Aristotle, Metaphysics V.25 (1023b12-25), distinguishes several senses of
“part”:

* Broad sense: Any sub-quantity into which a whole can be divided. Two
is a part of three in this sense.

» Strict mathematical sense: Only those quantities that measure the
whole exactly. In this sense, two is not a part of three.

Euclid uses the strict sense. The formal definitions appear in:

* Book VII, Definition 3 (number): Mépog éativ dpiuog Gpibuod o
éAldoowv tod ueilovog, dtav katauetpfj v ugilova. — “A part is a num-
ber of a number, the lesser of the greater, when it measures the greater.”

* Book V, Definition 1 (magnitude): Mépog éoti uéyebos peyéBovg to

Elaooov tod peilovog, Stav karouetpl] 0 ueilov. — “A magnitude is
a part of a magnitude, the lesser of the greater, when it measures the
greater.”

Actions

1. Take a whole quantity (a line, a number, a magnitude).

2. Ask: Can it be divided into equal sub-quantities that exactly measure it?
3. Ifyes, each sub-quantity is a part in the strict sense.

4. If no, it is not a part in the strict mathematical sense.

5. A point has no part because it cannot be divided into any sub-quantity
that measures it.

20



Book 1

Structural Consequence

Book I uses pépoc; Books VII and V define pépog. Therefore, in a
definition-before-use reconstruction, VII and V must precede 1.

THE PRIMITIVE TERM 2: MNKOX (MEKOS) — “LENGTH”

PHILOSOPHY |

Continuous extension in one dimension T0 | |
; : X 2 G~ e EOMETRY (¥ |
From Aristot B h before formal defir

(ARISTOTLE.) METAPHYSICS V.13 THE THREE DIMENSIONS OF MAGNITUDE KEY DISTINCTIONS
1020a7-14; z

MeéyeBog 5t o pév i’ &v quvexic

Magnitude (uéyeBog) is that which is divisible into continuous parts. x 5 |
Magnitude (uéyeBog)

WiKog, T &' émi 00 mhérog, o' Y émi 1-LENGTH yfios) | 2 BREADTR (o)) e 9 DD (5s) That which is divisible into

pia Biog, TovTeoy 8 TARB0G v T 3 - continuous parts.

TemepacpEvoy 4piBuoS, pikog 5t ; |
Ypappi, TA&Tog 88 émpdvela, A B / Length (pijkog) i

BaBog 8¢ otepeoy.” Magnitude in one dimension.

o i S Continuous extension Continuous extension Continuous extension |
Of magnitude, that which is continuous in one dimension. in two dimensions. in three dimensions. % 5
in one dimension is length; in two, — — Line (ypappr) |
breadth; in three, depth. Of these, finite : object: ical abject: : object: ‘The mathematical object
multitude is number; length is a line; Line (ypappr) Surface (¢mgavewa) Solid (otepedv) corresponding to length —
breadth is a surface; depth is a solid” Aristotle Alength without breadth. A breadth without depth. A depth without further o e
(E=ITE) dimension.

s " i sl = m— 2 || T ———

EXAMPLES OF LENGTH IN EVERYDAY EXPERIENCE |
1. A STRAIGHT ROD 2. A CURVED THREAD 3. A PATH 4. CONTRAST: NOT LENGTH r

We can measure how long it is. A curve also has length.
| It has length, but no width or depth It is continuous in one dimension,
(in the mathematical sense). even though it is not straight.

Surface Solid
(two dimensions)  (three dimensions)
not length not length

A path has length —
we can measure the distance from A to B
along it.

‘WHY THIS MATTERS FOR EUCLID " KEY INSIGHT
nitude in one dimension.
It is continuc nd measurable

Euclid’s definitions and postulates in Book I (especially
Definitions 2-4) presuppose the distinction between ey
length, breadth, and depth, and the identification of is o
length with the line. Aristotle’s analysis provides the ||/ EEMRISSNSRY
conceptual foundation for understanding these terms

before their formal use in geometry.

@ Imagine a continuous extension that has only one direction of measurement

L
i ACTION FOR UNDERSTANDING

@ You can measure how long it is, but not how wide or how deep.

@© 1his s length (uixoq)
@ 1 line (ypappi i its mathematical realization: a length without breadth.

Primitive Term 2: piijkog (mékos) — Length

Background

Aristotle, Metaphysics V.13 (1020a7—-14): MéyeBog 0¢ 10 uev ép’ v ovveyes
Uikog, 10 0’ éml dvo mAdtog, 10 O’ éml tpia Pabog. TovTwv 0 TAHOS tEV
70 TETEPOTUEVOV APIOUOGS, UijiOS OE Ypouuun], TAGTOS O¢ Emipavela, [abog o
otepeov. “Of magnitude, that which is continuous in one dimension is length;

in two, breadth; in three, depth. Of these, finite multitude is number; length
is a line; breadth is a surface; depth is a solid.”
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Actions

1. Imagine a continuous extension that has only one direction of measure-
ment.

2. You can measure how long it is, but not how wide or how deep.
3. This is pijkog. The line is its mathematical realization.

4. Note: pijxoc includes both straight and curved lines. Straightness is
added later, in Definition 1.4.

THE PRIMITIVE TERM 3: [TAATOZ (PLATOS) — “BREADTH”

Continuous extension in two dimensions

From Aristotle to Euclid: the concept of breadth before formal definition

ARISTOTLE, METAPHYSICS V.13 | WHAT IS IIAATOX (BREADTH)? MATHEMATICAL CORRESPONDENCE KEY DISTINCTIONS

1020a7-14
(ot TM\érog is magnitude in two dimensions — The ical object i Length (jkoc)
Méyebog 8¢ TO pév €@’ év ouvexég continuous extension in two independent directions.  to Adrog is éméveta (surface): One dimension (line)

pfikog, T 8 émi S0 TAGTog, T 8’ énl a magnitude with length and breadth only. — measure in one direction.
pia Bbog. Tovtwy 5t TATBoG eV T 1
menepaoévoy piOjde, piikog Bt Breadth (mA&tog) {
Yooy, Thdtog 8¢ émigdvela, breadth Two dimensions (surface)
BaBog 8¢ otepedy.” — measure in two directions. |
“Of magnitude, that which is continuous ST T 5 |
in one dimension is length; in two, Surface (émgdveia) Depth (B&Bog)
breadth; in three, depth. Of these, finite

multitude is number; length is a line;
breadth is a surface; depth is a solid.”

but not how deep. — measure in three directions. |

\ You can measure how long and how wide it is, A breadth without depth. ‘ ‘Three dimensions (solid)
Aristotle

~ (384-322BC) L o e s e > 1
EXAMPLES OF BREADTH IN EVERYDAY EXPERIENCE 1
& 1. A RECTANGULAR TABLE 2. A SHEET OF PAPER 3. A FIELD 4. CONTRAST: NOT BREADTH |
leng!h - . |
A B
breadth A line has only length (one dimension).

It is not breadth.

breadth b'eady
]englh

The paper has two dimensions.
Ml g s (i cuslly il It can be measured in length and breadth,
It is a surface, not a line or a solid.

but it has no depth.

A field has length and breadth.
It is an extended surface on the earth.

A solxd has length, breadth, and depth
(three It is not breadth alone.

ACTION FOR UNDERSTANDING

@ 1magine a continuous extension tha has two independent directions.

‘WHY THIS MATTERS FOR EUCLID
Euclid's definitions in Book I presuppose the distinction
between length, breadth, and depth. Figures such as
triangles, rectangles, and circles are surfaces (breadth)
constructed from lines (lengths). Understanding mAdtog.
| as two-dimensional magnitude clarifies what is meant
by plane figures and surfaces throughout the Elements.

>

e You can measure how long it is and how wide it is.
e This is breadth (h&tog).
o The surface (émdveia) is its mathematical realization: a breadith without depth.

Primitive Term 3: wAdtog (platos) — Breadth

Background

Aristotle, Metaphysics V.13 (continued): 7o 0’ éni dvo mAdrog... wAdTog
o¢ émpavero. “That which is continuous in two dimensions is breadth...
breadth is a surface.”
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Book 1

Actions

1. Imagine a continuous extension that has two independent directions of
measurement.

2. You can measure how long and how wide it is, but not how deep.

3. This is mAdrog. The surface is its mathematical realization.

e THE PRIMITIVE TERM 4: BAGOZ (BATHOS) — “DEPTH” : ROy y

EUCLID Continuous extension in three dimensions

3 o GEOMETRY
pth before formal definition PRy

e
ARISTOTLE, METAPHYSICS V.13 WHAT IS BAOOZ. (DEPTH)? MATHEMATICAL CORRESPONDENCE | KEY DISTINCTIONS
(O =T) Bafog is magnitude in three dimensions —  The object Length (ufiko)
s e B e i continuous extension in three independent  to Bifog is oepe6y (solid): One dimension (ine)
e B s, directions: length, breadth, and depth. a magnitude with length, breadth, Ry

pia BédBog. TovTwy 58 TAHB0G eV TO and depth.
nemepacpévov dpiBpég, piikog 5
Ypappfi, Th&tog 8t impaveia,
B&Bog 8¢ otepedv.”

Breadth (Adtog)
Two dimensions (surface)
— measure in two directions.

depth

/;read'.h

“Of magnitude, that which is continuous

Ln o simen;.on 1; lenft}(!);finhtwo,r = Depth (B&doc) |
readth; in three, depth. Of these, finite lengt g, ; 5 2 .
multitude is number; length is a line; o cariibagite hebw longr awwide, Solid (oTepedv) Three dimensions (solid)

— e A ik, i b |
breadth is a surface: depthi1s a solid” PR o Lummgiieth it i, i |

L - ’
EXAMPLES OF DEPTH IN EVERYDAY EXPERIENCE

1. AROOM 2. A STONE BLOCK 3. A BUILDING 4. CONTRAST: NOT DEPTH

= . length
length ~ ~ length
A block has length, breadth, and depth. A building has length, breadth, ar A surface has length and breadth,
It is a solid. It is a solid figure. but no depth.
ACTION FOR UNDERSTANDING EucLD's USE (BOOK XI)

Srepedv £oTt o priKog Kl TAGTOG Katk Bdfog Exov.
“A solid is that which has length, breadth, and depth.”
Euclid uses 0o in Book XI without defining it.
Aristotle’s analysis supplies the conceptual meaning:
depth is the third dimension of magnitude, and the solid
is the figure that has length, breadth, and depth.

o Imagine a continuous extension that has three independent directions.
You can measure how long, how wide, and how deep it is.
o ‘This is depth (B&80g).

| |
Li o The solid (otepedv) is its mathematical realization: a magnitude with
F length, breadth, and depth.

and depth in
h

Primitive Term 4: fa0o¢g (bathos) — Depth

Background
Aristotle, Metaphysics V.13 (continued): 7o 0’ éxi tpia fabog... Pabog o¢

otepeov. “That which is continuous in three dimensions is depth... depth is
a solid.”
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Actions

1. Imagine a continuous extension that has three independent directions of
measurement.

2. You can measure how long, how wide, and how deep it is.
3. This is fdBog. The solid is its mathematical realization.

4. Euclid uses BaBog in Book XI: Xtepeov éotr 1o pijkog xai mAdrog xai
fabog éxov.

EUCLID | “ THE PRIMITIVE TERM 5: [TEPAY (pERAS) — “LIMIT” OR “BOUNDARY”

BEFORE : E
EUCLID The extremity, form, and end of a thing

stotle to Euclid: the concept of limit before formal definition

ARISTOTLE, METAPHYSICS V.17 THREE SENSES OF ITEPAZ (PERAS) EUCLID'S USE IN BOOK I
(Co22at13) 1. SPATIAL SENSE 2. FORMAL SENSE 3. TELEOLOGICAL SENSE Definition 1.3 (Line)

Tépag Méyetar 10 Te £oxatov xdoton The extremity The boundary The end Tpoppfic 8% mépata onpeia.
xal 0 Lo pndév Eot AaBeiv ,"g‘:’m:" The outermost point beyond  The limit is the form that ~ The limit is the end or glcexieniiiclinislcialine
e QUSIWIOVILTIPWTOU, KAL DIy 1) which the thing does not extend. ~ determines the magnitude —  completion of a thing. Aepoints;

€ldog peyéBoug i) Exovtog péyeBog, the boundary that defines

Kai 16 TéNog EKAGTOV... Definition L6 (Surface)

’ g 5 mépartal Ypappdi.
| “The extremities (limits) of a surface
T ¢ are lines.”

what the thing is.

“A limit is said to be (1) the extremity

of each thing, that beyond which nothing
of it i to be taken and within which all of
it is contained; (2) the form of a magnitude

| 3 Definition 1.13 (Boundary)

or of something having magnitude; Aristotle ‘The boundary of the surface  The surface of the solids ts limit, | “Opog £oTiy, 8 TIvog 0Tt Tépats.
(3) the end of each thing...” (384-322 BC) A and B are the limits (tépata)  gives its form and determines  marking the completion of its “A boundary is that which is
of the line AB. its magnitude. extension. the extremity (limit) of something.”
EXAMPLES OF LIMITS IN DIFFERENT FIGURES 1
1. A LINE 2. A SURFACE 3. A SOLID 4. NOT A LIMIT

——e o
A B
The line AB has two limits (tépata), The surface has as its limits (ntépata) The solid has as its limits (népata) A line without endpoints has no limits.
which are the points A and B. the bounding lines. the bounding surfaces. “To have limits, a thing must be finite.

r ACTION FOR UNDERSTANDING

Take an extended thing (a line, a surface, a solid).

‘WHY THIS MATTERS FOR EUCLID

| Euclid uses népag in several definitions without
@) sk Where does it stop? What is the utermost poin, lne, o surface | | defining it. Aristotle’s analysis provides the conceptual
beyond which it does not extend? foundation: the limit is the extremity and boundary that
] @ et its eépas (imit). || determines the magnitude of a thing. Understanding
|| mépag is essential for grasping the structure of Euclid’s f i faces, and solid:
definitions in Book I and beyond.

uclid, points, lines, and surfa

For a line, the limit is a point; for a surface, the limit is a line;
for a solid, the limit is a surface.

Every figure is what

Primitive Term 5: népag (peras) — Limit or Boundary

Background

Aristotle, Metaphysics V.17 (1022a4—13): [lépag Aéyetou 10 1€ Eoyotov
éxGotov kai o0 &w undév ot dafeiv mpdrov, Kkai ol éow TEAVTO TPHOTOD. ..
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Book 1

“A limit is said to be (1) the extremity of each thing, that beyond which noth-
ing of it is to be taken and within which all of it is contained; (2) the form of
a magnitude or of something having magnitude; (3) the end of each thing...”

Actions

1. Take any extended thing (a line, a surface, a solid).

2. Ask: Where does it stop? What is the outermost point beyond which it
does not extend?

3. That is its mépag. For a line, the mépag is a point. For a surface, the népag
is a line.

THE PRIMIT

AIZIZ (KLISIS) —
The relational concept behind the angle
d the ancient commentatol clid: the concept of inclination before formal definition

From Proclu

LINGUISTIC WITNESSES
Autolycus

PROCLUS, COMMENTARY
ON DEFINITION 1.8
Proclus observes that Euclid takes
KkAiotg as the genus of the angle and
places the Euclidean conception in
the category of relation. He contrasts
three ancient analyses:

THREE ANCIENT CONCEPTIONS

1. EUDEMUS — QUALITY
‘The angle is a deviation or breaking Uses the iAfvo/keijievos family
for geometrical inclination.

of straightness.
Geminus
A deviation from straightness. | Uses éyihios.

Menelaus (Latin)
Uses inclinatio.

EUCLID’S DEFINITION (1.8)
Eninedog 8 ywvia ot 1 v éninédy

860 ypapndv émtopévay ANV

Kal i én 0elag keuiévoy pog dag
@Y ypapudy KoL,

“A plane angle is the inclination (<hictg) of

@ Eudemus: angle as a quality —
a deviation o breaking of straightness.

e Euclid (and those who call it kAloig):
angle as relation — the inclination
of one line to another.

@ Carpus: angle as quantity or interval.

Proclus criticizes a purely relational
reduction: one inclination can, in certain
configurations, be associated with more
than one angle. But he explicitly identifies
Euclid’s k)ioig as a relational conception.

two lines to one another, when two lines in
a plane meet one another and are not lying
in a straight line.”

(&

A B

The angle at A is the inclination (xA{otc)
of AB toward AC.

2. EUCLID — RELATION (kAiots)

The angle is the inclination of one line
to another.

Arelation between
two lines: how much
one is inclined
toward the other.

3. CARPUS — QUANTITY
‘The angle is a measurable interval.

An amount of rotation
o measured in degrees
(or radians)

Ptolemy
Describes how much one celestial
circle éyxéxhrrar toward another.

| ———
| CONCEPTUAL CLARIFICATION
« xhioug s not a thing but a relation:
how one line is inclined toward another.
| Itis measured by the amount of rotation '
required to bring one line into
coincidence with the other.
« The inclination gives rise to the angle
when the two lines meet and do not lie

_|__inastraight line.

" EXAMPLES OF INCLINATION IN EVERYDAY EXPERIENCE

1. A LADDER

2. A ROOF

4 L&

‘The ladder is inclined toward the ground.
‘The inclination determines the angle.

L =1 —

‘The two roof beams are inclined

toward one another.

3. A SLOPE

-

‘The road is inclined relative to the horizontal.

| ACTION FOR UNDERSTANDING

@ ke tvo lines in a plane that meet at a point and do not liein a straigh line.
e Ask: How much is one line inclined toward the other?

| @ This relation of inclination (khiotg) s the angle.

@ e angle can be measured as the amount of rotation between the lines.

25

‘WHY THIS MATTERS FOR EUCLID

Euclid uses x\ioig in Definition L8 without defining it.
| Understanding it as a relation — the inclination of one line
to another — is essential for grasping the nature of the angle, |
| and for the subsequent definitions and propositions that
depend on angles (e.g. perpendicular, parallel, triangle).

4. TWO LINES IN A PLANE
[

‘Two lines meet and are inclined to one another.

e inclination is the angle.
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Primitive Term 6: kAiowg (klisis) — Inclination

Background

Proclus’ commentary on Definition 1.8 explicitly observes that Euclid takes
inclination (kAio1g) as the genus of the angle and places the Euclidean con-
ception in the category of relation. He contrasts three ancient analyses:

1. Eudemus: Angle as a quality — a deviation or breaking of straightness.
2. Euclid: Angle as relation — the inclination of one line to another.
3. Carpus: Angle as quantity or interval.

Linguistic witnesses: Autolycus uses the kAivw/keipevoc family; Geminus
uses &ykAiolg; Menelaus (Latin) uses inclinatio; Ptolemy describes how
much one celestial circle éykéxiton toward another.

Actions

1. Take two lines that meet at a point but do not form a single straight line.
2. Ask: How much is one line inclined toward the other?
3. That relation of inclination is the angle.

4. Critical: The definition says “two lines” (dvo ypauu®dv) — not “two
straight lines.” Therefore KAioig can exist between non-straight lines or
even non-similar lines.

5. Cases: both straight (rectilinear angle), both curved similar, both curved
non-similar, one straight and one curved (mixed angle).
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Lty |  THE PRIMITIVE TERM 7 HHAH\OTH (PELIKOTES) — “HOW-GREATNESS”
BUCLID ] The stclmmdt& it {
: From Apollonius to Euclid: the concept of
APOLLONIUS DYSCOLUS, ‘THE THREE QUESTIONS PLATO, MENO 82d-83e | EUCLID’S USE
DE CONSTRUCTIONE II Quality Quantity How-greatness | Socrates asks the slave boy about | Book VI, Definition 2
xaté pbv o6t e movBavépevot (ro6Tng) (moaéeng) (enhateng) | thesideofasquareof doubleare: | ApiBds Bt x5 ;j‘ et;gové&wv |
; 4 P A 55 ovyxeipevov mhAdos. |
L B Woast || ot | [ | it | S
A My nofog; éoog; mnhixo; Of what size is the line? composed of units.”

nhixos.”

“When we inquire according to
quality, we say ‘what sort?’;
according to quantity, ‘how many?’;

Spoyevidy 1) Katé TG
according to how-greatness,

rea =2 Area=1 ol OX£aLS.

3 (w6005 — moc6Tg - Th7BoS)
‘ ¢ ‘ ‘ ‘ i 3 Book V, Definition 3 |
3 Length = 5 units D Adyos Eoti 800 peyedidy
A

how great?™ Refers tothe nature  Refers todiscrete  Refersto the determinate A i oertale e ation
Apollonius Dyscolus | | | OFkind ofa thing. multitude (mAfog).  size of a magnitude ‘The question concerns the of two homogeneous magnitudes |
(c.180-120BC) | (egstaightcurved, (e threeapples,  (éyefoc). determinate size (TAk6me) | with respect to size.”
triangle, circle) five points) (e length, area, volume) of thesideleggthy s S G
| R SRR O O — = e s | — |
" EXAMPLES OF HOW-GREATNESS IN EVERYDAY EXPERIENCE 1
1. LENGTH 2. AREA 3. VOLUME 4. COMPARISON (RATIO)
5 units
e—
e 3m m A B
| A B 7 3 units
= 3m
5 metres S = € D
‘The line has a determinate size The rectangle has a determinate size ‘The solid has a determinate size The ratio compares two determinate sizes
(nqmch) 5 metres. (mAixéTNG): 12 square metres. (mmom 7 cubic metres. (rmmérnc) AB:CD=5:3.
L - e emm— e —— — _ —_— A
r ACTION FOR UNDERSTANDING WHY THIS MATTERS FOR EUCLID
@ ke a magnitude (aline,  surface, a solid). Euclid uses mmAuéng as the basis for ratio (Book V) without

e S 3 defining it. It is the concept of determinate size that allows us
e Ask: How great s it? What is its determinate size? to compare magnitudes, to speak of equality and inequality,
@ his determinate size is its muxSme (how-greatness). and to measure continuous quantities. X
Apollonius shows that TAucéT is the proper domain of
‘how great?’, distinct from quantity (‘how many?’).

It s not quantit
n) continuou

o Compare two magnitudes to see their relative size (ratio).

Primitive Term 7: mniwkotng (pélikotes) — How-
Greatness

Background

Apollonius Dyscolus, De Constructione 11: kazo, uév morotnta movlavouevor
Aéyouev molog, Kato, & ToooTHTO. TOG0G, KOt 08 Thlikotnta nnikog. “When
we inquire according to quality, we say ‘what sort?’; according to quantity,
‘how many?’; according to how-greatness, ‘how great?”

Apollonius associates:
* nocog (how many?) — mocdotng (quantity) — mAfj0og (multitude)

o mnAikog (how great?) — anikotng (how-greatness) — péyedog (mag-
nitude)

Plato, Meno 82d—83e: Socrates asks the slave boy about the side of a square
of double area: wniixn ... 1 ypouun, — “Of what size is the line?”
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Actions

1. Take a magnitude (a line, a surface, a solid).
2. Ask: How great is it? What is its determinate size?

3. That is its TmAwcotng. Ratio is the comparison of two such determinate
sizes.

4. Book VII defines number as a mAfjfog composed of units (domain of
mOGOC).

5. Book V defines ratio of magnitudes kot mnlkénta (domain of
TNAMKOG).

The Reconstructed Foundational Order

’ Primitive Terms ~~ Common Notions ~ Book VII ~» Book V ~» Book I

28
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Euclid’s Elements — Book 1

Common Notion 1
Ta td atd Toa xai aAAnloig éotiv Toa.
Things equal to the same thing are also equal to one another.

1. Abstract rule (for ;my magnitudes)

(1) A standard magnitude (2) A equals the standard (3) B equals the standard | (4) Therefore A equals B
A B i A
P | ||
s I 1 B
S S }
2. Length
(1) Standard rod (2) Rod A equals the standard (3) Rod B equals the standard | | (4) Therefore A equals B

A
S -
S
A=S
3. Area

[ (1) Standard field (2) Triangle A equals the standard

4. Weight
[ 1) Standard stone (2) Sack A equals the standard

a Logical role: the transitivity of equality. 2

Common Notion 1

Ta @ ab1@ ioa kai dAlnloig éotiv ioa.
1. Things equal to the same thing are also equal to one an-
other.
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Book 1

Actions

1. Take a standard magnitude S.
2. Compare A to S and find them equal.
3. Compare B to S and find them equal.

4. Conclude A = B without comparing A to B directly.

Prompts for Examples

* Length: Three rods. Rod A matches rod S. Rod B matches rod S. There-
fore A and B match each other.

» Area: Two triangular fields each equal in area to a third square field.
Therefore the two triangles are equal in area.

* Weight: Two sacks each balancing the same stone on a scale. Therefore
the sacks balance each other.

Logical Role

This is the transitivity of equality. It permits the chain of reasoning in
nearly every proposition.
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Euclid’s Elements — Book 1

Common Notion 2
Kai éav iooig Toa mpootedij, td 6Aa éotiv ioa.
And if equal things are added to equal things, the wholes are equal.

1. Abstract rule (for any magnitudes)

(1) Equal magnitudes A and B (2) Equal magnitudes Cand D | | (3) Add Cto 4, and D to B ‘ (4) Therefore A + C equals 8 + D
C A L C A+C
e | = i
A —> — A+ ¢ ‘
= + k |
= ‘ b= ‘ R B+D
‘ B+D A+C=B+D
2. Length
(1) Two equal ropes ‘ (2) Add equal pieces (3) Extend both ropes || (4) The extended ropes are equal
c ey i, A #C
| eSS S R
‘ - L, eewem e
‘ [ SRS
@ W i B D B+D
‘ Ad+cC ‘ A+C=B+D
3. Area
(1) Two equal squares | ! (2) Add equal triangles (3) Form co;p;)siite ﬁiguresﬁ (@) The wholes are equal in area |
A+C  B3+D
A+C=B+D

4. Weight

(17 Equal weights A and B

%@L Logical role: the addition of equals. J%
TRUTH THROUGH REASON GEOMETRY FOR THE MIND

Common Notion 2
Kai éav ioois ioo mpooredyj, ta 6lo. éativ ioo.

2. And if equal things are added to equal things, the wholes

are equal.
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Book 1

Actions

1. Take two equal magnitudes A and B.
2. Take two other equal magnitudes C and D.
3. AddCto A, and D to B.

4. Conclude A+C=B+D.

Prompts for Examples
* Length: Two equal ropes. Add to each an equal additional piece. The
extended ropes remain equal.

* Area: Two equal squares. Add to each an equal triangle. The composite
figures remain equal in area.

* Weight: Two equal weights. Add an equal stone to each pan. The
balance is preserved.

Logical Role

This licenses addition of equals, used in Propositions 1.13, 1.5, and many
others.
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EUCLID’S ELEMENTS — COMMON NOTION 3

AREA — REMOVE EQUAL TRIANGLES FROM EQUAL RECTANGLES

| 2. Remove equal corner triangles from each.

4

This licenses

Common Notion 3

Kai éav dro iowv ioa dpaipedy], ta katalemoueva éoniv ioa.
3. And if equal things are subtracted from equal things, the
remainders are equal.

Actions

1. Take two equal wholes A and B.
2. Remove from A a part equal to a part removed from B.

3. Conclude the remainders are equal.
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Prompts for Examples
e Length: Two equal rods. Cut off equal pieces from each. The remaining
lengths are equal.

* Area: Two equal rectangles. Remove equal corner triangles from each.
The remaining areas are equal.

* Weight: Two equal bags of grain. Remove equal scoops from each. The
remaining weights are equal.

Logical Role

This licenses subtraction of equals, used in Propositions L.5, 1.6, 1.14, and
1.47.

1. Take two threads A an | = | [13. Bvery point of A coincides with a point
. 2 of B (no part protrudes).
~

AREA — TWO TRIANGLES COINCIDE
1. Take two equal triangles A an
)

CIRCLES — SAME CENTRE AND EQUAL RADIUS

. Take a circle with centre A and radius AB, 12, Place one circle upon the other 3. Every point of one circle coincides
and a circle with centre A and radius AC, | | (same centre A). & with a point of the other.
where
or
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Common Notion 4

Kai ta épapuclovra éx’ dArnia ioo aAlnloig éotiv.
4. And things coinciding with one another are equal to one
another.

Actions

1. Take figure A.
2. Place it upon figure B so that every point of A falls on a point of B.

3. Conclude A = B.

Prompts for Examples
* Length: Two threads laid exactly upon one another; no part protrudes.
They coincide, hence are equal.

» Area: Two cut-out paper triangles placed one on the other with no over-
lap or gap. They coincide, hence are equal.

* Weight: Two identical weights on a balance — the balance coincides
with equilibrium.

Interpretive Note
In the reconstruction of Proposition 1.1, Common Notion 4 guarantees that
a circle with centre A and radius AB coincides with a circle with centre A

and radius AC when AB = AC. It is the bridge between equal measure and
identical figure.

Logical Role

This is the principle of congruence by superposition, though the commen-
tary argues Euclid uses it logically rather than physically.
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COMMON NOTION 5
Kai 0 Arov 10D
1 IhL whol

Common Notion 5

Kai 10 6Aov 100 uépoug ueitov [éotiv].
5. And the whole is greater than the part.

Actions

1. Take a whole W.
2. Take a proper part P of W (P is contained in W but is not all of W).

3. Conclude W >P.

Prompts for Examples

* Length: A segment AB contains a sub-segment AC. AB > AC.

* Area: A square contains a corner triangle. The square’s area > the tri-
angle’s area.
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* Weight: A full sack contains a handful removed from it. The original
weight > the removed weight.

Logical Role

This licenses inequality by containment, used in Propositions 1.6, 1.16,
1.18,1.19,1.20, 1.21, 1.24, and 1.25.
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Definition 1

Znueiov éotv, o puépog 0vOév.
1. A point is that of which there is no part.

Actions

1. Mark a position.
2. Ask: Can it be divided into equal sub-quantities that measure it?
3. No. It has no pépog.

4. It is indivisible, the irreducible element of position.
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EUCLID ] 1 D
BEFORE

) ‘*‘ksucui&_

PART A — THE DEFINITION IN BOOK I
@ Read the definition

«’. Enpeiov éony, o pépog 0bBév.

A point is that of which there is no part.
Identify the term being defined [ ]
anueiov (point).

A POINT

@ 1dentify the term used to define it A point has no
uépog (part). extension and
w0 part,

State the definition in plain language

A pointis that which has no part. It cannot
be divided into any sub-quantity that measures
ndivisle, the ireducbl eletent

PART D — BOOK V, DEFINITION 1
(uépog IN THE DOMAIN OF MAGNITUDE)

Read the definition

he detin % % EXAMPLE @ Fead the passage
Mipos'east nbysos ueyébons bjBaggoy Mépog Aéyeta Eva piv Tpémov eig & uaipefein av.
00 eigovos, STay KaTAUETp D Zov Length 6 8 7050 brado... ke 8 ponov-ta
*A magnitude is a part of a magnitude, KETa|LETODVE TV TOLOUTIY VY.
the lesser of the greater, when it measures 2
tht greater” [ A part s said in one way to be that into which a quanity
iF 40" o may be divided in any way.. In ancther vay, only those

i magnitude (mAixog, "how great?’)
Plain language

A part s a magnitude that mesures another magnitude
exactly

of length 6

Example: a line of length 6
Parts: segments of length 1,2, 3
Nota part: segment ofength 4
Analogy

Same structure as Book VII, but now in the domain
of continuous magnitude.

‘measure 6)
(each measures 6)
{does not measure )

PART F — THE DEFINITION OF THE POINT NOW FULLY EXPLAINED

@ Restate the definition
o' Inpeiov é0mv, o pépog 00BEY.
A point is that of which there is no part.
@ Apply the broad sense (Aristotle)
‘The point cannot be divided into any sub-quantity whatsoever.
It has no part in the broad sense.
Apply the numerical sense (Book VII)
“The point is not a multitude composed of units.
It has no part in the numerical sense.

Apply the magnitudinal sense (Book V)
‘The point has no length, breadth, or depth that could be measured.
It has no part in the magnitudinal sense.

Conclusion

‘The point is indivisible — not because it is infinitely small,
but because it has no quantitative nature at all

It is pure position, the irreducible element of determination.

PART I — THE RECONSTRUCTED FOUNDATIONAL ORDER

@ mheonder

PART B — jiépog IS NOT DEFINED
IN BOOK 1

Segments of length 1,2, 3
are parts of the segment

A segment of length 4
isnot a part (does not

D D I FROM 1l

B
cwmrmie! |
PART C BOOK VII, DEFINJTION al
(pépog IN THE DOMAIN OF NUMBER)

Read the definition £
@ Search Book 1 for a definition (c ] Mipog bariv ipudpos dpuOpai EXAMPLE
of pépog 6 ehacowy o peidoves, S1av 12=3x4
No definition is given in 11-1.23 xataetpi Tov peiZova.
“Apartis a rumber of a number, @ 999 @
@ Mote the problem the lesser of the greater, when it = @ @ QDD
2 measures the greater.”
Book I uses pépog in its very first s 3isapartof 12

efintion et supplies no definiion e ek s e i {2

Sis nota part
- @ Pinlaguage e
Apartisa number that messres anocher

@ search the other books ly measure 12)

uépog receives formal definitions,
in Book VII and Book V.

Example: the number 12
Partsi1,2,3,4,6 - (each measures 12)

Nota part: 5 (does not measure 12)

@ Strictn
Only those lsser numbers tha measure the greate are calld parts.

PART E — ARISTOTLE, METAPHYSICS V.25
THE GENERAL CONCEPTUAL BACKGROUND

things which measure the whole ar called pars.
@ Two senses of uépos
« Broad sense: any sub-quaniity into which a whole can
be divided (o s @ part of three)
 Strict sense: only those that measure the whole exactly
(o is ot a part ofthree

Aristotle
Metaphysics V.25
(384-322 B)

“A part is that into
which a quantity
e

Connection to Euclid
Euclid"s definitions in Books VIL and V adopt the strict sense:
apartis a lesser quaniity that measures the greater:

part,
fo i indisble”

PART G — THE STRUCTURAL CONSEQUENCE:
BOOKS VII AND V MUST PRECEDE BOOK I
Observation

@ Book I uses xépog. Books VIl and V define pépos.

[ ] @ Principle

Inany definition-before-use reconstruction,
The point is a term must be defined before it is used.
indivisible. ®
It has no part.
It is pure position. @

Application
Book I uses uépos. Books VIl and V define pépos.
Therefore, Books VIl and V must precede Book
Conclusion

Book I uses pépoc; Books VIl and V define pépoc,
‘Therefore, Books VII and V must precede Book L.
Not infinitely small,

but non-quantitative PART H — THE ORDER BETWEEN VII AND V

A point s not atiny magnitude; Which first?
itis that which has no magnitude Book VIl should come first.
atall Justification

Book VII: discrete quantity (zkijfos, t6oos, °
Book V: continuous magnitude (o
‘The movement
méoog  —> mmAiKog
how many? —> how great?

Nature of the order
This s a pedagogical and conceptual order, not a claim

Common Book VI Book V Book I that VI proves V or that V presupposes VIL

Notions ~ (méo0g) > | (mhrixog) > (geometry) Their proposition systems are logically independent.
(universal logical number magait o

relations) (discrete quantity) | continuons quanti Ly

@ sosircaion

 Common Notio

+ Book VII: systematic treatment of discrete quantity

« Book I: can then use pépog inits first definition.

® Stams of the claim

: universal logical relations (equaliy, addition, subtraction, conicidence, whole/part).
defines pépog in the numerical domain.
« Book V; comparison of magnitudes; defines igos in the magnitudinal domain.

The point is not a small magnitude,

but that which has no magnitude
rstanding pép

and then in magnitude (V,

for grasping why the point is indivis

and why Books VII and V must precede B

in a definition-before-use reconstruction.

he El
o T e e S A e

, logical dependency,

From number to magnitude to geometry

» foundations come first.

Interpretation from the Commentary

The point, as Euclid defines it,

sion.

“that which has no part,”
try as the atom of Democritus stood to natural philosophy. The point is the
indivisible element of magnitude. It represents that minimal entity which,
though without dimension, gives position and thereby structure to all exten-
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Domain-Specific Definitions of pépog

Book I uses pépog without defining it. The formal definitions appear in:

* Book VII, Def. 3: A part is a number of a number, the lesser of the
greater, when it measures the greater.

* Book V, Def. 1: A magnitude is a part of a magnitude, the lesser of the
greater, when it measures the greater.

Therefore, Books VII and V must precede Book 1.

Expanded Commentary from Explaining Fully the First Book of
Elements

o', ZNuelov €oTiy, o0 pépog ovBév. 1. A point is that of which there is no
part.

A

The point, as Euclid defines it, “that which has no part,” stands to geome-
try as the atom of Democritus stood to natural philosophy. Just as the atom
is the indivisible element of matter, so the point is the indivisible element
of magnitude. Euclid, who lived not long after Democritus, was likely ac-
quainted with this conception, for the notion of an indivisible foundation
was common in Greek thought of his age.

In ancient mathematics, there was no notion of zero as a number, nor of a
void between magnitudes; instead there existed the idea of the infinitesimal,
the limit of divisibility which could be conceived but not divided. The point
thus represents that minimal entity which, though without dimension, gives
position and thereby structure to all extension.

This conception may be illuminated by an argument concerning the conti-
nuity of number. If all numbers were continuous without separation, then
between any two distinct numbers there would be no interval — their differ-
ence would be nothing, that is, zero — and so they would be identical. But
this is absurd, for by assumption they are distinct. Hence, numbers cannot
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be continuous in this way; there must exist among them a least interval, an
irreducible difference which preserves their distinction.

In like manner, magnitudes cannot be divided without limit. For if every
division could be carried further, the very act of measuring or distinguishing
position would vanish into nothingness. Therefore, geometry requires an
ultimate element — the point — which cannot be cut or conceived as having
parts, just as the atom was the ultimate element of body.

And if one objects that such an element cannot exist because no smallest
quantity can be found, then one abolishes distinction itself; for without the
power to distinguish one place, one number, or one thing from another, noth-
ing can be said to exist at all.

Integrated Ontological Restatement

Source formulation. 4 point is that of which there is no part.

Ontological role. Posit an indivisible marker. It has no length, no breadth,
no depth—only location. The point is the first act of distinction: “here”
as opposed to “there.” Without it, nothing can be said to begin, end, or be
placed. It is the atom of geometry.

Definition 2

Tpopun o€ uijicog drhatés.
2. And a line is a length without breadth.

Actions

1. Imagine a continuous extension in one direction only.
2. It has pfjkog but no mAdroc.
3. A point moving traces a line; the line is the path of the moving point.

4. Note: The definition says nothing about straightness. It applies to any
line, of any shape.
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I

W EucLD 4
BEFORE

i ﬁ EUCLID * ]
. =

KEY TERMS

PHILOSOPHICAL BACKGROUND

EUCLID’S TEXT REWRITTEN DEFINITION
i | uikog (mékos) mhdrog (platos) Aristotle, Metaphysics V.13:
B'. Tpapyn 82 pfikog dmhatés. | - A line is length (ufjkog) — 8 yiaicacl in one Siegmicadetowe) 0 énl pdv &v pfjkog, 10 8 éml Svo
| magnitude in one dimension — dimension. dimensions. TAGTOG.
“« H H < 0" . i * Continuous extension - ich i i i
And a line is a length without breadth (nAdog) — Contmoseimsion | N e e dg:;viv::i*; ;:;;T:‘lﬁul; b
i L’ without extension in a second " directions (length .
without breadth 3 . * Measured by a single and breadth). & is continuous in two dimensions
| dimension. unit (e.g. length). e | ibreadth”
o / Aline has kg but no mhétog, It is a
i e T 1\ ===i" ) {
ILLUSTRATIONS

——

1. A LINE HAS LENGTH 2. A LINE HAS NO BREADTH

length (ufixog)
Aline has no extension
in a second direction.
It has no breadth (mAdrog).

A line extends in one direction only.

It has length.

R—

3. CONTRAST: A SURFACE HAS LENGTH AND BREADTH

breadth
(mhérroc)

length (ufixoc)
A surface extends in two independent directions.
It has both length and breadth.

ACTION FOR UNDERSTANDING “

@ magine a continuous extension
in one direction only.

@ Ask: Does it have breadth?

e No. It has pfjkog but no mdrog. |

o That is a line.

@ Aline s length without breadth. |

)

KEY INSIGHT || HIERARCHY OF EXTENSION
Aline is 3 |

| Ithaslen

e — —
| point Line
(no extension) (length only)

uiikog

—

e —————— —

Surface Solid
(length and breadth) (length, breadih and depth)
pifKog + mhéog Wiikog + mhéwog + Bédog

Interpretation from the Commentary

RELATED DEFINITIONS

L1
2
L3
L4

Point — that of which there is no part.
Line — a length without breadth.
Extremities of a line are points.

A straight line — a line which lies
evenly with the points on itself.

A surface — that which has length
and breadth only.

Extremities of a surface are lines.

|

A line is that which has length but no breadth. Its length may be imagined as
a path. Since the line has no breadth, nothing that possesses size can enter
this path or walk upon it; only a point, having no parts, can travel along it.
What we draw is never the true line itself, but only an imperfect image of it.

Expanded Commentary from Explaining Fully the First Book of

Elements

B’. Tpopur) 8¢ pijkog dmhatéc.

2. And a line is a length without

breadth.

A line is that which has length but no breadth. Its length may be imagined as
a path — perhaps winding like a road through a mountain or stretched like
an avenue across a plain. In the figure that follows we see a length which
has breadth, i.e. something can fit to travel along it.
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length with breadth, the length represented by the dark brown path

Yet since the line has no breadth, nothing that possesses size can enter this
path or walk upon it; only a point, having no parts, can travel along it.

If we imagine that a point could move along this path, the length of the
line would be the distance that could be traversed by that motion. It is not
that the point measures or counts — for it has no parts — but that the path
itself admits a measurable extent, the span that the point would cover in its
journey.

We may imitate such a line by laying down a thread, as Ariadne once guided
Theseus through the labyrinth.
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Ariadne with her thread

By uncoiling the thread, we could trace the same shape and even measure
its total length. Yet this thread is not itself a line, for it possesses breadth,
however minute. It merely represents, in visible form, the shape and extent
of the line that the mind conceives — the ideal path without thickness, along
which only a point may move. Thus, the line may indeed be seen and drawn,
for without it no geometry could be practiced. Yet what we draw is never
the true line itself, but only an imperfect image of it. Every mark of ink or
trace of chalk has breadth and matter, whereas the genuine line has none.
It exists perfectly only in thought, as the trace of motion without parts, the
pure path of the point, whose visible imitation we call a drawing.

J

Line 4

QYA I

various lines

We see here in the figure above example of lines, that is example of lengths
without breadths
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Integrated Ontological Restatement

Source formulation. A4 line is a length without breadth.

Ontological role. Generate a one-dimensional extent by moving a point
continuously. The line is the path of existence—the measure of distance
between two positions. Because it has no breadth, nothing with size can fit
upon it; only a point can travel along it.

Definition 3

Tpouiic 0¢ wépara onueio.
3. And the extremities of a line are points.

TSI DEFINITION 1.3 — TPAMMfi; A¢ I1ép

BEFORE

'&\EUCLID } |

“And the extremities of a line are points,

i FROM
| PHILOSOPHY

! = |
v&f}EOMETRgL
Sl

PHILOSOPHICAL BACKGROUND |

| Aristotle, Metaphysics V.17:

| “Alimit is the extremity of each thing,
| that beyond which nothing of it is to be
|
|

EUCLID’S TEXT | REWRITTEN DEFINITION KEY TERMS

I Tépog (peras)
y'. Tpappiic 8¢ mépata onpeia. | The limits (népota) of a line —
| the outermost points beyond
“And the extremities of aline | which it does not extend —
are points.” | are points.

onpeiov (sémeion)
« limit, extremity, boundary e point
« the outermost point

beyond which the thing
does not extend

« that of which there is
no part (L1)
« an indivisible position

taken and within which all of it is
contained.”

« for a line, the épata
are its two endpoints

For a line, the limits are points.

-
| ——

+
| ACTION FOR UNDERSTANDING

| ILLUSTRATIONS

1. A LINE WITH ITS EXTREMITIES

=

2. THE LINE STOPS AT POINTS

3. CONTRAST: A LINE WITHOUT EXTREMITIES? | o Draw a line segment.
© 1dentify where it stops.
o Observe that it stops at points.

These points are its Tépata
(outermost points).

*r—s <
A B A B

—

Aline without endpoints would have no limits.

The line does not extend beyond A or B. 34 would not be a finite line in Euclid’ sense.

The line AB has two limits (tépata):
Its outermost points are A and B.

the points A and B.

These are its népata.

Such an infinite line is not what is meant in 1.3,
which speaks of the limits of a line.

e

| e Conclude: The limits of a line
are points.

FURTHER EXAMPLES

)

| RELATED DEFINITIONS

A STRAIGHT LINE SEGMENT ‘A CURVED LINE SEGMENT ‘A MIXED LINE SEGMENT | L1 Point — that of which there is no part.
|
| 12 Line — alength without readh.
/\ / \, | 13 Exvemities ofaline — poins.
| 1.4 Straight line — a line which lies
A B A B evenly with the points on itself,

|
A B |
1
| L5 Surface — that which has length
| and breadth only.
Extremities of a surface — lines.

| Itslimits are the points A and B. Acurved line also haslimits.

It extremities are the points A and B.

Anyline — straight, curved, or mixed — |
has as its limits points

1.6

Actions

1. Draw a line.
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2. Where does it stop?

3. At points. These are its Tépara.

Interpretation from the Commentary

This follows of necessity from what has already been said. Since a line has
length but no breadth, nothing that possesses any magnitude can belong to
it. Only the point may touch or mark its limits. The point is the origin and
the bound of the line.

Expanded Commentary from Explaining Fully the First Book of
Elements

v’. Dpoappiic 8¢ népata onueio. 3. And the extremities of a line are
points.

This follows of necessity from what has already been said. For since a line
has length but no breadth, nothing that possesses any magnitude can belong
to it or fit upon it. Only the point, which has no parts, may touch or mark its
limits.

Thus, wherever the line begins or ends, it does so not in a thing that has size,
but in that which has position without extension. The point, therefore, is the
origin and the bound of the line — that from which the line proceeds and in
which it ceases.

And though the point has no length and no breadth, it exists — not as a body
in space, but as a principle of determination: the sign by which the intellect
distinguishes “this place” from “that place.” Without it, no line could be said
to begin, end, or even to exist, for it is by points that the mind conceives the
measure and the limits of all geometry.
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B
-
Line

Line 4

AVANASIS

various lines with their extremities marked

D

We see here in the figure above example of lines with their extremities, that
is example of lengths without breadths with their extremities marking and
defining them.

Integrated Ontological Restatement

Source formulation. The extremities of a line are points.

Ontological role. Whenever a line terminates, place a point at its start and at
its end. The point is the boundary of linear extension—the limit that defines
finitude or separates one line from another. Without this, a line would be
indeterminate, endless, and unbound.

Definition 4

Ev6eio ypouun éoniv, fitig € ioov 10ic ép’ éavtijc onueiols kelral.
4. A straight line is that which lies evenly with the points on
itself.

WHY THIS DEFINITION IS THE HINGE OF THE WHOLE BOOK

Read relationally — «eiton expressing position with respect to something
else, so that the points are those of a reference line laid against the candi-
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date — Definition 4 is not a description but a criterion of coincidence: two
straight lines agreeing at two points agree everywhere.

That is precisely the instrument required at Proposition 1.4, where the tradi-
tion reaches instead for superposition and has been apologising for it since
antiquity. In this edition 1.4 moves no triangle: it builds the second onto
the first with two executions of 1.3 and lets Definition 4 force the bases to-
gether. The definition commentators call vacuous, and that Euclid is said
never to use, turns out to be load-bearing at the first congruence theorem in
the corpus.

Actions

1. Take a candidate line L.
2. Take a reference straight line R.
3. Place R against L so that corresponding points of R and L coincide.

4. If L lies evenly with R at every point, L is straight.

DEFINITION 1.4 — EYOEIA TPAMMH (

“A straight line is that which lies evenly with the points on itself.”

A relational definition: the st

ht line as the criterion of re de

A. EUCLID’S TEXT

&' EbBeia ypappn éotuy, fitig
¢ ioov oig &’ Eavrtiig
anpeiolg keltat.

“A straight line is that which
lies evenly with the points
on itself.”

E. USING A RULER AS CRITERION

1. Place a ruler

Place a straight edge
(ruler) against the line.

2. Check for uniformity

If the line lies evenly with
the ruler atall points,

B. REWRITTEN DEFINITION

A straight line is that which

lies evenly with the points

(of a reference straight line)

upon itself. The definition is
relational: it compares a candidate
line to a criterion of rectitude.
The straight line is defined by its
uniformity, not by its visual shape.

3. Detect deviation

If the line deviates at any point,
itis not straight.

itis straight.

s

sezmn

‘The line coincides with

No deviations.

Deviation
Not straight.

C. KEY TERMS

e0Beic (eutheia)  straight, even

Ypappri (grammeé)

— any line

EEloov (exison)  Guemrn

kefran (keitai) lies (is situated, is placed)
W points (of a reference
onpeia (semeia)  aigh line)
‘The definition compares a
candidate line to a criterion
of rectitude (a straight line).

Relational

F. RELATIONAL NATURE

‘The definition s relational: a line
is straight if it lies evenly with the
points on a straight line.

It s not defined by its visual shape
but by its uniformity.

A straight line serves as the
riterion of rectitude.

Any line (straight, curved, or mixed)
isa line (12). A straight line is a
special kind of line — the one that
lies evenly (L4).

EUTHEIA GRAMME)

evenly, uniformly, without

rmom |
PHILOSOPHY

TO I
GEOMETRY
.. w4

D. ILLUSTRATIONS
1. A STRAIGHT LINE

line (a length without breadth)

All points lie evenly on the same line.

2. A NON-STRAIGHT LINE

/’\/‘

A B G D E
‘The points do not lie evenly.

G. FURTHER EXAMPLES

A MIXED LINE A CURVED LINE

ol

Acircle or any curve
does not lie evenly
with the points.

It is not straight.

Aline that is straight for a
while, then curves, then is
straight again, is not straight.

H. DEPENDENCIES FOR FULL DETERMINATION

‘The full understanding and use of the straight line in the Elements
requires the following later definitions and postulates:

1. CONNECTION WITH OTHER DEFINITIONS

 Definition .2 defines the line (ypay) as a length without breadth — any
line, of any shape.

« Definition 1.4 defines the straight line (¢60¢ia ypapy) as the special case
that lies evenly with the points on itself.

© The general definition (1.2) comes before the specific definition (L4):
genus before species.

© Just as 18 defines the plane angle for any two lines and 1.9 defines the
rectilinear angle for the special case where the lines are straight, 50 1.2
defines the line as such and 1.4 singles out the straight line.

© Definition 1.17 — Diameter (used to establish straightness in a circle)

o Definition 1.23 — Parallls (used to characterize straight lines by uniformity)
@ Postulate 1 — To draw a straight line from any point to any point

© Postulate 2 — To produce a straight line continuously in a straight line

« Postulate 4 — That allright angles are equal

o Postulate 5 — The parallel postulate (used in the theory of straight lines)

—




EucLib — THE ELEMENTS

Interpretation from the Commentary

The Greek ketron (“lies”) always expresses relation to something else. The
points are not parts of the line but external points that form a reference
line. The definition should be read as: “A straight line is that which lies
evenly with the points (of another straight line) upon itself.”

The Evolving Determination

The full determination of the straight line requires:

* Def. 17 (diameter): symmetry about the centre.
* Def. 23 (parallels): symmetry about every point.
* Post. 1: uniqueness of connection.

* Post. 2: infinite extension.

* Post. 4: equality of all right angles.

Post. 5: definition of the plane.

Corollary

If two points of one straight line lie on another, the two lines coincide en-
tirely.

Expanded Commentary from Explaining Fully the First Book of
Elements

0’. EvBeto ypappn éotv, fitigé&icov 4. A straight line is that which lies
TOIG €0 €avTiig onueiolg Keltal. evenly with the points on itself.

At first glance, Euclid’s wording seems obscure. Every line has infinitely
many points, and those points determine its segments. What, then, does it
mean for a line to “lie evenly with the points on itself”?

Let us examine his phrasing more closely and attempt to unpack its meaning.
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Could Euclid mean that a straight line lies “evenly” with its own points along
its length? But each point is at a different distance along the line, so that
reading yields no constraint on shape.

A straight line with some of its points labelled.

That interpretation fails: every point lies on the line, so no meaningful “even-
ness” is enforced.

Other arbitrary curves might satisfy the same wording.

If Euclid meant only the extremities of the line by “points,” then the defi-
nition would also apply to circles, ellipses, and arbitrary arcs, granting no
restriction on shape.
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If “points” means just the endpoints, many curves would satisfy the defini-
tion.

Some modern commentators argue that the definition is essentially vacuous
or circular—indeed, that Euclid never uses it in proofs. For example, a geom-
etry blog describes it as “utter and complete nonsense” when taken literally,
claiming the definition has been corrupted or mutilated from a fuller version
by Heron or others.! Others note that Euclid never explicitly invokes Defini-
tion 4 in subsequent propositions, which suggests that it plays no operative
axiomatic role.?

To clarify, let us turn back to the original Greek. The verb keitonr means
“lies” or “is placed,” but always in relation to something else—not as part
of it. Combined with adverbs like pokpdv (“far away”) or £yyog (“near”), it
expresses spatial relation (e.g. “lies far away”). Thus, in Definition 4, the
points Euclid refers to *cannot* themselves be part of the line.

’

Moreover, Euclid uses the preposition €ni (as in £€p” €0vti¢), meaning “on,’
“at,” or “toward.” This indicates that the points are “on” or “toward” the
line, perhaps externally positioned.

'See “Euclid’s ‘stupid definition of a straight line is not Euclid’s’”, *Intellectual Math-
ematics* blog (accessed 2025) and related commentary on Heron’s longer rendition of the
“uniform” property of straightness.

2See MacTutor History of Mathematics, “Euclid’s definitions,” noting that Euclid never
refers back to his initial definitions in proofs.
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Various lines with points “on,” “at,” or “toward” them, as indicated by éxi.

Because Euclid has not yet defined the plane, those points might lie any-
where in space—not necessarily coplanar. We avoid invoking coordinates
or dimensions, as Euclid does not use them.

Now, imagine connecting those external points to form a “reference line”
that lies in correspondence with the candidate line:

Lines that lie “on,” “at,” or “toward” our line; their own points form another
line.

The points of that reference line lie evenly with the candidate line precisely
when corresponding points coincide in shape:
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Lines matched in shape: all corresponding points lie evenly with the refer-
ence line.

Hence we may restate Euclid’s definition more precisely:

d". EvOcio ypopun Eotwy, fitic é§iocov 4. A straight line is that which lies
toig €’ €avti|g (evbeiog ypapuiic) evenly with the points (of another
onpeiolg keirat. straight line) upon itself.

In this interpretation, a “straight line of reference” exists; any other line is
straight only if each of its points lies evenly with the corresponding points
of that reference line.

This mirrors the intuitive procedure of placing a ruler against a drawn line
to test for deviation.
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Testing a drawn line against a ruler to detect deviations.

One may adopt an alternative “ruler” (another criterion of straightness) in
a different geometry. If two such rulers produce matching alignments, then
both sets of lines qualify as straight relative to their respective standards.

An alternative “straightness” criterion defines another class of straight lines.
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29 G

The Greek term g00¢<ia literally means “upright,
Euclid is defining “straightness” in relational, not metric, terms. The
*shape* of a straight line is not fixed in Definition 4; only the relation of “ly-
ing evenly” is set. Its full geometric determination depends on subsequent
definitions and postulates.

proper,” or “true.” Thus

Finally, this definition has a corollary: if at least two points of one straight
line lie on another, then by Definition 4 all corresponding points coincide,
so the two lines cannot enclose an area. This corollary underlies Euclid’s
argument in Proposition 1.4 (and elsewhere).

Integrated Ontological Restatement

Source formulation. 4 straight line is that which lies evenly with the points
on itself.

Ontological role. Take a candidate line L and align it against a reference
line R of the same kind. Compare every point of L with the corresponding
point of R. If they coincide uniformly along the entire length, L passes the
test of rectitude; if they deviate, it fails. This definition is intentionally in-
complete: it does not specify the shape of the line, only that it possesses a
relational property called evenness. The full determination of what this even-
ness means will be supplied progressively by Definition 17 (central symme-
try via the diameter), Definition 23 (uniform direction via parallelism), and
Postulates 1, 2, 4, and 5 (uniqueness, infinity, invariance, and the planar fil-
ter). Definition 4 is therefore not a circular definition but a placeholder—a
seed that matures throughout the opening of the book.

Critical Note on Definition 4

Textual objection. A modern critic may object that the relational reading
appears to insert an external standard—in effect, “another straight line”—
that is not stated in the surviving Greek wording, and may therefore accuse
the reconstruction of repairing Euclid by paraphrase.

Reply. The reconstruction does not require Definition 4 to carry the entire
theory of rectitude in isolation. Its claim is that “lying evenly” introduces a
relational criterion whose determinate content is supplied by the later archi-
tecture. Definition 17 introduces central symmetry, Definition 23 uniform
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direction under indefinite production, and Postulates 1, 2, 4, and 5 univer-
salize connection, extension, angular invariance, and planar behaviour. The
alleged circularity is therefore answered by the cumulative character of the
definition. The critical source itself ultimately revises the earlier charge of
circular definition on precisely this ground.

Definition 5

Empadveia 0¢ éotiv, 6 uijkog kol mAGToS UOVOV Exel.
5. And a surface is that which has length and breadth only.

Actions

1. Imagine a continuous extension in two independent directions.

2. It has pijkoc and mAdtoc but no Bdbog.

Interpretation from the Commentary

The surface is two-dimensional being — the field in which lines can lie.
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DEFINITION 1.5 — EMI®ANEIA (EPIPHANEIA) — “A SURFACE” i
C) “And a surface is that which ha: 10 f
,&EU LID } . ; i T S S ; y i | &Gmmamvrék

A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS D. DIMENSIONAL COMPARISON

émpdvei

BEFORE

surface Line Surface Solid

£’ Empdveta 8¢ éotw, 8 pijkog IA¥surfacelis\thatiwhichihas (epiphaneia) (1D) (2D) (3D)

Kol mAdTog povov Exel. length (ufjkog) and breadth ufikog (mékos) i:nog::l e
“And a surface is that which (mAdtog) — magnitude in two breadth — extension ety g/*
,, imensions — Adto (plat d, independs o
has length and breadth only. dlr'nenswns but no depth s (platzs) e A (breacth)
(Baboc). depth — extension (l"ﬁ“"f‘) [ ) g
B&Bog (bathos)  in a third direction lengt (length) iikog + mhdtos + Bdfog
(absent in a surface) (ength + brescth + ept)
E. ILLUSTRATIONS F. ACTION FOR UNDERSTANDING ~ G. EXAMPLES
1. API Si (REC 2.AC St (CIRC 3. TH A S
LANE SURFACE (RECTANGLE) URVED SURFACE (CIRCLE) INNESS OF A SURFACE P e
i It extends in two independent V! ; (rectangle)
. | ' directions: length and breadth.
rhdtog i =2
(breadth) e | TATC Q t @ !k Doss it have depth? A curved surface
Hiiog | (breadth) No depth No. It has no thickness. (circle)
e ———— sy | (8at00).
Hiixog v A surface is a two-dimensional
(length) /A suttace bz nolthickness) magnitude. e
A surface extends in two independent Acircle is also a surface: It has length and breadth only, e
directions:length and breadth it haslengthvand breadsh oaly: ot depth. @) Theretorsna surface hus length 4
: : A i and breadth only.
H. PHILOSOPHICAL BACKGROUND L RELATED DEFINITIONS
Aristotle, Metaphysics V.13 (1020a7-14): P 5
MéyeBog 8¢ t v i’ & ouvexis pfikog, T &' éml Sdo mhdos, L2 Line —alength without breadth.
8 énl tpia Babos... L5 Surface — has length and breadth only.

“Of magnitude, that which is continuous in one dimension is length; L6 Solid— has length, breadth and depth.
in two, breadth; in three, depth...” 3
A surface i the two-dimensional magnitude: it has length and breadth,
but no depth.

| T — - S—

Expanded Commentary from Explaining Fully the First Book of
Elements

e’. "Emodveia 0¢ éotv, O pijkog kol 5. And a surface is that which has
TAATOC LOVOV EYEL. length and breadth only.

We see below an example of a surface

length

surface Qreadth

and another example of a surface
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line
surface

and another

length and breadth

no depth

and another

The surfaces that [ used above have straight lines as boundaries but we do
not know how a straight line looks like yet so I presenting other arbitrary
examples of surfaces in the next definition.

Integrated Ontological Restatement

Source formulation. 4 surface is that which has length and breadth only.

Ontological role. Generate a two-dimensional extent by moving a line
across a breadth. The surface is the field upon which figures may be drawn
and relations established. It has no depth—only extension in two directions.
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Definition 6

Emipaveiag 0 mepata. ypoyoLl.
6. And the extremities of a surface are lines.

Actions

1. Look at the edge of a surface.
2. The edge is a line (ideally).

3. It is the mépag of the surface.

B. REWRITTEN DEFINITION

A. EUCLID’S TEXT C. KEY TERMS
- P " . Empdveia surface (two-dimensional
§. E"“P?"““C 8¢ mépata The limits (wépata) of a surface  (epiphaneia) magnitude)
jYeaitiics — the outermost lines beyond i ;
> répaa (perata) it extremites,
“And the extremities of a which it does not extend — Gz boundary

surface are lines. are lines. lines (one-dimensional

el (G RS e

E. ILLUSTRATIONS

1. A RECTANGULAR SURFACE 2. A CIRCULAR SURFACE 3. AN IRREGULAR SURFACE

CD top, a sheet of paper, a disk).
Limit © 1denify its edge.
AD Surface BC (circle —
3 aline) Limit | @) The edge has length but no breadth.
(acurve—
B aling | @ Therefore it is a line.
- @ The edge is the extremity (népag)
‘The surface ABCD has four A circular surface has one limit: L AP of the surface.

has its limit in the form of a line

limits: the lines AB, BC, CD, DA. .
(straight or curved)

the circumference (a line)

H. FURTHER EXAMPLES . RELATED DEFINITIONS

A TRIANGLE AN ANNULUS (RING) ‘A REGION WITH A HOLE
1.2 Line — alength without breadth.
Quter limic Outer limit
(o=l (line) 1.3 Extremities of a line — points.
Inner limit Innerlimit 1.5 Surface — has length and breadth only.
(circle — line)

(line)

Extremities of a surface — lines.
Its limits are the

three sides (lines).

Its limits are two lines:

Every boundary component
the outer and inner circles. i

of the region is a line. Extremities of a solid — surfaces.

b gg%g; DEFINITION [.6 — EIMI®ANEIAT AE [IEPATA [PAMMAI
44 Buctp Y nd the extremities of a surface are lines.”
1 g’\ _/;JA b The limits of a surface are lines.

F. ACTION FOR UNDERSTANDING
o Look at a flat surface (e.g. a table

@ Hence, the limits of a surface are lines.

FROM

PHILOSOPHY
TO

GEDMETRY/! |
D. DIMENSIONAL RELATION
A surface is two-dimensional
(length and breadth).
Its boundary is one-dimensional /¢
(a line).

boundary

line)

The limit of a 2D region is a 1D line.

G. REAL-LIFE EXAMPLE
~ .

A
Limit
(ine)

‘The edge of the table top is a line.
Itis the limit of the surface.

KEY INSIGHT
A surface is bounded by lines.
The boundary of a two-dimensional

magnitude is a one-dimensional
magnitude.

Every surface has a line as its limit.

Expanded Commentary from Explaining Fully the First Book of

Elements

¢’. 'Emaveiog 6¢ mépato ypoppod.
are lines.
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. Boundary line (circle)
. Boundary line (ellipse)

Surface with curved boundary

urved boundary (arc)

‘ l oundary line (irregular)
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) Outer boundary line
Surface regio .
Inner houndary line

) Outer boundary
Surface region
dary

) Quter boundary line
Surface region

O

Inner bo

ndary line

Integrated Ontological Restatement

Source formulation. The extremities of a surface are lines.
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Ontological role. Wherever a surface ends, place a line at its edge. The line
is the boundary of surface extension. This mirrors Definition 3, establishing
a hierarchy of boundaries: points bound lines; lines bound surfaces.

Definition 7

Ernimedog émpaverd éonv, #jnig €€ ioov tais ép’ éowtiis evbsioug
Keltol.

7. A plane surface is that which lies evenly with the straight
lines on itself.

Actions

1. Take a candidate surface S.
2. Take a reference plane surface P.
3. Place P against S so that corresponding straight lines of P and S coincide.

4. If S lies evenly with P at every line, S is plane.

Interpretation from the Commentary

Like Definition 4, this is relational. The full determination of the plane
requires Definition 23 (parallels) and Postulate 5.
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EUCLID f A PIP P[P
¥ Berore | D 0 0 D PHILOSOPHY
%\EUC“D ﬁ %\smmsm{ J
b [ S S e i £
A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS D. INTUITIVE EXAMPLE
{ I § éninedog ner B A straightedge les evenly on a plane sutface |
| 7. Eninedog tmipdveld éotwy, A plane surface is that which (epipedos) ¥ (touches at every point).

lies evenly with the straight S surface — a magnitude

fitig ¢€ loov Taiq €9’ Eauth - i
fniciEh Ei i3 lines (of a reference plane surface) (epiphaneia) gzt lengthiandbreadihy

e0Beiaig keital. 3 £ e only (L5)
¢ upon itself. The definition is = Z -
Jational: it didat £ ioov evenly, uniformly,
“A plane surface is that which relational: it compares a candidate G el

surface to a criterion of planeness.

| lies evenly with the straight evBeiaL strai
“ ght lines (
e 7 The plane is defined by its (eutheiai) “This surface lies evenly with the straight line on i,
uniformity, not bY its visual shape. kefro (keitai)  lis (is situated, s placed) Soit is a plane surface.
e e— = —
[ E. COMPARISON: PLANE vs NON-PLANE SURFACES F. ACTION FOR UNDERSTANDING  G. FURTHER EXAMPLES

1. PLANE SURFACE 2. CURVED SURFACE 3. WAVY SURFACE Take a flat surface (e.g. a table, piece
| A rectangular
of paper) and a straightedge.
plane surface.
e Place the straightedge on the surface. Al straight lines
Check: does it touch the surface onitlieevenly. |
| e at every point?

Ifyes,the surface is lane. o
| o Try the same with a curved surface 1 £
plane surface
All straight lines on the surface A straight line does not lie evenly A straight line does not li evenly (.27 asphere)ictuchesonly/atione (adiso)
1 point and leaves a gap elsewhere. 5

lie evenly. The surface is plane.  ona curved surface. The surface  on a wavy surface. The surface All straight lines |

ispotplive. wacerlne Conclude: A plane surface lies evenly el

with the straght lines on itself.

H. PHILOSOPHICAL BACKGROUND 1. DEPENDENCIES FOR FULL DETERMINATION

Aristotle, Metaphysics V.13 (1020a7-14): ‘The full understanding and use of the plane surface in the Elements

MéyeBog 8¢ T uév £’ & ouvexés iikos, T §' émi 8V TAGTG, feqgires

& énl tpiol pafoc...  Definition 1.23 — Parallels (used to characterize plane straight lines)

 Postulate 5 — The parallel postulate (to establish the uniformity
of straight lines in a plane)

vith the

“Of magnitude, that which is continuous in one dimension is length;
in two, breadth; in three, depth...”

A plane surface is a i i magnitude. Its

as plane (¢nimedog) depends on its uniform relation to stmghl lines.

These show how straight lines behave in & plane and provide the
geometric framework for the definition of the plane surface.

Expanded Commentary from Explaining Fully the First Book of
Elements

{’. "Eminedog émopdveld €otwv, fitic 7. A plane surface is one which lies
€€ ioov 10ig € €avtiic evbeioug ke- evenly with the straight-lines on it-
TTot. self.

Now, this definition is similar to that of a straight line. We have a plane
surface of reference and we lie it onto the surface that we want to examine
whether is plane or not. If the straight lines of the plane surface of reference
lay evenly to the straight lines of the surface that we want to examine then
this is a plane surface as well. Again, we do not know what is the shape
of the plane surface, just that we have a plane surface given already, which
is the criterion of rectitude and truth and we compare the other surfaces
against it to see if they are plane as well or not. The logic is the same as in
the explanation of the straight line’s definition. Hence, we can re-write the
definition of the plane surface as:
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{’. "Eminedog émopdveld éotwv, fitig 7. A plane surface is one which lies
€€ ioov Taic €  Eavtiig(émmédov émt- evenly with the straight-lines(of a
oaveiag) ev0siong kettal. plane surface) on itself.

Surface 2

Surface 1

Equal form, small separation
Surface B
Surface A

Since we do not know what a plane looks like or what the straight line looks
like we can arbitrary define the straight line and the plane and we can com-
pare each other surface against it. In the above I presented three examples
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of non conventional planes and striaght lines which fit the definition if we
set the plane surface of reference as in the surface in each of the figures.

Integrated Ontological Restatement

Source formulation. A4 plane surface is one which lies evenly with the
straight-lines on itself.

Ontological role. Take a candidate surface S and align it against a reference
plane P. Compare the straight lines on S with the straight lines on P. If they
correspond uniformly everywhere, S passes the test of planarity; if they bend
or deviate, it fails. Like Definition 4, this definition is incomplete: the full
determination of what ”lying evenly”” means will be supplied by Definition
23 (parallelism) and Postulate 5 (the defining property that distinguishes the
plane from all curved surfaces, such as the sphere or hyperboloid).

Critical Note on Planarity

The plane definition is to be read in the same cumulative manner as Defini-
tion 4. “Lying evenly” is an initial criterion rather than a complete metric
description. Definition 23 and Postulate 5 later determine the global be-
haviour of straight lines upon the surface, thereby distinguishing the plane
relevant to Book I from surfaces whose geodesic behaviour is different.

Definition 8

Eninedog ¢ ywvia Eotiv 1) &V EMTEIQW ODO YPOUUDY CTTOUEVDV
GAMAV Kol un érx’ evleiag kewévwv mpog GAAHAOG TV
YPOUURDY KALoIG.

8. A plane angle is the inclination of the lines to one another,
when two lines in a plane meet one another and are not lying
in a straight line.

Actions

1. Take two lines that meet at a point but do not form a single straight line.
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2. Ask: How much is one line inclined toward the other?

3. That relation of inclination (kAici) is the angle.

4. Critical: The definition says “two lines” — not “two straight lines.”
Therefore kAioig can exist between non-straight lines or even non-similar

lines.

Interpretation from the Commentary

The definition is stated for any two lines that meet and are not in a straight
line. Definition 1.9 then singles out the special case where the lines are
straight. This relational conception is what allows the definition to apply to
any two lines, regardless of their shape or similarity.

Erp——
EUCLID D
BEFORE

QQ\EUCLID/&

FROM |
PHILOSOPHY

TO
GEOMETRY
X -

¥
A. EUCLID’S TEXT

7. ‘Eninedog 8¢ ywvia éotiv 7 év
Emméde 800 ypapupdv drtopsvov
AWV Kal pr En' evBelag
KeWEVWV TPOg dAMAAAG TRV
YPapp@GY KAOLG.

“And a plane angle is the inclination
of two lines to one another, when
two lines in a plane meet one another
and are not lying in a straight line.”

B. REWRITTEN DEFINITION

A plane angle is the inclination
(kAlowg) of two lines to one
another — the relation of how
one line is inclined toward the
other — when they meet in a plane
and do not form a single straight
line.

The angle is not the lines
themselves, but their relational
opening.

C. KEY TERMS
éminedog plane, flat
yovia angle

inclination, the relation

KNowg of one line to another
Ypapun line

&ntopévwy  touching / meeting

i edbelag  not lying in a straight line

Proclus: Euclid treats kioig as a
relational conception.

De——— =
E. GEOMETRIC COMPARISON
1. RECTILINEAR ANGLE

B

G
A

Two straight lines meet in a plane:
a rectilinear case.

2. CURVILINEAR ANGLE

DO

Two curved lines may also have
an inclination.

<

B A

sense.

3. NOT AN ANGLE

.- e

If the lines lie in a straight line,
tmere i no plane angle in Euclid’s

o]

. ACTION FOR UNDERSTANDING

Draw two lines in one plane.
Let them meet at one point.

Check that they do not lie in one

3 straight line.

Ask: how much is one line inclined
toward the other?

‘That inclination is the plane angle.

5
D. INTUITIVE EXAMPLE — SCISSORS

one line
(a blade)

KAiowg
(angle)

the other lirie
(a blade)

Open a pair of scissors. The two blades meet
at the pivot. The amount of opening is the
KMot — the angle.

G. RELATIONAL NATURE

‘The definition is relational, not
merely visual.

‘The angle is how one line stands
toward another.

It is broader than the later special
case of rectilinear angle.

‘The opening can be represented
by a shaded wedge, but the concept
is the inclination itself.

=

H. FURTHER CONNECTIONS

@ Definition 1.9 will single out the rectilinear angle
as the special case where the containing lines
are straight.

@ The present definition is more general: it speaks
of two lines, not only two straight lines.

@ The angle exists in a plane surface.

1. PHILOSOPHICAL BACKGROUND

Proclus contrasts three ancient analyses of angle:
quality (Eudemus), relation (Euclid), and quantity
(Carpus).

Euclid’s definition belongs to the category

of relation.
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Expanded Commentary from Explaining Fully the First Book of
Elements

1. 'Eninedoc 6¢ yovio éotivn év ém- 8. And a plane angle is the inclina-
nE6® 000 ypapuudv amtopévev dA- tion of the lines to one another, when
MAov kol pn €n’ gvbeiog keévov two lines in a plane meet one another
TPOG AAANA 0 TdV Ypouudv kAiclc.  and are not lying in a straight line.

! 90° «

Acute angle Right angle Obtuse angle

Line 2

region (gngle as figure)

. Line 1
o ine

A plane angle as the inclination of two lines that are defined as the straight line

Yet, the above figures show knowledge of the definition of the straight line
that we do not yet have, so:
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i linatio inclimion

? %% ation

Integrated Ontological Restatement

Source formulation. A plane angle is the inclination of two lines to one
another, when two lines in a plane meet one another and are not lying in a
straight line.

Ontological role. Take two lines in the same plane. Bring them to meet
at a point. Record the amount of turning between them—that turning is the
angle. The angle is not a quantity; it is a relation of divergence.
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Definition 9

Ortav 6¢ ai mepiéyovoar v yoviay ypouuoi evbsior ooy,
e00DYpouLOS KaAeTTal 1j yowvio.
9. And when the lines containing the angle are straight then
the angle is called rectilinear.

Actions

1. If the two lines forming the angle are straight, the angle is rectilinear.
2. The corner of a book is a rectilinear angle.

EUCLID
BEFORE

- = ==y
FROM

PHILOSOPHY
O
geomm?

A. EUCLID’S TEXT B. REWRITTEN DEFINITION  C. KEY TERMS

DEFINITION 1.8 — EMNINEAO: TQNIA
(EPIPEDOS

the inclination of the
meet one another and are nc

(EUTHUGRAMMOS GON
“And when the lines containing the angle are straight
then the angle is called rectilinear.”

A. EUCLID’S TEXT B. REWRITTEN DEFINITION

o R éminebog Hon W 5 "
#. Eninedog 8¢ ywvia éotv 1y A plane angle is the inclination  (epipedos)  "*P" 6. "Otav 8¢ ol mepiéyouoet  When the lines containing E;i‘::f:;‘“;“) (‘::C‘I“‘;‘:é
v éninédw dvo ypapudv (xAiotg) of two lines to one ywvia = Th yoviav ypappai the angle are straight -
Gmropévey GANwY Kol pf another — the relation of how ~ (génia) 00zl dow, (in the sense of Deﬁniqqn 14), (V';‘;‘;::") the angle
' ebBetag Keévwy Tpdg one line is inclined toward the a1 o | E0B0YPappOC Kakeitar iisngicisallediectiinea p—
&MNihag TV yoapu@y kAo,  other — when they meet ina (Klsis) of two lines 1 yovia. (grammai) e
plane and do not form a single Yoappi I ‘This definition singles out the
“And a plane angle s the straight line. (el " K «undaitien diefines special case where the twolines - efelat g 14
inclination of the lines to one - = émtopivay  metog owhing | containing the angle are 21 ST It presupposes that (eutheiai)
another, when two lines in a plane | ko (Klisis) (baptomencr)  (ata poin) bt thon the nelo g therearcalsoangles whose .
2, . f én coBeia straight then the angle is . ovaining lines are not stright  e08bypappog. FCHNeH
meet one another and are not Arelation: how one line isinclined ~ KhéT ebbelag |y, I i ning POXRKOS  (ih straight
lying in a straight line.” wardanoher, Itisnota thing but K i 3 (Defintion L8). (eugamnos) (1)
their mutual inclination. Keimanon) . (oroppsierys)
+ {
D. ILLUSTRATIONS D. ILLUSTRATIONS
1. A PLANE ANGLE (STRAIGHT LINES) 2. A PLANE ANGLE (CURVED LINES) 3. EVERYDAY EXAMPLE (SCISSORS) 1. RECTILINEAR ANGLE 2. CORNER OF A BOOK 3. OTHER RECTILINEAR ANGLES
Khioig
S hioig A A
\
\ Rectilnear  pcute  Right  Obtuse
0 ) angle o
Two straight lines meet at a point O Two curved lines meet atapoint O The two blades meet at the pivot. An angle formed by two The comer of abookisa  All angles formed by two straight
andarenotinastraightline. ~ ina plane and are not in a straight line.  The amount of opening is the straight lines s a rectilinear angle  rectilinear angle — two straight  lines (acute right, or obtuse) are
Their inclination is a plane angle.  Their inclination is also a plane angle inclination (angle). (e.g.acute, right, or obtuse). edges meeting. rectilinear angles.

F. KEY INSIGHT

* F. KEY INSIGHT

A rectiline

+
E. RELATION TO OTHER DEFINITIONS

‘The full determination of the rectilinear angle (and straight lines
in general) requires:
« Definition 14 — Straight lne (les evenly with the points o itelf).
« Definition 1.23 — Parallls (used to characterize straight lnes).
« Postulate § — The paralel postulate (to establish uniformity

of straight lines in a

E. PHILOSOPHICAL NOTE (PROCLUS)

Proclus observes that Euclid takes xhiaig as the genus of the angle
and places it in the category of relaion. He contrasts this with:

Definition 1.9 dc
angle as such
rectilinear

» Eudemus: angle as a quality (a deviation from straightness). ut specifies the

« Buclid: angle s a elation (the inclination of oneline to another).
o Carpus: angle as a quantity or interval.

[ S ——

Expanded Commentary from Explaining Fully the First Book of
Elements
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0’. “Otav 8¢ ai mepiéyovcat v yo- 9. And when the lines containing the
viov ypopuoi ev0gion dotv, €000- angle are straight then the angle is
YPOUUOG KOAETTOL 1] YOViCL. called rectilinear.

Again we do not know how the straight line looks like yet.

Integrated Ontological Restatement

Source formulation. When the lines containing the angle are straight, the
angle is called rectilinear.

Ontological role. If the two lines that meet have both passed the test of rec-
titude (Definition 4, cumulatively determined), their inclination is classified
as rectilinear. This is a labeling operation that distinguishes angles formed
by straight lines from those formed by curves.

Definition 10

Orav o¢ evbeio én’ evbeiav arobeioo tag épelijc ywviag ioog
GAAMAaig motf], OpOn Exotépa TV fowv ywvidv Eoti, Kol 1
épeotnicvio ebbela kabetog Kaleltal, ép’ v épéotnkev.

10. And when a straight line stood upon another straight line
makes adjacent angles equal to one another, each of the equal
angles is a right angle, and the former straight line is called
a perpendicular to that upon which it stands.

Actions

1. Take a straight line AB.
2. Place another straight line CD upon it, meeting at a point.
3. If the two adjacent angles are equal, each is a right angle.

4. CD is perpendicular to AB.
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Interpretation from the Commentary

The right angle is the standard of equality for angles. Postulate 4 will assert
that all right angles are equal.

ECHID DEFINITION .10 — ‘OPON ['QNIA KAl KAGETOZ EYOEIA .
BEFORE
i 0
ot 8 : Yoo f
A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS
V. 'Ot 8¢ e0Bela én’ ebBelay When a straight line stands upon another (‘:’lif;a) straight line (Def. 1.4)
g"wl?e"wu 1&&%43527]5 ywviq.g foag straight line and makes the adjacent angles pa ey stood upon, placed
GAMAoug moud], 0pB Exatépa equal to one another, each of the equal (statheisa) upright on
TV iowv yovidy éotu, Kai 1 angles is a right angle. The standing &oekiic yoviow adjacent angles
tpeatnxuia edBela kdBeTog straight line is called a perpendicular to (efexes goniai) (a linear pair)
xoelTa, £’ v Epéotnkev. that upon which it stands. LG PGS equal to one another
) o : (isas allélais)
‘And when a straight line stood upon 5 R
another straight line makes adjacent In plain language: Splf yovia right angle
angles equal to one another, each of the If a straight line meets another straight line so that (orthé gonia) (each of the equal angles)
equal angles is a right angle, and the former the two adjacent angles are equal, then each angle x&BeTog perpendicular
straight line is called a perpendicular is aright angle (90°), and the meeting line is (kathetos) (the standing straight line)
o thet upon which it stands” perpendicular to the other.
D. ILLUSTRATION: PERPENDICULAR LINES E. EXAMPLES F. FURTHER EXAMPLES
1. A SQUARE CORNER 2. THE LETTER “L” 3. COORDINATE AXES 1. IN ARCHITECTURE 2. IN EVERYDAY OBJECTS
Let the straight line AB be
given, and let the straight A
line OC stand upon it.
If the adjacent angles H 3
£AOC = £COB, ol x
then each is a right angle, Each corner of a square - i L ‘The corner of a book
o e and OC is perpendicular is a right angle. e two straight lines e coordinate axes are The walls and floor is a right angle.
zh0c=zcoB=90° 0 g e el adi el traight lines. e The edges are
Hence OC L AB. straight lines. Eachisarightangle.  They form four right angles. perpendicular.
G. RELATION TO OTHER DEFINITIONS AND POSTULATES H. PHILOSOPHICAL NOTE —
‘This definition presupposes the notion of a straight line (Definition 1.4) and uses the Euclid defines the right angle not by measurement
concept of adjacent angles (Definition 1.8). The full geometric determination of (£ 45 DeR Nt e o pdtes' —the
perpendicular lines in the Elements relies on: equality of the adjscent angles formed when one
o Definition 1.4 — straight line (lies evenly with the points on itself). straight line stands upon another. This is a purely
 Definition 1.8 — plane angle (inclination of two lines). geometric definition, independent of numerical
« Postulate 1 — to draw a straight line between two points. measure, and allows the concept of perpendicular
 Postulate 2 — to extend a straight line continuously. lines to be developed within Euclid’s axiomatic
« Postulate 5 — the parallel postulate (used in later theorems on perpendiculars). framework.
& - = = —

Expanded Commentary from Explaining Fully the First Book of
Elements

’

V. “Otav 6¢ €00cio én’ evbsiav 10. And when a straight-line stood
otabeioa tog €eeklg yoviag Toag upon another straight-line makes ad-
aAANAong motd], opbn éxatépo TtV jacent angles equal to one another,
icov yovidv éoti, kol 1 épgotnkuia  each of the equal angles is a right
€00<To kKabeToC KaAeltal, €0 fiv épé- angle, and the former straight-line is
GTNKEV. called a perpendicular to that upon
which it stands.
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When a straight line stands upon another and makes
adjacent angles equal, each is a right angle.

But since we do not know how a straight line looks like yet, we can define
an arbitrary one

Standing “straight” line

selected Base straight line

When a ”straight”(curved) line stdnds upon another similar line
and makes equal Adjacent angles,
each is a gight angle.

Integrated Ontological Restatement

Source formulation. When a straight line stands upon another straight line
and makes adjacent angles equal to one another, each of the equal angles
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is a right angle, and the former line is called a perpendicular to that upon
which it stands.

Ontological role. Take a straight line AB and place another straight line CD
upon it at a point C such that the two angles on either side of CD are equal.
If they are equal, label each a right angle. Label CD a perpendicular to AB.
This is the operation of generating uniform division of the plane—the first
invariant measure of turn.

Definition 11

Aupieio yovia éotiv 1) ueilwv opbig.
11. An obtuse angle is one greater than a right angle.

Actions

1. An angle whose k\icig exceeds that of a right angle.

2. Open a book wider than a square corner.

DEFINITION I.11 — ‘AMBAEIA TQNIA

FROM
PHILOSOPHY

%\EUCLID} n obtuse angle is one greater than a right E\GEOLOETRY/J
A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS D. ILLUSTRATION: AN OBTUSE ANGLE
i appheia
1o, Appheia yovia éotiv 7 An obtuse angle is an angle (ambleia) o
peilwy dpbiic. whose kAiaig (1nd{nat10n) ‘(I;:n:) = o
exceeds that of a right angle. i
“« a3 pel ‘Ll.)‘\] the
‘An obtuse angle is one (meizn) ot ity
greater than a right angle.” In plain language: oeths (ofa) rght angle ©
An obtuse angle is larger than a (ortte) Angle ovis an obruse angle (& > 90°).
; o KMo inclination, opening
right angle (greater than 90°). i Btk
— - - —— — —y
| E. COMPARISON OF ANGLES F. EVERYDAY EXAMPLE G. ADDITIONAL EXAMPLES
1. ACUTE ANGLE 2. RIGHT ANGLE 3. OBTUSE ANGLE
120°
Y }
a B This angle is obtuse (120° > 90°).
, 150°
Acute angle: Right angle: Obtuse angle:
less than a right angle equal to a right angle greater than a right angle The book is opened wider than a right angle.
(@ < 90°). (B = 90°). (y > 90°). ‘The angle between the pages is obtuse.

‘This angle is obtuse (150° > 90°).
— — - — — -
H. RELATION TO OTHER DEFINITIONS
This definition presupposes the notion of a right angle (Definition 1.10)
and the general notion of a plane angle (Definition 1.8). Together with
Definition 1.12 (acute angle), it gives the three kinds of rectilinear angles:

o Acute angle — less than a right angle (1.12)
o Right angle — equal to a right angle (L.10)
* Obtuse angle — greater than a right angle (1.11)



Book 1

Expanded Commentary from Explaining Fully the First Book of
Elements

w’. "ApupAreio yovio éotiv i peilov  11. An obtuse angle is one greater
opOiic. than a right angle.

Integrated Ontological Restatement

Source formulation. An obtuse angle is one greater than a right angle.

Ontological role. Take an angle. Compare it to a right angle (as defined in
Definition 10). If it is larger, classify it as obtuse.

Definition 12

Oceio o¢ 1 érdoowv dpoic.
12. And an acute angle is one less than a right angle.

Actions

1. An angle whose k\ioig is less than that of a right angle.

2. Open a book slightly.
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DEFINITION 1.12 — “OZEIA TQNIA

“And an

ana s I

FROM
PHILOSOPHY
TO i
g\cfomnn }

B. REWRITTEN DEFINITION C. KEY TERMS D. ILLUSTRATION: AN ACUTE ANGLE

cute angle is one less than a t angl

A. EUCLID’S TEXT

: Diela acute
B, ‘Ol 8¢ 1) ENdioowy SpBiic. An acute fmglells an a{lgle (oxe3a)
whose kAiotg (inclination) ‘(/uiw_a) angle
. 3 ; g6nia)
“And an acute angle is one is less than that of a right angle. s et ; a
less than a right angle.” (elasson) et
pleinllansyees 800%  (nan) rightangle o
An acute angle is smaller than (orthes) g 5
a right angle (less than 90°). xAiolg inclination, opening Angle « is an acute angle (@ < 90°).
(lisis) of the angle
—_— — - — 4
E. COMPARISON OF ANGLES F. EVERYDAY EXAMPLES G. FURTHER EXAMPLES
1. ACUTE ANGLE 2. RIGHT ANGLE 3. OBTUSE ANGLE
30°
. B Y/ This angle is acute (30° < 90°).
Acute angle: Right angle: Obtuse angle: 60°
less than a right angle equal to a right angle greater than a right angle A slightly opened book forms  The opening between the blades )
(a<90°). (B =90°). (v > 90°). an acute angle (s than 90°) is an acute angl. This angl s acute (60° < 50°).
- - . - A
H. RELATION TO OTHER DEFINITIONS : KEY INSIGHT
‘This definition works together with: T B et il st gl
e Definition 1.8 — plane angle (the inclination of two lines in a plane). | Mi angle whose inclination
o Definition 1.10 — right angle (equal to 90°). el v :
o Definition I.11 — obtuse angle (greater than a right angle). o

Together, Definitions 1.11 and 1.12 classify the rectilinear angles
into three kinds: acute, right, and obtuse.

Expanded Commentary from Explaining Fully the First Book of
Elements

B, "O&eia 8¢ 1) ELdocmv dpoTc. 12. And an acute angle is one less
than a right angle.

Acute triangle Right triangle Obtuse triangle
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Acute curved angle Right curved angle

Obtuse curved angle

tanding curved line

Obtuse Base curved line

When a curved line sgafhds upon another “straight”(curved) line
and makesddjacent (curvi)linear angles unequal,
one is acute and the other obtuse.

Integrated Ontological Restatement

Source formulation. An acute angle is one less than a right angle.

Ontological role. Take an angle. Compare it to a right angle. If it is smaller,
classify it as acute.
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Definition 13

‘Opog éotiv, 6 T1vOg éott mépag.
13. A boundary is that which is the extremity of something.

Actions

1. A boundary is what marks the limit of a figure.

2. The circumference of a circle is the boundary of the circle.

o S FROM
DEFINITION .13 OPO= (OROS) o,
“A boundary is that which is the extremity of something.” ‘ o
the limit of nd which it does 1 el METEY
A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS D. ILLUSTRATIONS
i A D A boundary is that which is (au“r?s) boundary, limit 1. CIrCLE 2. TRIANGLE
1y'. Opog £o7iv, 6 TIvog the limit (népasg) of something - e Boundary o
. . = 5 népag imit, extremity, i oundaries
€CTL TIEPAG. — the outermost point or line ) endpofnt or ine (ircuference) (ebes)
beyond which the thing does :
- . E @ Twog of something
‘A boundary is that which not extend. (tinos)
is the extremity of ; totly i
e e o In plain language: = (estin) B
8. A boundary is the edge or limit Stvégiont  that whichis of The circumference is the  The three line segments are
of a figure. (hotinos esti)  something boundary (imit) of the circle.  the boundaries of the trangle.
8 - — 4
3. SQUARE 4. LINE SEGMENT 5. PLANE FIGURE (GENERAL) 6. SOLID FIGURE (PREVIEW)
Bt)[ﬂgdzr)ies Boundaries Boundary B(::r‘;gé‘g
|~ (edges /(end pmms)\
‘The four line segments are ‘The two end points are the ‘The boundary is the outermost Sy
the boundaries of the square. boundaries of the line segment line beyond which the figure B Z‘;ﬁ:ﬁ;i;hg;z:“d“”
does not extend.
—_———— — ———— e — —_— = — = e L—
E. EXAMPLES IN EVERYDAY LIFE F. RELATION TO OTHER DEFINITIONS KEY INSIGHT
1. A coin 2. Atable 3. A country The notion of boundary (5poc) applies to all figures: e e
p o Fora line segment, the boundaries are its end points utermost point or line
(Are Pk d which it does not extend
:  For a plane figure, the boundaries are lines (Definition 1.6).
 Fora solid figure, the boundary is a surface (cf.later books).
e  The idea of limit (n¢pac) is fundamental throughout the
The rim is the boundary  The edge is the boundary  The coastline is the boundary Elements.
of the coin. of the surface. of the country.
= = e — v

Expanded Commentary from Explaining Fully the First Book of
Elements

1y’. “Opog éotiv, 6 Tvog éoti mépag. 13, A boundary is that which is the
extremity of something.
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Curved polygonal boundary

Integrated Ontological Restatement

Source formulation. 4 boundary is that which is the extremity of something.

Ontological role. A boundary is the terminal marker of any extended thing.
It is the limit beyond which the thing does not extend. For a line, the bound-
ary is a point. For a surface, the boundary is a line. For a solid, the boundary
is a surface.

Definition 14

2y ot T0 OO TIVOS 1 TIVWV CP@V TEPIEYOUEVOV.
14. A figure is that which is contained by some boundary or
boundaries.

Actions

1. A figure is a region enclosed by one or more boundaries.

2. A circle is contained by one boundary. A triangle by three.
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EUCLID
BEFORE

%\EUCLID }

A. EUCLID’S TEXT

“A figure is that v

B. REWRITTEN DEFINITION

18", Zxfiud ¢oTt TO U TIvo A
’ Xmﬂ , S by one or more boundaries
f Tvwv Spwy mEpLEXOpEVOV.

(8pot).

“A figure is that which is
contained by some boundary
or boundaries.”

In plain language:
A figure is a part of a plane (or

or boundaries.

e
E. MORE EXAMPLES

3. A RECTANGLE (FOUR BOUNDARIES) 4. AN IRREGULAR PLANE FIGURE

Boundaries

Boundary
1 Cour

(a closed curve)

A rectangle is a figure contained

Any region enclosed by a line
by four boundaries.

is a figure, whatever its shape.
-

G. RELATION TO OTHER DEFINITIONS
This definition uses the notion of boundary (Definition 1.13):
* A figure is what is enclosed by one or more boundaries.
o The boundaries of a plane figure are lines (Definition 1.6).
© The boundaries ultimately consist of points and lines (Definitions I.1-1.4;

o This concept applies to both plane figures and solid figures
(in later books).

DEFINITION [.14 — XXEMA (SCHEMA)

ich is contained

A figure is a region enclosed

space) that is enclosed by boundary

FROM
PHILOSOPHY

TO !
%\GEOMETRY j

some boundary or boundaries.”

enc

C. KEY TERMS

D. EXAMPLES
cxﬁga ﬁgure 1. A CIRCLE (ONE BOUNDARY) 2. A TRIANGLE (THREE BOUNDARIES)
(,Sd.]em) Boundary Boundaries
o by, under, bounded by (circunference) (treelinesegment)
(hypo)

Spwv boundaries, limits
(hordn)

. ) Acircleis a figure contained A triangle is a figure contained
Z‘;ﬁ:g&‘;‘gn) contained, enclosed by one boundary (a single line). by three boundaries.

F. NON-EXAMPLES

5. A FIGURE WITH MULTIPLE BOUNDARIES 1. A LINE (NOT A FIGURE)

2. AN OPEN CURVE (NOT A FIGURE)

N

An open curve is not a figure,
because it does not enclose
a region.

Outer boundary

Inner boundary

Aline by itself is not a figure,
because it does not enclose
a region.

This figure is contained by two boundaries
(an outer and an inner boundary).

osed by the boundary
tent of the
and the figure is the part contained within that bounda

or boundaries. The boundary determin

).

Expanded Commentary from Explaining Fully the First Book of

Elements

o

0. Zyfiund ot T6 VIO TVOG T TIVOV

Opwv mepreyOEVOV.

Curvilinear triangle

14. A figure is that which is con-
tained by some boundary or bound-
aries.

Curvilinear quadrilateral
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Integrated Ontological Restatement
Source formulation. A4 figure is that which is contained by some boundary
or boundaries.

Ontological role. Take a collection of boundaries (points, lines, surfaces)
that enclose a region. The enclosed region is a figure. The figure is the unity
of bounded extension.

Definition 15

Kbrlog éoti ayijuo émimedov Dm0 widg ypouuic mepigyouevov [
Koleltar weEPIpEpeLa], mpog fv e’ Evog anueilov TV Eviog 00
OYNUOTOC KEWEVWY mhool ai mpoorintovoal eb0elor [Tpog v
700 KDKAOV TEPLYEPELOV] Toon aALRLoug loTv.

15. A circle is a plane figure contained by a single line (called
a circumference), such that all straight lines falling upon it
from one point among those within the figure are equal to
one another.

Actions

1. Choose a point O (the centre).
2. Choose a distance r (the radius).

3. Draw a figure such that every point on its boundary is at distance r from
0.

4. The figure is a circle.

Interpretation from the Commentary

The circle is the figure of equality — every radius is equal. Its uniqueness
depends on the straight line being fully determined.
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DEFINITION [.15 — KYKAOV (KYKLOS)

ROM
PHILOSOPHY
, such that all straight lines I

4 TO I
i&mmmn J

rcumferer

A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS D. ILLUSTRATION

Kb AT T, 5 xihog Circumference
te'. Kbiho Eotl oyfipa éminedov A circle is a plane figure contained (yklos) B & (periphery)
VIOl e YPLLNG, HEPIEXOLEVOY by one line (the circumference) oxilpa figure L
[r| KoAelTan nepupzpem] npcg nv Y ra D (schéma) o

such that all straight lines from a émineSov ooy
g’ &vdg m]u:tou @V Evtog Tod single interior point (the centre) o) plane (lying in a plane) . 3
OXW!XIYOC Ketpzw:uv PMM ?'L . to the circumference are equal Yoauuh line
mipooTinTovsaL evBelat [rpdg ThY h (grammé)
00 kbKhov TepLpépeLav] Toar tojone another; fopmircs)  draumference
MAa eioty. :
. 5 i onelov i
“A circle is a plane figure contained K‘ P]"l“‘ ]":g“agef‘ K% ; Gemeion) PO
by a single line (called a circumference), pe e 2 f ;,Se‘ o W‘““ﬁ;"da PARS oy within,inside
such that all straight lines falling upon it 2t the same distance fror a e point cobeta g
from one point among those within oS gUreCaeS EIHEHED (eutheiai) straight lines OA=0B=0C=0D=0E=r
the figure are equal to one another.” bounded by a single line, called the o Ao 2 ‘ The circle is the set of all points at equal
circumference. (isa alleis) | ©9ual © one another distance r from the centre O.
E. CONSTRUCTION (PRACTICAL EXAMPLE) F. FURTHER EXAMPLES G. NON-EXAMPLES
1. FIX A CENTRE 2. USE A STRING 3. DRAW A CIRCLE 1. DIFFERENT RADIUS 2. SAME CENTRE 1. ELLIPSE (NOT A CIRCLE) 2. OPEN CURVE (NOT A CIRCLE)
Fixa point O Tie a string of fixed length Keep the string taut and move N % l Not all distances from O Not a closed figure.
(the centre). t0 pencil the pencil. The figure drawn is  Acircle witha smaller radius.  Circles with the same centre 1 the boundary are equal Hence not a circle.

acircle. but different radii (r; > r,).

H. RELATION TO OTHER DEFINITIONS KEY ]NQIC}IT

This definition depends on and uses:

Note: e = N let'a ol al &
i e et o i e i) B ey the unique plane figure bounded by a single
o Definition 16 — boundary (the circumference is the single boundary). | Its uniqueness depends on the ith all radii from a s terior point equal.
o Definition 1.7 — plane surface (the circleis 2 plane figure). straight line being fully Itis tt of equality.
o Definition .14 — figure (a region enclosed by a boundary). determined (see Postulates and
o Definition I.1-L.3 — point, line, extremities (basic notions). later propositions). ce are equal

Expanded Commentary from Explaining Fully the First Book of
Elements

1e”. Kokhog €oti oyfjna Eninedov vmd  15. A circle is a plane figure con-
ag ypouuig mepieyopevoy [1j koke- tained by a single line (called a cir-
{ton mepipépetn], mpog fiv 4@’ €vog cumference), such that all straight
onueiov TV évtog Tod oyfuatog kel- lines falling upon it from one point
pévav macat ai Tpoorintovcal e00e- among those within the figure are
it [mpog v 100 KOKAOL TePIPé- equal to one another.

peav] ioat dAndoug giciv.
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)

Small circle Medium circle Large circle
(radius 71) radius 75) (radius 73)

Integrated Ontological Restatement

Source formulation. A circle is a plane figure contained by a single line
(called a circumference), such that all straight lines radiating from one fixed
interior point to the circumference are equal to one another.

Ontological role. Take a fixed point O (the center). Take a movable straight
line r (the radius). Rotate r around O without changing its length. The path
traced by the endpoint is the circle. Check that every endpoint is at the same
distance from O. If so, the figure is a circle. Critical dependence: this def-
inition presupposes that the straight line (the radius) is a stable, symmetric
measure. If the straight line were bent or asymmetric, the circle could not
be uniquely defined. Thus, Definition 15 exerts ontological pressure back
onto Definition 4, forcing the straight line to be symmetric and uniform.

Definition 16

Kévtpov de 100 kdrAov 10 onueiov kaleitol.
16. And that point is called the center of the circle.

Actions

1. The point from which all radii are equal is the centre.
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2. The hole left by the peg in the string construction is the centre.

EUCLID { DEFINITION 1.16 — KENTPON (KENTRON)

BEFORE A
point is called the

t\EUCLID j nd that

PHILOSOPHY

ntre of the circle TO I
%\GEOME‘RY

A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS D. ILLUSTRATION: THE CENTRE AND RADII

0y g 3 ¢ A i
5. Ke 52 70T 10Kh The interior point from which ey centre Cl{;::ggg;; -
y ey EVEPW e ROl all radii are equal is the centre = 4
0 onpeiov koheitat. of the circle. :‘k‘;‘;d;‘) circle
“And that point is called : D Pt E &
p e In plain language: (sémeion)

the centre of the circle. The centre of a circle is the fixed :i}'hé"ﬂ'ﬁ ﬂ_YIHEFU“) from a single point

point inside the circle that is P s Tt

equally distant from every point ;i’s‘:: :‘u"e"lg?;';‘“ equal to one another D (o)

on the circumference. :

Tepupipeia dnmirente OA=OB=0C=0D=0E=r.
(periphereia) The point O is the centre of the circle.
» 4
E. CONSTRUCTION (PRACTICAL EXAMPLE) F. FURTHER EXAMPLES G. NON-EXAMPLE
1. Fix A POINT 2. USE A STRING 3. DRAW A CIRCLE 1. SAME CeNTRE, DIFFERENT RADIUS 2. CENTRE DETERMINES THECIRCLE 3 A point not at the centre
3 r
o 0.
Point P is not the centre,
Fix a point O Tie a string of fixed length r ‘h:ﬁf,\{ﬁ;:;ﬁe ‘}f}i]ﬁ,’:go is  Circles with the same centre A circle is uniquely determined to :’}:an;::agcpes‘sf::r;eoqtl all
(for example, with a peg). to the peg and a pencil the centre of the circle. but different radii (r, > r,). by its centre and radius. points on the circumference.
> = —— =

H. RELATION TO OTHER DEFINITIONS
Definition .16 completes Definition 115 (circle):
o Definition .15: A circle is a figure with all radii from a single interior point equal.
 Definition 1.16: That interior point is called the centre.

o The centre is a point (Definition 1.1) lying within the figure (Definition L.14).

o All radii are straight lines (Definition 1.4) and equal (Definition L15).

KEY INSIGHT
s the point from which all points on the circurr
It is the unique interior point that defines th

Expanded Commentary from Explaining Fully the First Book of
Elements

1¢". Kévtpov 8¢ tod kvxhov 10 onue- 16. And that point is called the center
iov KaAeitat. of the circle.
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S,

Small circle Medium.circle Large circle
7"13 T2) (r3)

“straight” radii

“straight” radii

“straight” radii '

Small circle Mediym.circle Largelcircle
7)1(‘) tlTQ) r 3)

Integrated Ontological Restatement

Source formulation. The center of the circle is the point called the center.

Ontological role. Label the fixed interior point O from Definition 15 as the
center. It is the origin of all radii and the pivot of rotation.

Definition 17

A16uetpog € Tod KdKAov E0Tiv €00€TA TIC 010, TOD KEVTPOL Hyuevn
Kol mepaTovuévn @’ Ekatepa TO. UEPN VIO THS TOD KOKAOD
TEPLPEPELOG, HTIC KO DLy TEUVEL TOV KOKAOV.
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17. And a diameter of the circle is any straight line drawn
through the center and terminated in each direction by the
circumference of the circle; it also cuts the circle in half.

Actions

1. Draw a straight line through the centre O.
2. Extend it until it meets the circumference on both sides.
3. The segment between the two circumference points is a diameter.

4. It divides the circle into two equal halves.

Interpretation from the Commentary

This definition forces the straight line to be symmetric with respect to its
centre. If the diameter were a curve, the two halves of the circle would not
be equal. This is the first step in determining the straight line’s true shape.

. EUCLID

DEFINITION [.17 — AIAMETPOZ (DIAMETROS)
“And a di cle i e 0

D. ILLUSTRATION: A DIAMETER

A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS
, & £ 100 K0 ” 5 s f SudpeTpoc " Circumference
g ,A‘“PSTP‘," & 5‘9" KGKhov A diameter s a straight line Cametod o o (periphery)
f:""’s,:u Kﬁ?;q u‘;:\)‘mé‘:l xzévr,pou through the centre, terminated xdKhog e
TIVHEVI K EEpATORHEvn Ep: at both ends by the circumference i)
ExdTepa T& pépn O Tiig Tod . s 5 €0ela ieht I
5 T 1 of the circle. It bisects the circle. ; straight line
xbkhov TEpLPEpELag, TiTL Kal : : (eutheia) A B
Siya TépveL oV KbxAov. ) centre
“And a diameter of the circle is In Plam larfguage:' 5 TEPEpeLX circumference
any straight line drawn through A diameter is a straight line segment e,
the centre and terminated in each with endpoints on the circumference ?A}ﬁ,: ) Cutsin half bisects AB is a diameter of the circle with centre O,

that passes through the centre. It
divides the circle into two equal parts
(semicircles).

It passes through the centre and is terminated
by the circumference at A and B.
It cuts the circle into two equal parts.

direction by the circumference of

the circle; it also cuts the circle in half” in'eact direction

éxiirepa i pépn
( at both ends

(hekatéra ta meré)

G. FURTHER EXAMPLES
1. VERTICAL DIAMETER

F. EVERYDAY EXAMPLE
FOLD A CIRCLE

8
E. CONSTRUCTION (PRACTICAL EXAMPLE)

1. A CIRCLE 2. DRAW A STRAIGHT LINE 3. THE DIAMETER 2. MANY DIAMETERS

THROUGH THE CENTRE

[
A B A B [

) Draw a straight line through O ABis a diameter. - There are infinitely many
Draw a circle with centre . that mees the circumference It divides the circle into f;':;gjs":;‘c'}il:l}"‘;‘f::;z o CD s a diameter diameters, all passing through
at AandB. w0 equal parts (semicirces).  giameres which bisecs the cirde. Italso bisects the circle the centre.

H. RELATION TO OTHER DEFINITIONS
o Uses Definition L.15 — circle (the figure with a single boundary and equal radii)
o Uses Definition 1.16 — centre (the point from which all radii are equal).

o Uses Definition 1.4 — straight line (the diameter is a straight line).

o A diameter is twice a radius (1.15) and divides the circle into two semicircles.
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Expanded Commentary from Explaining Fully the First Book of
Elements

. Adpetpog 6¢ 100 KoKAov €otiv 17. And a diameter of the circle is
€V0e1G TIc S0 TOD KEVTpOL Mypévn any straight line drawn through the
Kol mepotovpévn €p° ekdrtepo T center and terminated in each direc-
puépn Hmod Thg Tobd KOKAOL meEppe- tion by the circumference of the cir-
peiag, ftig kal dixo téuvel Tov KO- cle; it also cuts the circle in half.
KAov.

So from this postulate we have to have that the diameter of the circle should
be a straight line. Let us see some of our infinite options so far:

Diameter ® Centro
¢ Centre
N

; ; ; Large circle
Sma(l} 1(')1rcle Medi T(rzl)c1rcle g(rg)

“Straight” diameter

i i i Large circle
Sma(l} 1(.‘)11”016 Med11(17g121)01rcle :‘:’(T3)
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Arbitrary curvilinear boundary

ght line” diameter

Abstract circle figure

Since we do not yet know what the circle truly looks like, nor in what manner
the distance from its centre is to be measured, let us consider the case of a
straight line that bends unevenly on either side of its centre. That line is
necessarily the diameter of the circle. The centre of this line may still be
determined by counting an equal number of steps along each part.

Uneven squiggling line with alternating deviations
re (mmxdpoint)

Left part Right part

Unequal projections, equal curvilinear lengths

Centre (equal arclength divider)
Left/end Right end

Left: short in z, wavy Right: long in z, smooth
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Rotation of an uneven curvilinear line —

endpoint traces are circles of unequal radii

Figure 1: When the diameter is a curvilinear line, unequal in shape on its
two sides yet equal in total length, it is rotated about its centre, each of its
ends describes a perfect circle. The constancy of the distance between each
end and the centre fulfills Euclid’s definition of the circle, given that we
defined the straight line as above.

Let a straight line be conceived as a length having a centre which divides
it into two equal parts, though the two halves may differ in form, the one
being more irregular and the other more even. If such a line be turned about
its centre as about a fixed point, each of its ends will trace a path around that
centre. Let us now define the diameter of any circle based on that straight
line. Because every point of the line remains at the same distance from the
centre throughout the rotation, each endpoint describes a perfect circle. The
motion of the line thus reveals that the circle is that figure whose boundary
is everywhere equidistant from its centre.

Yet, if the line itself is not symmetric with respect to its centre—if one half
bends more or less than the other—then the two ends, though both at equal
distances from the centre, will trace circles of unequal size. Hence the defi-
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nition of the circle, taken in itself, may still be satisfied, but not in a unique
way. Until we know what form the straight line truly possesses, the circle
likewise remains uncertain in its appearance; for the measure of distance
from the centre, by which the circle is defined, depends on the nature of that
line. Thus we see that when the line lacks symmetry, the circle with the
same nominal radius is no longer one and the same, but two, each true to the
definition yet unequal in extent.

Yet this definition alludes to more than the act itself: it assumes that dis-
tance may be known and preserved, that it may revolve uniformly about a
fixed point, and that all points reached thereby remain equally distant from
the centre. In this sense, the postulate does not merely define a figure but
proclaims the very possibility of constant measure and unbroken motion. It
is therefore the first hint of equality and symmetry within space, for by it
every point may serve as a centre, and every length as a measure.

But if the nature of the straight line and the manner of measuring distance
remain uncertain, then the circle so drawn is not yet one in form, nor unique
in kind. For where the radius is not known as a constant magnitude, the
circle cannot be known as a single figure.

The definition of the diameter therefore sets the first step for determining the
shape of the straight line! The shape of the straight line has to be the same,
the straight line has to be symmetric with respect to its centre, otherwise the
circle induced by it is not unique! We have two different circles with the
same radius, diameter and centre.

Integrated Ontological Restatement

Source formulation. A diameter of the circle is any straight line drawn
through the center and terminated in both directions by the circumference.
Such a line also cuts the circle in half-

Ontological role. Draw a straight line through the center O of a circle until it
hits the circumference on both sides. Mark these two points. This line cuts
the circle into two equal halves. Ontological consequence: if a line is to
serve as a diameter, it must be symmetric with respect to its center. The two
halves—one on either side of the center—must be mirror images in length
and shape. If the line were curved or asymmetrical, the two halves would
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be unequal, and the circle would not be uniquely defined. By Postulate 2
(infinite extension), this symmetry must hold for every point on the line,
not just the center. Therefore, every point of a straight line is a center of
symmetry—meaning the line is infinite, uniform, and without turning. This
is the birth of true rectilinearity.

Role in the Cumulative Definition of Rectitude

The diameter supplies the symmetry condition that the reconstruction reads
back into the developing concept of the straight line. A line capable of pass-
ing through the centre of a circle and terminating on the circumference in
both directions while dividing the circle into equal halves must display bilat-
eral symmetry about that centre. Combined with continuous production, this
becomes a global condition rather than a property restricted to one chosen
diameter.

Definition 18

Huixdriov ¢ éoti T0 mEPLEYOUEVOV TYTIUO VIO TE TS OLAUETPOD
Kol TS Groloufavouévng Or’ abTic TEPIPEPEIOS: KEVTIPOV O TOD
NUIKVKALIOD TO 00TO, O Kol T0D KDKAOV 0TiV.

18. And a semicircle is the figure contained by the diameter
and the circumference cut off by it; the center of the semicircle
is the same as that of the circle.

Actions

1. Take a circle and a diameter.
2. The figure bounded by the diameter and one arc is a semicircle.

3. Its centre is the same as the circle’s.
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e

EUCLID

“And a semicircle i
the

he

A. EUCLID’S TEXT B. REWRITTEN DEFINITION

. HuwkOkAtov 8¢ ot o

TiepLexduevov oxfiua Umé Te

1fig Stapétpou kai g

amodapBavouévg O’ adtiig

TepLPepeiag: kEvTpov 8¢ Tol

futkvkAiov 6 adTd, & kal

o kUxAou otiv.

“And a semicircle is the figure

contained by the diameter and the

circumference cut off by it; the centre

of the semicircle is the same as that

of the circle.”

.

E. CONSTRUCTION (PRACTICAL EXAMPLE)

1. ACrRCLE

A semicircle is the figure bounded
by a diameter and one arc of the
circumference. Its centre is the
same as that of the circle.

In plain language:

A semicircle is half of a circle,
enclosed by a straight line

(the diameter) and a curved line
(one half of the circumference).

The centre of the semicircle is the
same point as the centre of the circle.

2. DRAW A DIAMETER 3. THE TWO SEMICIRCLES

A B A B
0 0
SZ
Draw a diameter AB through  The diameter divides th circe
the centre O. into two semicircles.

Draw a circle with centre O.

H. RELATION TO OTHER DEFINITIONS

o Uses Definition I.17 — diameter (the straight line through the centre).

o Uses Definition L.15 — circle (the figure with a single boundary).

o Uses Definition .14 — figure (a region enclosed by 2 boundary)

o The centre of the semicircle is the same s the centre of the circle.

o The diameter is a boundary of the semicircle (a straight line), together with one arc
of the circumference (a curved line)

DEFINITION .18 — HMIKYKAION (HEMIKYKLION)

F. FURTHER EXAMPLES
1. A SEMICIRCLE SHAPED REGION

-

It is bounded by the diameter AB

FROM
PHILOSOPHY

TO 1
a\csomsﬂw

D. ILLUSTRATION: A SEMICIRCLE

nce cut off by it;

C. KEY TERMS
fpucdrhiov Arc of the
emion) T cicunference
oxfiua
(schéma) Seire Semicircle
Sudpepoc . (the figure)
(diametros)
repupépeia -
(periphereia) A % \ B
amohagavopévn  cut of, determined Diameter

(apolambanomené)
‘The semicircle is the figure bounded by the

xévepoy

(kentron) G diameter AB and the arc of the circumference.
0 abTd . Its centre is the same point O as the centre
(o auté) the same (point) of the circle.

G. EVERYDAY EXAMPLE
1. CUTTING A CIRCLE

QO

Cuta paper circle along a diameter.
Each half is a semicircle.

2. THE SAME CENTRE

0 B

This is a semicircle. =
The semicircle has the same
and the arc AB. centre O s the circle.

Expanded Commentary from Explaining Fully the First Book of

Elements

m’. "Huuorkiov 8¢ ot 10 mepieyo-
pevov oyfipa VIO 1€ THG SLUETPOV
Kol ThG amolapPoavopévng O VTG
TEPPEPEiag KEVIPOV OE 10D MuUIKL-
KAlOL TO avTo, O Koil TOD KOKAOL
€oTiv.

18. And a semicircle is the figure con-
tained by the diameter and the cir-
cumference cut off by it; the center
of the semicircle is the same as that
of the circle.
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Semicircle
”Straight” diameter
Semicircle (r
~ Centre (rs)
Diameter

Regular circle (Euclidean)

Here we use the fact that the straight line has to be a line which is symmetric
with respect to its centre.

Integrated Ontological Restatement

Source formulation. A semicircle is the figure contained by the diameter
and the circumference cut off by it. The center of the semicircle is the same
as that of the circle.

Ontological role. Take a circle. Draw a diameter. The diameter divides the
circle into two equal halves. Take one of these halves—the region bounded
by the diameter and the corresponding arc of the circumference. That region
is a semicircle. Its center is the same point as the center of the original
circle. This definition assumes that the diameter has already imposed central
symmetry (Definition 17) and that the circle has been uniformly divided.

Definition 19

Zynuoto  080ypouuc. éott T Vmo  €00e1dV  TEPIEYOUEVO,
winlevpa HEV 0. VIO TPIDV, TEPATAEVLPO O TG VIO
T€000pWV, TOADTAEVPO, O TO VIO TAEIOVWV 1] TEGOGPOV
eV0e1DV TEPLEYOUEV QL.

19. Rectilinear figures are those contained by straight lines:
trilateral by three, quadrilateral by four, and multilateral by
more than four.
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Actions

1. A figure whose boundaries are all straight lines is rectilinear.

2. It is classified by the number of sides.

EUCLID 19 X OYTP/ EMA /GRAMMA) FROM
BEFORE g e " . e I 9 PHILOSOPHY
“Rectilinea onta gl s: trila ateral by mc our.” TO
%\EUCLID ﬁ S o o4 k &GEOMETRV l
A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS D. ILLUSTRATIONS
p: -4 £0810 1. . ul 3. Mt
g Zxf) pata EyeeU‘LPuPP“ Rectilinear figures are contained ‘éﬁ;‘:ﬁz) figures Gl | W
tott T8 Omd eVBeLdY ioht li
: = . by st_ralght lines. They are ; our ANl cecricent i
TIEPLEYOUEVA, TPLTAEPA UEV classified by the number of their (euthygramma) ~ (with straight lines) A A B
T UTO TPV, T,ETP“"MUF“ sides: trilateral (three sides), 6
8¢ T4 VIO TETTApWY, 4 5 by, enclosed by E B
< gapwy, quadrilateral (four sides), (hypo)
moMmAcupa 8¢ & Vrd multilateral (more than four sides).  eo8eiay Srgholines
TAELOVWY 1| TECThpwY (eutheion)
iueu.u?v TEPLEXOUEVQ. In plain language: WAL el hreesided) B C || D C D [4
Rectilinear figures are those A rectilinear figure is a plane figure (cripleurz)
contained by straight lines: enclosed by straight line segments. TEATASPY  (aiera (foursided) A triangles a trilateral  Asquareis a quadrilateral A pentagon s a mullateal
trilateral by three, quadrilateral If it has 3 sides it is called trilateral, (tetrapleura) rectilinear figure. rectilinear figure.  rectilinear igure (five sides).
by four, and multilateral by if 4 sides quadrilateral, and if more ~ mokémAsvpa  muldlateral
more than four.” than 4 sides multilateral. (polyleura) (more than four sides)
+ L 4
E. MORE EXAMPLES F. NON-EXAMPLE G. GENERAL CASE
1. TRIANGLE (3 SIDES) 2. RECTANGLE (4 SIDES) 3. PENTAGON (5 SIDES) 4. HEXAGON (6 SIDES) 5. OCTAGON (8 SIDES) A CURVED FIGURE (NOT RECTILINEAR) /A POLYGON WITH n SIDES

Ame 00 O

Trilateral Acircle is not a rectlinear figure, A polygon with more than four

because it is not enclosed sides is a multilateral
(3 sides). (4 sides). (5 sides) (6 sides). (8 sides) by straight lnes, rectlinear figure.

H. RELATION TO OTHER DEFINITIONS

® Uses Definition I.1-1.4 — point, line, straight line.

o Uses Definition 114 — figure (a region enclosed by boundaries).

o A rectilinear figure is a figure whose boundaries are straight lines.

o Triangles, quadrilaterals, and other polygons are special cases of rectilinear figures.
 This classification will be used throughout the Elements (Books [-VI) and beyond).

Expanded Commentary from Explaining Fully the First Book of
Elements

0. Zynuota e000ypappd €ott to  19. Rectilinear figures are those con-
V70 V01DV TEPIEXOUEVD, TpimAevpa  tained by straight lines—trilateral by
HeV 10, VIO TPUdV, TeTpamievpa d¢ three, quadrilateral by four, and mul-
T OO TEGGAPV, ToAVTALPa O T tilateral by more than four.

VO TAEWOVOV 1| Tecohp®V V0DV

mePLEYOLEVOL.
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Trilateral (Triangle)
Rectilinear Curvilinear
Quadrilateral
Rectilinear Curvilinear ]

Quintilateral (Pentagon)

Recti m:'ar Curvilin

Sextilateral (Hexagon)

0~
{3

Heptilateral (Heptagon)

O
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Figure 2: Each polygon is drawn both with rectilinear and with symmetric
curvilinear sides. Though wavy in form, these curvilinear sides remain bal-
anced about their midpoints, and may thus be regarded as “straight” in the
higher sense of symmetrical equilibrium.

Integrated Ontological Restatement

Source formulation. Rectilinear figures are those contained by straight
lines: trilateral by three, quadrilateral by four, and multilateral by more
than four.

Ontological role. Take a closed figure. Examine its boundaries. If every
boundary is a straight line (as determined by Definition 4, cumulatively), the
figure is rectilinear. Count the number of straight-line boundaries. If there
are three, classify it as a trilateral figure (triangle). If four, quadrilateral. If
more than four, multilateral. This is a classification operation that organizes
all rectilinear figures by the number of their sides.

Definition 20

Tdv d¢ tpimdebpwv aynuaT@V I00TAEVPOV UEV TPIYWVOV E0TL TO
106 TPEIS foag Eyov TAevpas, ioooKeAES ¢ T0 TS 0D0 Uovas ioog
&xov TAEVPAS, TKAANVOV 0€ TO TOGS TPEIS AVIGOVS &0V TAEVPAG.
20. Of trilateral figures: an equilateral triangle has three
equal sides; an isosceles has two only equal sides; a scalene
has three unequal sides.

Actions

1. Classify triangles by side equality: equilateral (3 equal), isosceles (2
equal), scalene (3 unequal).

2. Draw three triangles: one with all sides equal, one with two equal, one
with none equal.
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A. EUCLID’S TEXT B. REWRITTEN DEFINITION C. KEY TERMS D. ILLUSTRATIONS

Ty 5 o . 7 ke ilateral f
Its 4'T(vx)v 5EVTPVU‘)?\€UP‘W ) Tmngles - an§ ified by the E[:;‘ei-;g:\)' E?ni[:;fg) igure 1. EQUILATERAL TRIANGLE 2. ISOSCELES TRIANGLE 3. SCALENE TRIANGLE
ol R equality of their sides: isémhevpoy  equilateral A A A
Tplywvdy EoTi 10 Tag Tpels . f (isopleuron)  (three cqual sides)
{oag Exov mheupds, . ‘equllateral — three equal s@es, Evs o
{cooxehég 8 10 Tég S0o pévag o isosceles — two only equal sides,  (isoskelés) (two equal sides)
{oag £xov mAeupds, o scalene — three unequal sides. oxaAnvév scalene
oxahnvov 8¢ 6 T Tpeic (5""’13“"“) (three unequal sides)
= ¢ i A Tpiywvoy p
avtcéug Exyov mhevpag. : In plain language: {Gigdnon) triangle B C || B GBI 3
“Of trlateral figures: an equilateral 4 triangle is called equilateral if all mhevpd dide AB=BC=CA AB=AC#BC AB#BC % CA
triangle has three equal sides; three sides are equal, isosceles if (pleura)
an isosceles has two only equal ; 2 oS equal An equilateral triangle ~ Anisosceles triangle A scalene triangle
sides; a scalene has three unequal exactly two sides are equal, and f'“.”z has three equal sides. has two only equal sides. has three unequal sides.
sides. scalene if all three sides are unequal. gr:i‘;og) unequal, not equal
- . 4
E. FURTHER EXAMPLES F. NON-EXAMPLE G. EVERYDAY EXAMPLE
1. EQUILATERAL (SIDE LENGTH a) 2. ISOSCELES (SIDE LENGTHS a, b) 3. SCALENE (SIDE LENGTHS a, b, ¢) NOT A TRIANGLE DIFFERENT TRIANGLES
A A A
a a a a b ¢ — o
A B C
B ] B C
S b = Points A, B, C are collinear Equilateral Isosceles Scalene
Al three sides are equal: Two sides are equal: Al sides are unequal: “This is not a triangle (egatiangilarsig)  (egarood)  (eg a triangular piece)

AB=BC=CA=a. AB=AC=a, BC=b. AB=b, AC=¢, BC=a. (it has no enclosed figure).

KEY INSIGHT

S
H. RELATION TO OTHER DEFINITIONS

o Uses Definition L.19 — trilateral figure (triangle = a rectilinear figure with three sides).
o Uses Definition 1.4 — straight line (the sides are straight lines).

o Uses Definition 1.13-1.14 — boundary and figure (the triangle is enclosed by its sides).
o The classification by side equality will be used in many later propositions

(e.g-in the study of triangle properties in Books I-VI)

cation i

fi

Expanded Commentary from Explaining Fully the First Book of
Elements

k. Tadv 8¢ tpmiedpov oynuatwv 20. Of trilateral figures: an equilat-
icomAevpov PV Tpiymvov 0Tt T0 Tag  eral triangle has three equal sides; an
Tpelg {oag &yov mhevpdc, icookehec isosceles has two only equal sides; a
0¢ T0 TG 6v0 povog ioag Exov mhev- scalene has three unequal sides.

pAc, OKAANVOV O TO TG TPELG Avi-

G0V EYOV TAELPAG.
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Equilateral Triangle (three equal sides)

Rectilinear Curvilinear

Isosceles Triangle (two equal sides)

Rectilinear Curvilinear

Scalene Triangle (no equal sides)

Rectilinear Curvilinear

Figure 3: Each figure is drawn both with rectilinear and with symmetric
curvilinear sides. Though wavy in form, these curvilinear sides remain bal-
anced about their midpoints, and may thus be regarded as “straight” in the
higher sense of symmetrical equilibrium.
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Integrated Ontological Restatement

Source formulation. Of trilateral figures: an equilateral triangle is that
having three equal sides,; an isosceles triangle that having only two equal
sides; and a scalene triangle that having three unequal sides.

Ontological role. Take a trilateral figure (triangle). Measure its three sides.
Compare them pairwise. If all three are equal, label it equilateral. If exactly
two are equal, label it isosceles. If all three are unequal, label it scalene.
This is a labeling operation that distinguishes triangles by their symmetry of
side-length.

Definition 21

"ET1 08 TV TPIIAE0p 0V oY NUdTmV 6pBoymviov UEV Tpiywvoy ot
70 &yov pOny ywviav, dufivyaviov 0¢ 0 Exov duficioy ywviay,
olvyaviov de 10 Tag TPEls dleiag Exov ywviag.

21. And further, of trilateral figures: a right-angled triangle
has a right angle, an obtuse-angled triangle has an obtuse
angle, and an acute-angled triangle has three acute angles.

Actions

1. Classify triangles by angle type: right-angled (one right), obtuse-angled
(one obtuse), acute-angled (three acute).

2. Draw a right triangle, an obtuse triangle, and an acute triangle.
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A. EUCLID’S TEXT

18", ‘Et1 8¢ 6 tpimAelpwy
oxNudTwy dpBoydviov pev
Tplywvéy ot 6 Exov 6pBAv
ywviav, &upruydviov 8¢ o
Eyov appreiav ywviay,
OEuydviov 8¢ T TG Tpeig
oeiag Exov ywviag.

“And further, of trilateral figures:
a right-angled triangle has a right
angle, an obtuse-angled triangle
has an obtuse angle, and an acute-
angled triangle has three acute
angles.”

.
E. FURTHER EXAMPLES

an obtuse-angled triang

B. REWRITTEN DEFINITION

Triangles are classified by

their angles:

e right-angled — one right angle,
o obtuse-angled — one obtuse
angle,

acute-angled — three acute
angles.

In plain language:

A triangle is right-angled if it has a
right angle, obtuse-angled if it has
an obtuse angle, and acute-angled
if all three angles are acute.

C. KEY TERMS

épBoyiviov
(orthdgdnion)

apBoyivioy
(amblygdnion)

SEoyiviov
(oxygonion)

piywvoy
(trigdnon)
wvia
onia)
603
iy
apPheic
s
ofeia
(ovein)

F. NON-EXAMPLE

DEFINITION I 21 — OPOOTQNION, AMBAY I'QNI()N OEYTQNION ERON {

PHILOSOPHY

TO h
t\GEOMETRY }
D. ILLUSTRATIONS

1. RIGHT-ANGLED TRIANGLE 2. OFTUSE-ANGLED TRIANGLE 3. ACUTE-ANGLED TRIANGLE

Aw A

cute angles.”

ight-angled
(havinga ight angle)
obtuse-angled
(having an obtuse
angle)
acute-angled
(hav\ng ree s

triangle
angle

tight (angle) Tiangle ABCs rightangled Trangle ABC s obtuscangled Triznge ABC s acuteangled
obtuse (angle) (£B=90°). (£B > 90°). (al three angles < 90°)
acute (angle)

G. REAL-WORLD EXAMPLES

1. RIGHT-ANGLED (3-4-5 TRIANGLE) 2. OBTUSE-ANGLED TRIANGLE 3. ACUTE-ANGLED TRIANGLE A RIGHT ANGLE IS REQUIRED 1. RIGHT-ANGLED 2. OBTUSE-ANGLED 3. ACUTE-ANGLED
A A
A
not 90°
G

B 4 C B B © A set square A roof can form A triangular sign
A right-angled triangle Triangle ABC with Triangle ABC with Thls is not a right-angled mangle formsaright-angled  an obtuse-angled often has three

with sides 3, 4, 5. ZB > 90° (obtuse). all angles < 90° (acute). because ZB is not a nghr angle triangle. triangle. acute angles.

s

H. RELATION TO OTHER DEFINITIONS

Uses Definition 1.8-1.12 — right, obtuse, and acute angles.
Uses Definition 1.20 — triangle (trilateral figure).

Uses Definition 1.14 — figure (enclosed by three straight lines).
This classification by angles is used throughout the Elements (e.g. in Book I, Proposition 47
on the Pythagorean theorem, and in later books).

Expanded Commentary from Explaining Fully the First Book of

Elements

"ETt 8¢ TV TpIALOp®V oYNG-
TV opboydviov pEv Tpiyovov €oTt
70 &yov OpOnV yoviav, auprvydviov
8¢ 10 &yov auPreiov yoviav, 0&vym-
viov 8¢ 10 Tag Tpeig 0Eeiog Exov yo-

viag.

21. And further, of the trilateral fig-
ures:
right angle, an obtuse-angled trian-
gle has an obtuse angle, and an acute-
angled triangle has three acute an-

a right-angled triangle has a

gles.

Right-angled triangleObtuse-angled triangleAcute-angled triangle

one right angle

one obtuse angle
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Book 1

Integrated Ontological Restatement

Source formulation. And further, of the trilateral figures: a right-angled
triangle is that having a right angle; an obtuse-angled triangle that hav-
ing an obtuse angle; and an acute-angled triangle that having three acute
angles.

Ontological role. Take a triangle. Measure its three angles (as defined in
Definition 8). If one angle is exactly equal to a right angle (Definition 10),
label it right-angled. If one angle is greater than a right angle (Definition 11),
label it obtuse-angled. If all three angles are less than a right angle (Defi-
nition 12), label it acute-angled. This complements Definition 20, allowing
triangles to be classified both by their side-equality and by their largest an-
gle.

Definition 22

Tdv o¢ tepomlebpwv oynudtwy tetpaywvov uév éotv, O
ioomAevpov té ot kai dpBoyaviov, Etepounkes ¢ 6 dpBoywviov
UEV, oVK iloomlevpov 0¢, poufoc o¢ O iloomAevpov uev, ok
opboywviov 0, poufoeides ¢ 10 10¢ GTEVAVTIOV TAEVPIS T
xal yoviog ioag dAlnlaig &ov, 6 ovte loomlevpov éotiv ovte
opboywviov: 1o 6¢ mapa bt TETPATAELPO. TPOTESIO KOAEIoOW.
22. Of quadrilateral figures: a square is right-angled and
equilateral; a rectangle is right-angled but not equilateral; a
rhombus is equilateral but not right-angled; a rhomboid has
opposite sides and angles equal, being neither right-angled
nor equilateral; and let other quadrilateral figures be called

trapezia.

Actions

1. Classify quadrilaterals: square, rectangle, rhombus, rhomboid, trapez-
um.

2. Draw each.
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B. REWRITTEN DEFINITION

C. KEY TERMS

TETPATQNON, ETEPOMHKEZ, POMBOZ, POMBOEIAEZ, TPATIEZION

-
FROM
PHILOSOPHY
TO

angled but not equilatera
ight-angled nor equilateral;

GEOMETRY |

A. EUCLID’S TEXT D. ILLUSTRATIONS

Kﬁ': Tav 8¢ 'rnp'mn}\:bpm\{ Quadrilaterals are classified as follows: Ef:::;;ﬁ:gﬂ“)“ quadrilateralfigure 1. SQUARE 2. RECTANGLE (OBLONG)

7 bl ke o ; P A B A B

totw, & lodmhevpoy Té ot ® Square — right-angled and oo e ) 1 .

Kal 6pBoy@viov, Etepounkeg 8t equilateral (four equal sides, four ;cpiunee  rectangie

6 dpBoydviov pév, obx igémheupov right angles). (heteromekés)  (oblong)

8¢, poupog 8¢ 8 igémheupov v, o Rectangle — right-angled but not Pubos oy thombus - I ul [l

obk spBoydviov 55 Poposistc equilateral (opposite sides equal, T oatod D (& D c

8¢ 10 T4¢ amevavtiov n)\zvgmg 1€ four right angles). rﬁ“:”:;‘méés) Ep‘;‘:uel‘ogm) AB=BC = CD = DA Opposite sides are equal

kal ywviag ioag aAMAaLg Exov, A T e e (AB = CD, BC = DA)

S i ik o Rhombus — equilateral but not E[vu"éZWV) o 2 ke ““5‘(905'; peres and all angles are right angles.

5 PSSR Sy, S right-angled (four equal sides, i S Not all sides are equal.

opeoymvwv 114 ésunapu tabta ght 1 gl 21 P e

retpdnhevpa tpantlia kakelobu. OPPOSIS .angles Gt _)' . (isopleuros)  (equal sides) 3. RHOMBUS 4. RHOMBOID (PARALLELOGRAM) 5. TRAPEZIUM.

. . . * Rhomboid — opposite sides and T,

_Oflq“ad‘;‘(]i‘"e';l ﬁﬁ‘::; sq;acr[e 18 angles equal, neither right-angled  (orthogonios)  (right angles) A B A B A B

fight-angled and equilateral, a rectangle nor equilateral. FTmED A

is right-angled but not equilateral, a thombus 2 . (apenantion)  OPPOsite

isequiteral but not ightangled, arhomboid  ® Trapezium —all other quadlaterals

has opposite sides and angles equal, being (not falling into the above cases). (Pleug) side X 4 w .

neither right-angled nor equilateral; and let o D ¢ :

other quadrilateral figures be called trapezia.” {goia) angle AB=BC=CD=DA Opposite sides are equal Any other quadilateral
P andopposiceanglesareequ, _(AB=CD/BC=DA) (not a square, rectangle,
(o9 equal Notaright angle. and oppositeanglesareequal.  thombus, or thomboid).

Neither ight-angle nor equilatera

s
E. SUMMARY TABLE F. REAL-WORLD EXAMPLES
Rk Eson Rgmag PO O Norss
| squre  YesGllfow) Ve (our) Yes Y Rightangled and eqilteral
‘}m:g‘ No Yes (four) Yes Yes Rightangled bt not eqiltera, ' H
Rhombus  Yes (all four) No Yes Yes Equilateral but not ight-angled.
Rhomboid p Square Rectangle Rhombus  Rhomboid  Trapezium
No No Ye Ye Neither right-angled: eral. ) ipezi
(parallclogram) . & e L (ile)  (doo) (ki) (parallelogram) (table top)
Traperium  Notnecesarly Notnesessarly ot necessarly Nt necessarly Al other quadriateras,
A
= = e

Expanded Commentary from Explaining Fully the First Book of

Elements

kB". T@v 6¢ teTpamiedpmv oynub-
TOV TETPAY@VOV HEV €TV, O i060-
mhevpdv te £o0Ti Kol Opboydviov, ETe-
pounkeg 6& O opboydviov pgv, odk
icomievpov 6 poppog 8¢ 6 icomAev-
pov &V, ovk opboydviov ¢ pop-
Boedec 08 TO TAG dmevavtiov TAEL-
pag Kol yoviag ioag Ao Exov, 6
ol1e i60mAgVPOV EoTLy 0UTE OpboYd-
VIOV" 0. 6€ TTopA TODTO TETPATAELPA
tpanéio kareicHw.

22. Of quadrilateral figures: a square
is right-angled and equilateral; a rect-
angle is right-angled but not equilat-
eral; a rhombus is equilateral but not
right-angled; a rhomboid has oppo-
site sides and angles equal to one an-
other, being neither right-angled nor
equilateral; and let other quadrilat-
eral figures be called trapezia.
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Rectangle (right-angled, not equilateral)

Square (right-angled and equilateral) ~ Opposite sides equal, all right angles
Rhomboid (neither right-angled nor equilateral)

—

. . O ite sid d angl. 1
Trapezium (no sides para ot equal) PPOSITE SIcies and angles equa

All sides equal, oblique angles Rhombus (equilateral, not right-angled)

Unequal sides, unequal angles

Integrated Ontological Restatement

Source formulation. Of quadrilateral figures: a square is right-angled and
equilateral; a rectangle is right-angled but not equilateral; a rhombus is
equilateral but not right-angled; a rhomboid has opposite sides and angles
equal to one another, being neither right-angled nor equilateral; and let
quadrilateral figures besides these be called trapezia.

Ontological role. Take a quadrilateral figure. Apply two tests: test whether
all angles are right (Definition 10), and test whether all sides are equal (com-
pare side lengths). If both pass, label it a square. If right-angled but not
equilateral, label it a rectangle. If equilateral but not right-angled, label it
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a rhombus. If opposite sides and opposite angles are equal but the figure
is neither equilateral nor right-angled, label it a rhomboid. If none of these
conditions hold, label it a trapezium. This is a comprehensive classification
of four-sided figures by their symmetry properties.

Definition 23

Iopéliniot giowv ebbcion, aitives év 1@ abtd émméde oboo
Kol Exfallouevor gic dmelpov ép’ exatepa. 10, uEPYN Tl UNoETEPQL
OVUTIITTTOVOLY GAINAQIG.

23. Parallel lines are straight lines which, being in the same
plane and being produced to infinity in each direction, meet
one another in neither direction.

Actions

1. Take two straight lines in the same plane.
2. Extend them infinitely in both directions.

3. If they never meet, they are parallel.

Interpretation from the Commentary

This definition forces the straight line to be symmetric with respect to every
point. If the line had a unique centre, translation would change its shape and
parallelism would fail. Therefore the straight line must be infinite, uniform,
and self-symmetric at every point.
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A. EUCLID’S TEXT

k8. TapdAAnhot eloty ebbelat,
aiTiveg v 1@ adTq Emmédy
oboal kai ékBaAAopeval

el dmeipov £’ éxdrepa

& pépn nl undétepa
GUpTNTOVGLY GAARAALG.
“Parallel lines are straight lines
which, being in the same plane
and being produced to infinity
in each direction, meet one
another in neither direction.”

DEFINITION 1.

“Parallel lines are s

B. REWRITTEN DEFINITION

Parallel lines are straight lines
in the same plane that, when
extended infinitely in both
directions, never meet.

In plain language:

Two straight lines in the same
plane, however far they are
extended in either direction,
never intersect. They always
remain the same distance apart.

3 — TTAPAAAHAOI (PARALLELOT)

PHILOSOPHY

TO
ikc EOMETRY

ein,

C. KEY TERMS D. ILLUSTRATIONS
mapdiniol parallel (L 1. PARALLEL LINES 2. EXTENDED IN BOTH DIRECTIONS
(paralleloi) ilines)
eiBela
Py straight lines
& 1 bt éninidy
(en'to auto epipeds) ™ the same plane * L
ExBaMGpeva being produced
(ekballomenai) (extended) m
€ig neipoy tinfinity

(cls apeiron)

f e tpaley vipv) in both directions

ept hekitera ta mer?)

e - : Lines [and mare parallel,  The lines are extended indefinitely
{madeters) in neither direction  However far they are extended to infinity in both directions

in either direction, they never meet. and still do not meet.
CURTILOUILY meet, coincide

(sympiptousin)

E. REAL-WORLD EXAMPLES

F. NON-EXAMPLE G. FURTHER EXAMPLE

1. TWO RULERS 2. RAILWAY TRACKS 3. OPPOSITE SIDES OF A RECTANGLE INTERSECTING LINES LINES IN DIFFERENT PLANES
A B
o i | i
Ret it o ) P |
Two rulers placed side by side Railway tracks are parallel lines D s :
represent parallel lines. in the same plane. They appear Opposite sides AB and DC . =
However far you extend them, to get closer in the distance, but of a rectangle are parallel ‘These lines meet at point P. ‘These lines are not parallel,

they never touch. they never meet.

H. NOTES AND RELATIONS

o Parallel lines must be in the same plane.

o They are extended to infinity in both directions.

o They never meet (in neither direction).

o This definition assumes the straight line is infinite and uniform in both directions.

(AB || DC).

o It completes the determination of the traight line  sraight in i infinite, non-closed, and symmetic with respect o every point.
o Parallel lines play a fundamental role in many later propositions (e.g. in Book I, Proposition 29 and the paralll postulate).

Hence they are not paralll.

because they are not in the same plane.

KEY INSIGHT
t i

nth

Expanded Commentary from Explaining Fully the First Book of

Elements

ky’. Hapdiinoi gioctv e00eia, aiti-
veg &V T adTd Emuméde ovGoL Ko 8K-
BarAddpevar ig dmelpov €@’ ExdTepal
TO péEPN Eml UNdETEPO. GLUTITTOVGLY
AN oG,

23. Parallel lines are straight lines
which, being in the same plane and
being produced to infinity in each di-
rection, meet one another in neither
direction.
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\///:\\

Various lines which are candidates for the straight line, which are necessar-
ily symmetric with respect to their centre point.

This observation shows that the Euclidean definition of parallelism depends
not merely on the absence of intersection, but also on the uniformity of di-
rection. Straight lines may be translated in any direction without altering
their inclination, whereas curvilinear lines cannot. Therefore, a family of
curvilinear lines cannot preserve mutual non-intersection under arbitrary dis-
placement, except in the case where there is symmetry with respect to any
point.

Conclusion. When curvature is introduced, under translation, intersection
becomes inevitable. Hence, only in the case of true rectilinearity or sym-
metry with respect to every point can Euclid’s definition of parallelism be
perfectly satisfied.

Conclusions

So far we saw that Euclid’s definition of the straight line implied a com-
parison of a line with the straight line that we have already defined. The
definition of the diameter of the circle as a straight line already excluded
all the lines which are not symmetric with respect to their centre points. If
a the line is symmetric with respect to any point thereof then the parallel
definition is satisfied as well. This means effectively that every point of the
straight line has to be effectively the centre of length thereof and thus the
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straight line has no end and beginning or it is a closed line, like a circle. This
indeed is verified by Postulate 2 that we will see next.

Integrated Ontological Restatement

Source formulation. Parallel lines are straight lines which, being in the
same plane and being produced to infinity in each direction, meet with one
another in neither direction.

Ontological role. Take two straight lines in the same plane. Extend them
infinitely in both directions (Postulate 2). Observe whether they ever share a
point. If they never meet in either direction, they are parallel. This is the test
of directional invariance. Ontological consequence: For a family of lines to
be mutually parallel, they must all share the same uniform direction. This is
only possible if the lines themselves are perfectly straight (symmetric about
every point, as established by Definition 17) and the surface they inhabit is
perfectly flat (as determined by Postulate 5). If the surface were curved (like
a sphere), all ”’straight” lines would eventually meet. If it were hyperbolic,
they would diverge in multiple ways. Thus, Definition 23 works together
with Postulate 5 to select the Euclidean plane as the unique surface where
such uniform, non-intersecting families exist.

Role in the Cumulative Definition of the Plane

Definition 23 is not treated as a detached classification. It couples the al-
ready developed straight line to the surface on which infinite production is
possible without eventual intersection. In the reconstruction it is therefore
one of the decisive links between rectitude and planarity, completed by Pos-
tulate 5.

107



Postulates

READ THE FIVE POSTULATES BY KIND, NOT BY NUMBER

The first three are commands: they may be executed, and at the outset they
are the only things that may be executed at all.

P1 join — draw a straight line from any point to any point
P2 extend — produce a finite straight line continuously

P3 sweep — describe a circle on any centre with any given radius

The last two are constraints: they determine the plane in which those com-
mands operate, and cannot themselves be performed.

C4 all right angles are equal
C5 the meeting condition for produced straight lines
C5 is not used anywhere in Book I until Proposition 1.29. Parallels are shown to

exist at [.27-1.28 and are constructed at .31 without it. It is spent twice in forty-
eight propositions: at .29 in a reductio, and at .44 to close the application of areas.
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POSTULATE 1 — ATTHMA 1 e

“Let it have been postulated

t line from any point to any point.” TO
o W GEOMETRY

A. EUCLID’S TEXT B. BREAKDOWN INTO ACTIONS D. ILLUSTRATION — THE CONSTRUCTION E. NON-EXAMPLE

o Hirho8w amd mavtdg 1 Take any point A. 1. Take any point A 2. Take any point B A CIRCLE IS NOT A STRAIGHT LINE
onpuelov énl iy anpeiov 2 Take any point B. o = o]

o o - A
e0Beloy ypaupiy Gyayely. 3 Draw a straight line from A to B. e . i

. 4 This line is unique.
“Let it have been postulated

to draw a straight line from C. IN PLAIN LANGUAGE 3. Draw the straight line 4. The line is unique
any point to any point.”

Given any two points, there exists A B A B
a straight line joining them, and Two points on a circle can be joined
there is only one such line. Thereis only one straight DY two different arcs. Therefore a circle

line through A and B. is not a straight line. A straight line |
between two points must be unique.

s - =
F. FURTHER EXAMPLES G. INTERPRETIVE NOTES i H. KEY INSIGHT

1. ANY TWo POINTS 2. HORIZONTAL LINE 3. VERTICAL LINE 4. ANY POSITION o Existence: A straight line can
always be drawn between two points.
B B e Uniqueness: Thereis only one such

B
line. If two straight lines shared two
A B points, they would coincide entirely of the na
*—e (by Definition 4). o
A ® Exclusion of closed lines: A circle Itn ut
A

A cannot be the “straight line” because and underpins al
two points on a circle can be joined
by two different arcs.
@ This postulate is not arbitrary —
it expresses a fundamental property
of the straight line.

No matter where the pointsare  Points on the same horizontal ~ Points on the same vertical  In any direction, the straight
placed, there isastraight line  level determine aunique  level determine aunique  line from A to B is unique.
joining them. straight line. straight line.

Postulate 1

Hitnobw dmo wavrog onueiov ni mav onueiov edbeiav ypouuny
ayoyev.

1. Let it have been postulated to draw a straight line from any
point to any point.

PErMISSION P1

P1 Given any two points, produce the straight line joining them. Returns
exactly one line: if two straight lines shared two points, by Definition 4 all
their points would coincide and they would be one line.

Actions

1. Take any point A.
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2. Take any point B.
3. Draw a straight line from A to B.

4. This line is unique.

Interpretation from the Commentary

This postulate ensures:

» Existence: A straight line can always be drawn between two points.

* Uniqueness: There is only one such line. If two straight lines shared
two points, they would coincide entirely (by Definition 4).

* Exclusion of closed lines: A circle cannot be the “straight line”” because
two points on a circle can be joined by two different arcs.

Expanded Commentary from Explaining Fully the First Book of
Elements

a’. 'Himobw dano mavtog onueiov 1. Let it have been postulated to draw
émi mav onuelov gvbsiov ypauunv a straight line from any point to any
ayayelv. point.

We want to address two topics here: Firstly, this postulate actually ensures
the uniqueness of the straight line between two points as well. For if two
straight lines have two common points each one is onto another and with the
revealed true definition of the straight line that Euclid wanted to give, or had
given but it was lost in the dark ages, the points of one lie evenly from the
points of the other and since two points coincide all points coincide. Since
all points coincide from those straight lines, those straight lines coincide.
Hence, there is a unique straight line. Secondly, this postulate helps us clar-
ify further the nature of the straight line. In particular, let us imagine that
what we call a straight line were instead a line that returns upon itself, like
a circle.
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If the straight line were a closed line, symmetric one like a circle

Then, when we are given two points upon this line, it would indeed be pos-
sible to join them by following the curve that connects them along the circle.
Yet there would not be a single path between them, but two: one shorter, the
other longer, each completing a different part of the same circuit. Hence,
the joining of the points would no longer be one and the same, but twofold.

Shorter path

vy
>

”Straight line” imagined as a circle

Longer path

Two points A and B upon a circu-
lar “line” can be joined by two paths:
one short (green), one long (orange).
Hence, the joining of points is not unique,
and the line cannot be truly “straight.”

Further, this line, being closed, could not be extended continually in one
direction without coming back upon itself. It would have neither beginning
nor end, but it would not proceed endlessly forward. For whenever we tried
to carry it on without limit, we would soon return to the place from which
we began. Thus it would not answer to the meaning of that which can be
drawn from any point to any point, for many pairs of points in the world
would not lie upon the same circle at all, and no path of this kind could pass
through them.
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A closed line cannot be contin-
ually extended in one direction

Returns here again

Start

Closed circular line

True straight line

\
. . ? . .
extends without limit extends without limit

A circular “line” has neither beginning nor end, yet
it cannot be extended endlessly in one direction.
Whenever we try to continue
it, it returns to its starting point.

Hence, it does not answer to the Postulate which
bids us draw a line continually in the same direction,
nor can such a curve pass through
any two arbitrary points in the world.

Therefore, if the straight line were imagined to be a closed line, it could not
fulfil the first postulate. For it would not allow one and only one way of
joining two points, nor could it be continued forever in a single direction.
Such a line would indeed be perfect in its closure, but not straight in its
nature.

If a straight line were a line with curvature

We excluded that already by the result of the definition of the diameter.
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If the straight line were a symmetric curvilinear line

As we saw in the definition of the parallel line, it has to preserve symmetry
for every point, thus every point has to be essentially the centre of that line.

Integrated Ontological Restatement

Source formulation. Let it have been postulated to draw a straight line
from any point to any point.

Ontological role. Execute the command connect(pointl, point2),
which returns a straight line. Guarantee: this line is unique. If two lines
share two points, they are identical (by Definition 4 cumulatively deter-
mined: two straight lines sharing two points would have all their correspond-
ing points coinciding, and thus be one and the same line). This command
eliminates branching, closure, and curvature. It completes Definition 4 by
ensuring that straightness implies uniqueness of connection.

Postulate 2

Kai wemepaouévny ebbeiay kot 1o ovveyes én’ evBsiag xfolteiv.
2. And to produce a finite straight line continuously in a
straight line.

PERMISSION P2

P2 Given a finite straight line, carry it on beyond either extremity, contin-
uously and in the same straight line. Note what it does not give: a length.
Carrying a distance elsewhere is not in the initial grant at all — Proposition
1.2 pays for it.
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e

POSTULATE 2 — AITHMA | Ca B

“And to produce a finite straight line continuously in a strai

led conti;

A. EUCLID’S TEXT B. BREAKDOWN INTO ACTIONS D. ILLUSTRATION — THE CONSTRUCTION E. NON-EXAMPLE
B’ Kai nemepacpévny 1 Takea finite straight line segment. 1. Afinite straight line segment 2. Extend beyond point B A CIRCLE CANNOT BE EXTENDED

ebBelay katd 10 oUveyEg 2 Extend it beyond either endpoint.

¢’ e0Belag éxBaleiv. — n 5 B A i
3 The extension is continuous
and straight (same direction). A B
Take a finite straight Produce the segment beyond
o A 4 It can be extended as far as desired. line segment AB. B in the same direction.
‘And to produce a finite
straight line continuously ¢, [ pLAIN LANGUAGE 3. Extend beyond point A 4. Extended in both directions
in a straight line.” ol q 5
g Astraight line segment can always be % B A B A dircle cannot be “extended
produced beyond either endpoint <-- «--- -—-> b:y";‘cil[:eﬁ“”:é i&‘i;i“:’f
in the same straight line, without POl Smém i 2
breaks or changes in direction. Produce the segment beyond ‘The straight ine AB can be '
Ain the same direction. extended indefinitely in both directions.
-
F. FURTHER EXAMPLES G. INTERPRETIVE NOTES H. KEY INSIGHT
1. EXTEND A SEGMENT 2. EXTEND IN BOTH DIRECTIONS 3. SAME DIRECTION (ALIGNMENT) @ Continuity: The extension is without stulate ‘mines that
break or change of direction. a straight line is infinite
o Infinite extension: The straight line and uniform in both directio
A B A B A B @ can be produced indefinitely in both It rules out finite straight lir
—————> || ——- -— -> directions.
® Excludes finite symmetric curves:
A finite symmetric curve cannot be
s 5 ded The ] RN y extended without changing its shape.
Seneot B oxzad LRI scnen aB peodic points A B CIEMSin  Confims helin is not closed
eyond B. in Dot ll’eFllOn? ecomes on the same straight line. A circle cannot be ex(ended; it returns
a straight line. upon itself.
A
e R R N W R ———

Actions

1. Take a finite straight line segment.
2. Extend it beyond either endpoint.

3. The extension is continuous and straight (same direction).

Interpretation from the Commentary

This postulate:

» Excludes finite symmetric curves: A finite symmetric curve cannot be
extended without changing its shape.

* Forces infinite extension: The straight line must be extendable indefi-
nitely.

» Confirms the line is not closed: A circle cannot be extended; it returns
upon itself.
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Expanded Commentary from Explaining Fully the First Book of
Elements

B’. Kai nemepacuévny gvbeiov kata 2. And to produce a finite straight
TO ouveyEc €n’ evbeiog EKParev. line continuously in a straight line.

Let us imagine that the straight line must not be such only that it has a single
centre dividing it into equal parts, but that it is so constituted that every point
upon it is alike a centre.

For if the line be truly straight, then from any point taken upon it, the parts
on either side are equal and opposite in direction. Hence, the line is self-
symmetric about each and every of its points.

But if so, it cannot have a finite end; for were it finite, only the middle point
could serve as centre, and the equality would fail at all others. Therefore,
such a line must extend without bound in both directions, neither returning
upon itself nor terminating, but proceeding infinitely, the same throughout
and everywhere equal to itself.

If, then, a straight line were a curved line symmetric with respect to every
one of its points, it would follow that each point were a centre dividing the
line into equal and opposite parts. But this property could belong only to a
line without end, for in a finite line the equality fails at all but the middle.

Hence such a line would be infinite in length, and no finite straight line could
exist.

Yet the first postulate commands that we may draw a finite straight line from
any point to any point. Therefore the line which is straight cannot be of this
curved kind; for though the curved line may possess symmetry, it cannot at
once be finite and everywhere self-symmetric.

The straight line, then, must be that which is the same with itself throughout
not by curvature and reflection, but by the absence of deviation altogether.

Thus the nature of the straight line is revealed by contradiction: it is neither
a closed circle nor an endless symmetric curve, but that form of extension
which proceeds evenly and without turning from any point to any point.

115



EucLib — THE ELEMENTS

Finite curved line Infinite symmetric line True straight line
— ~
One centre only Every point is a centre  Finite between any two points

Integrated Ontological Restatement

Source formulation. And to produce a finite straight line continuously in a
straight line.

Ontological role. Execute the command extend(line, direction),
which returns an infinite line. Guarantee: the line has no endpoints. It is
infinite in both directions. This eliminates circular lines and finite symmet-
ric curves (which would fail the symmetry test of Definition 17 when ex-
tended beyond their finite bounds). It completes Definition 4 by ensuring
that straightness implies infinity and non-returning extension.

Postulate 3

Kai movti kévipe xai diaotiuott kdxlov ypdpeotai.
3. And to draw a circle with any center and radius.

PERMISSION P3

P3 Given a point as centre and a line already in the figure as radius, de-
scribe the circle. Because the radius is taken from the figure, P3 cannot
transport a distance across the plane; it is a collapsing compass, and 1.2
shows the non-collapsing one is derivable rather than assumed.
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POSTULATE 3 — AITHMA 3
“And to draw ith r and radius.”

an

viven dista;

A. EUCLID’S TEXT B. BREAKDOWN INTO ACTIONS D. ILLUSTRATION — THE CONSTRUCTION

7 1. Choose a centre 2. Choose a distance
Iy Kl mavti kévipw 1 Choose a point O (centre).
xal Staothpatt kbxhov 2 Choose a distance r (radius). 3
ddeubat. A ;
veddeuba 3 Draw the circle with centre O S I
and radius 1. Take any point O Seta compass to the given
o : : he centre. distance r.
3 4 Every point on the circle is at oo

“And to draw a circle :
with any center and distance r from O. 3. Draw the circle 4 Result
radius.” C. IN PLAIN LANGUAGE

Given any point and any distance,
acircle can be drawn with that
point as centre and that distance

All points on the circle are at the
same distance r from the centre:

as radius. With centre Oand radiusr,  Every point Pon thecirde  OP = 0Q = OR = 05 = OT = OU = .
draw the circle. satisfies OP = 1.
s
F. FURTHER EXAMPLE — CONSTRUCTION OF AN EQUILATERAL TRIANGLE (PROPOSITION 1.1) G. INTERPRETIVE NOTES
1. GIVEN A SEGMENT AB 2. Draw A clrciE ATA 3. Draw A cncie 7B 4. For THE TRIANGLE

o @ Makes equality visible: Every point
€

= S (Op e on the circle is at the same distance
TR A R from the centre.
/ \ / A \ © Provides the tool for Proposition L1:
o \ \ :
3 | ey gy Two circles, each centred at one
Y / R\ N 7 Al n 5 endpoint of a segment with radius
5 4 \ QA A

N J N % Z A B equal to the segment, intersect at the
S == ADh = third vertex of an equilateral triangle.
Takeanystraight  With centre A and radius AB, With centre B and radius AB, Join AC and BC. © Depends on the straight line being

line segment AB drawa circle. drawa circle. The circles  Triangle ABC is equilateral ﬁem;mimc}l‘i The mdlusllf astraight
intersect at C (and D). (AB = AC = BC). ine from the centre to the
circumference.

Actions

1. Choose a point O (centre).
2. Choose a distance r (radius).

3. Draw the circle with centre O and radius r.

Interpretation from the Commentary

This postulate:

» Makes equality visible: Every point on the circle is at the same distance
from the centre.

* Provides the tool for Proposition I.1: Two circles, each centred at one
endpoint of a segment with radius equal to the segment, intersect at the
third vertex of an equilateral triangle.

* Depends on the straight line being determined: The radius is a
straight line from centre to circumference.
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Expanded Commentary from Explaining Fully the First Book of
Elements

v". Kai mavti kévipg kai dtuompott 3. And to draw a circle with any cen-

KOKAOV Ypapechal. ter and radius.

This postulate prepares the way for the first proposition. For when Euclid
bids us to construct an equilateral triangle upon a given finite straight line, he
does so by means of two circles—each drawn from one endpoint of the given
line as centre, and each having the line itself as radius. The intersection of
those circles marks the third vertex, and the equality of the sides follows
from the constancy of that distance. Thus, the Third Postulate provides the
instrument by which equality in length is made visible in form. Without
it, no construction of equal sides, nor any proposition that depends upon
uniform measure, could be accomplished.

| Bircle with centre B

1

Circle with centre A

SR N

-
-
~
S~

' Posn;late 3 allows the drawiﬁé of a
' circle wzth any centre and distance.
* Using ltfrom‘both ends ofa glven line, Eu-
N clid constructs Mo circles ‘whose intersec- -
s tion glves the thlrc}' ﬂ/ertex of an equllat- .
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Integrated Ontological Restatement

Source formulation. And to draw a circle with any center and radius.

Ontological role.  Execute the command draw_circle(center,
radius), which returns a circle. Guarantee: equality of distance is always
constructible. The circle is the locus of constant measure. This makes Defi-
nition 15 universally executable and ensures that the act of measuring equal
distances is always possible. It completes Definition 15 by guaranteeing that
for any chosen center and any chosen radius, the figure of equal distances
exists.

Postulate 4

Koi maoac toc dphag yoviog ioag diinloig sivai.
4. And that all right angles are equal to one another.

CONSTRAINT C4

Constraint, not command. Nothing here can be executed. C4 fixes a stan-
dard, so that an angle determined in one place may be compared with an
angle determined in another, and the plane is homogeneous.
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" o i
POSTULATE 4 — AITHMA 4 PHILOSOPHY
« . - 5 “ ar TO
And that all gl 1 another. &Gmm J;
\l] 1 . T
A. EUCLID’S TEXT B. BREAKDOWN INTO ACTIONS D. ILLUSTRATION — THE CONSTRUCTION ~ E. REAL-WORLD EXAMPLES
R . ’ 1. Aright angleat A 2. Another rightangleat D 1, Comer of asquare 2. Comer of a rectangle
& Kal mdoag tac 1 Take any right angle. = =
0pBag ywviag ioag 2 Take any other right angle. P
aMidaig eivai.
B3 3 Theyareequal.
Al D u
4 The same right angle can be A srmgl:hltn; A8 g o gﬂry a!@fii&’ﬂ.ées Each comer of square  Each comer of a rectangle
5 onastraight line AC, making i Fii]
“And that all right E(l)a‘lcec('jd(;n the other and they R Forr isarightangle isaright angle
Inciae.
angles are equa!l’ 3. Compare therightangles 4. Place one on the other 3. Different orientations
to one another.
C. IN PLAIN LANGUAGE
All right angles are equal. No matter
where a right angle is drawn, it has A o AD) A B
the same size as any other right angle. Right angles are equal, no matte their position
Botharerightangles,  Whenonerightanglis phced or orientation,
on the other, they coincide.
-

F. INTERPRETIVE NOTES
® Universal standard: All right angles are equal. The right angle has the same size everywhere.

CEY INSIGHT
¢ i x the same everywhere.

o Enables measurement: This postulate makes it possible to compare and measure angles. .

® Excludes curved “straight” lines: If the “straight lines” were curved, two equal adjacent angles
at an intersection would not, in general, be congruent on different sides. This postulate supports
the determination of the straight line as a straight, not curved, figure.

o Fundamental for parallels: Postulate 5 uses “two right angles” as a standard in the theory
of parallel lines.

Actions

1. Take any right angle (formed by a straight line standing on another, mak-
ing equal adjacent angles).

2. Take any other right angle.

3. They are equal.

Interpretation from the Commentary

This postulate:

» Excludes curved “straight” lines: If two curved lines intersected mak-
ing equal adjacent angles, the angles on different sides would not be
congruent.

* Provides a universal standard: The right angle is the same everywhere.
This makes angle measurement possible.

» Underlies the theory of parallels: Postulate 5 uses “two right angles”
as a standard.
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The Commentary’s Argument

Suppose the “straight line” were a curved line symmetric about every point.
Let two such curved lines intersect. At their meeting, each produces adjacent
angles equal to one another, so each may rightly be called a “right angle.”
Yet if we compare the upper and the lower, we find them unequal in shape
and extent. Their curvature gives rise to differing inclinations. Thus, if the
straight line were replaced by any other form, the equality of all right angles
could not be maintained in a common measure. Postulate 4 excludes this
possibility.

Expanded Commentary from Explaining Fully the First Book of
Elements

&". Kai maoog tag 0pBag yoviag ioag 4. And that all right angles are equal
GAAAaug Elva. to one another.

This postulate strengthens further our conclusion that the straight lines can-
not be bent lines. Let two lines, not straight but bending alike, intersect one
another. At their meeting, each produces adjacent angles which are equal
to one another, and hence each may rightly be called a right angle. Yet if
we compare the upper and the lower, we find them unequal in shape and
extent; for though each fulfils the definition—being composed of equal ad-
jacent parts— their curvature gives rise to differing inclinations. Thus, if
the straight line were replaced by any other form, the equality of all right
angles could not be maintained in a common measure.
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Two ”straight”(curvilinear) lines intersecting. The angles ¢ and 6 each
satisfy the condition of a right angle (each adjacent pair being equal),
yet the two are not congruent, since curvature alters their local inclination.

Integrated Ontological Restatement

Source formulation. And that all right angles are equal to one another.

Ontological role. Execute the assertion
assert_equal(all_right_angles). Guarantee:  inclination is
invariant under translation and rotation. If the plane had local curvature,
right angles would differ in shape or extent from place to place. This
postulate enforces global uniformity of turn, completing Definition 10 by
ensuring that the equal division of adjacent angles produces the same result
everywhere in the plane.

Postulate 5

Kai éav eig 0vo ebbeiog ebbeio éumintovoo t0¢ éviog kol €l 10,
avTa uépn yawviag ovo ophav élaooovag moij], Ekflallouévas tag
000 evleiog ént’ dmeipov ovumintely, ép’ & uépn gioiv ol T@v dvo
oplav éldoooveg.

5. And that if a straight line falling across two other straight
lines makes the internal angles on the same side less than two
right angles, then the two other straight lines, being produced
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to infinity, meet on that side on which the angles are less than
two right angles.

CONSTRAINT C5

Constraint, not command — and dormant. C5 states when two produced
lines must meet. It is first needed at 1.29, for the converse inference from
parallelism back to equal angles, and used once more at 1.44. Nowhere else

in Book I.

A. EUCLID’S TEXT

¢’. Kal éav eig 800 edBeiag
e0Bela éunitovoa Tag EvTdg
Kol éml & abTd pépy ywviag
890 6pBdV ENdooovag old,

B. BREAKDOWN INTO ACTIONS

1 Take two straight lines.

2 Draw a third straight line
(transversal) across them.

D. ILLUSTRATIONS — THE THREE CASES

1. Sum <180°
(lines meet on that side)

2. Sum = 180°
(parallel lines)

FROM 1
PHILOSOPHY

O
GEOMETRY & |

3. Sum > 180°
(lines meet on the other side)

y g A A 3 Consider the two interior angles a
éxpardopévag tag Sbo ebbeiag on the same side of the transversal. I

rbpr A Uy e 4 Iftheir sumis less than two right angles, @ Qs

il Uil the two lines meet on that side. B {00

6pB&Y EAdoooveg. B n B
- i 4 . If their sum is exactly two right angles,

‘And that if a straight line falling the two lines are parallel (never meet)

across two other straight lines 6 Iftheir sum is greater than two right angles, a+f<180° a+p=180" a+p>180°

makes the internal angles on the

same side less than two right angles,

then the two other straight lines,
being produced to infinity, meet
on that side on which the angles
are less than two right angles.”

=
E. REAL-WORLD EXAMPLE

“The rails of a railway meet i the distance.
A transversal across them makes same-side

interior angles less than 180°

Actions

the two lines meet on the other side.

The interior angles a and
on the same side of the
transversal sum to less than
two right angles. The two lines
meet on that side.

C. IN PLAIN LANGUAGE

A transversal cutting two straight lines determines
their behaviour. If the same-side interior angles
sum o less than 180°, the lines meet on that side.
If they sum to exactly 180°,the lines are parallel.
If they sum to more than 180°, the lines meet on
the other side.

F. CONTRAST WITH NON-EUCLIDEAN SURFACES
1. Euclidean pl 2

a+p=180°
Noparalll lnes.
Bxactly one paralel through a pint
Postulate 5 holds.

1. Take two straight lines.

2. Draw a third straight line (transversal) across them.

Al “straght lines” (grat circles) meet
Sum of same-side inerior angles > 180",

Infinitely many parallels through a point.
Sum of same-side interior angles < 180

The interior angles a and
on the same side of the
transversal sum to two right
angles. The two lines are parallel
and never meet.

-0

~

‘The interior angles @ and §
on the same side of the
transversal sum to more than
two right angles. The two lines
meet on the opposite side.

KEY INSIGHTS

Defines the plane: distinguishes Fuclidean (zero
curvature) from spherical (positive) and hyperbolic
(negative) geormetries.

Not an empirical assumption: it is a definitional
‘axiom determining the nature of the plane.

Makes parallelism possible: the case a + f = 180°
gives parallel lines

Completes the determination of the straight line
and plane: together with the Definitions (4, 17, 23)
and Postulates 1-4, it fully defines Euclidean
geometry.

]

i

EUCLID

THE ELEMENTS

3. Measure the two interior angles on the same side of the transversal.
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4. If their sum is less than two right angles, the two lines will meet on that

side.

5. If their sum is exactly two right angles, the two lines are parallel (never

meet).

6. If their sum is greater than two right angles, the two lines meet on the

other side.

Interpretation from the Commentary

This postulate:

* Defines the plane: It distinguishes the Euclidean plane (zero curvature)
from the sphere (positive curvature, where parallels don’t exist) and the
hyperbolic plane (negative curvature, where infinitely many parallels

exist).

* Is not an empirical assumption: It is a definitional axiom that deter-
mines the nature of the plane itself.

* Completes the determination of the straight line and plane: With
this postulate, the Euclidean plane is fully defined.

Expanded Commentary from Explaining Fully the First Book of

Elements

e’. Kal éav eig 600 €00eiag gvbeia
gumintovoa Tog £vTog Kol £l Td a0 Td
uépn yoviag dvo opbdv Eldocovag
motfy, éxParlopévag Tag dvo evbeiog
En’ Gmelpov ovumintew, €@’ a péPN
otV al tdv 000 0pOdV ELdccoves.

5. And that if a straight line falling
across two other straight lines makes
the internal angles on the same side
less than two right angles, then the
two other straight lines, being pro-
duced to infinity, meet on that side
on which the angles are less than two
right angles.

This postulate serves to complete the very definition of the plane surface.
Recall that the plane surface was defined as that in which the straight lines
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lying upon it also lie evenly with the straight lines of the surface itself. Yet
this definition gives no indication of the actual form of the plane; it tells us
only how its lines behave, not what kind of surface they inhabit. For it is by
the nature of its lines that a surface is truly determined.

Let us then set aside other possibilities. If the so-called plane surface were
instead a portion of a sphere, the “parallel lines” upon it would be great
circles. But upon the sphere, when two great circles are cut by a third and
the sum of the interior angles on one side is less than two right angles, those
circles do not meet again on that side. For every great circle is closed upon
itself and returns to its beginning. They meet only on the opposite side, at
the point antipodal to their first intersection.

Likewise, upon every surface that bends outward — that is, upon those of
positive curvature — all straight lines, if continued far enough, will at length
meet again. For such a surface turns back upon itself, and no two lines can be
drawn upon it which remain everywhere equidistant. Hence, the postulate
of parallels finds no place there, for there are in truth no parallels at all.

On surfaces of negative curvature, on the contrary, through a single point
there pass infinitely many parallels that never meet a given line, and the pos-
tulate again fails. Therefore, this fifth postulate is not a theorem concerning
arbitrary surfaces, but rather a statement that defines the plane itself — the
unique surface on which these conditions are satisfied.

Spherical geometry was certainly known to Euclid, for Autolycus of Pitane
(Avtolvkog 6 [Titavaiog), who wrote the earliest surviving works on spher-
ical astronomy and geometry, was his contemporary. Hence, the character-
istics of curved (positively curved) and saddle-shaped (negatively curved)
surfaces could not have been unknown to Euclid. It follows that the Fifth
Postulate was not born of ignorance of such surfaces, but was deliberately
framed to distinguish the plane from all other conceivable surfaces.

Conclusion on the five postulates

The five postulates of Euclid were not arbitrary assumptions, but the ax-
iomatic distillation of the nature of the plane.

* The first postulate, that a straight line may be drawn from any point to
any point, determines the essence of linear connection firstly that there
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is a direct straight line path between two distinct points and that the
straight line cannot be closed or curved.

Integrated Ontological Restatement

Source formulation. And that if a straight line falling across two other
straight lines makes the internal angles on the same side less than two right
angles, then the two other straight lines, being produced to infinity, meet on
that side on which the angles are less than two right angles.

Ontological role. Execute the definitional filter: if a transversal crosses two
lines and the sum of the internal angles on one side is less than two right an-
gles, then the two lines converge and meet on that side. If the sum is exactly
two right angles, the lines are parallel and never meet. If the sum is greater
than two right angles, the lines would meet on the opposite side (but this case
is excluded from the Euclidean plane). This postulate selects the unique sur-
face on which this property holds. It excludes the sphere, where great circles
meet on both sides (not just one). It excludes the hyperboloid, where lines
can diverge and never meet even when the angle sum is less than two right
angles. It excludes discrete spaces, where continuity fails. Postulate 5 there-
fore completes Definition 7: it tells us exactly what kind of surface we are
in—the plane—and distinguishes it from all other conceivable surfaces.

Critical Note: Axiom or Determination of the Domain?

The traditional history of the parallel postulate records repeated attempts to
derive it from simpler-looking principles, from antiquity through Saccheri
and Lambert.[?, ?, ?] The reconstruction does not dispute the logical inde-
pendence questions studied by later geometry. It disputes the conclusion
that independence makes Postulate 5 an embarrassment or a covert empiri-
cal hypothesis. Here Postulate 5 is read as the final planar filter: it specifies
the surface on which the subsequent theory of parallels is to unfold. 1.29
therefore depends on Postulate 5 openly and necessarily, just as a theorem
about circles depends on the prior determination of what a circle is.

A historical objection once formulated in the supplied critical notes claimed
that Euclid lacked awareness of curved geometries. That formulation is sub-
sequently corrected in the same notes by reference to Greek spherical astron-
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omy, including Autolycus and Euclid’s Phaenomena. The strongest form of
the debate is consequently not whether Euclid could conceive a sphere, but
whether Postulate 5 should be read merely as a formal axiom or also as a

determination selecting the plane. The present work defends the latter read-
ing.
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Proposition 1.1

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
* [P1]join [P2] extend [P3] sweep

* [C5] still dormant

1 T

5

" B Vith ccoter B and radins B
o draw the second circle.

Let the circles meet at C, 4 Since AC = AB and Bb =BA, triangle ABC is equilateral.
and join C to A and C fore an equilateral triangle has been constructed on
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Statement

To construct an equilateral triangle on a given finite straight
line.

Actions

1. Let AB be the given finite straight line.

2. With centre A and radius AB, describe the circle BCD (Postulate 3).
3. With centre B and radius BA, describe the circle ACE (Postulate 3).
4. The circles meet at C (see Interpretation below).

5. Join CA and CB (Postulate 1).

6. Since A is the centre of the circle through B and C, AC = AB (Definition
15).

7. Since B is the centre of the circle through A and C, BC = BA (Definition
15).

8. Therefore AC = AB = BC (Common Notion 1).

9. Therefore triangle ABC is equilateral (Definition 20).

Interpretation from the Commentary

The intersection point C is not assumed visually. It is logically necessary:

* The circle with centre A and radius AB exists (Post. 3).
* The circle with centre B and radius BA exists (Post. 3).

 If we assume an equilateral triangle ABC exists, then AC = AB and BC
=BA.

» Therefore the circle with centre A and radius AC coincides with the
circle with centre A and radius AB (Common Notion 4).
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+ Similarly, the circle with centre B and radius BC coincides with the cir-
cle with centre B and radius BA.

» Therefore the two circles must meet at C.

» The existence of C is a logical consequence of the postulates and com-
mon notions, not a visual observation.

Expanded Commentary from Explaining Fully the
First Book of Elements

Many commentators have claimed that Euclid never truly proved that the
two circles in Proposition 1.1 intersect, and that he merely assumed their
intersection from visual intuition [?, 2, 2, 2, ?].

This interpretation, however, is mistaken. The reasoning that ensures the
intersection is implicit in the logical force of the postulates and the common
notions.

Reconstruction of the reasoning.

1. Given: a finite straight line AB. To prove: that on it an equilateral
triangle can be constructed.

2. Assume that an equilateral triangle with base AB and vertex C' exists.

C

A B

(a) Given AB; assume equilateral A ABC exists.

3. By Postulate 3: “From any centre and with any radius, a circle may be
drawn.”

4. Hence, draw a circle with centre B and radius BC.
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5. Draw another circle with centre A and radius AC.
C

b) By Post. 3, draw circles with c¢nters A, B and radii AC, BC'.

6. These circles meet one another at the point C.

7. Take the circle with centre B and radius BA. Since BA = BC by hy-
pothesis, this circle is identical with the circle of center B and radius
BC. By Common Notion 4: “Things which coincide with one another
are equal to one another.” Therefore, these two circles are the same.

(c) By Comm. Not. 4, circles which coincide are equal.
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8. Similarly, take the circle with centre A and radius BA. Since BA = AC,
this circle coincides with the circle centered at A with radius AC. By
Common Notion 4 again, they are the same.

9. Since the circle centered at A with radius AC meets the circle centered
at B with radius BC at C, it follows that the circles centered at A and B,
each with radius BA, also meet at C.

10. Therefore, the point C exists not because it appears in the diagram, but
because its existence is required by the logical coherence of Postulate 3
and Common Notion 4, together with the hypothesis that BA = BC =
CA.

11. From here, the remainder of Proposition 1.1 follows: the triangle ABC
thus constructed is equilateral.

Philosophical insight. This portion of the proof must once have been in-
cluded in Euclid’s original text, though it was likely lost in transmission
through the centuries, particularly during the decline of mathematical study
in the early Middle Ages. The present reconstruction restores that missing
reasoning, transforming the opening of Euclid’s Elements from a merely
manual act of construction into a demonstration of pure logic. The intersec-
tion of the circles—the very birth of the point C—is not the work of the
hand, but of the intellect. The existence of C' follows necessarily from the
equality of the radii and from the common notion that circles with equal
centers and equal radii coincide. Thus, geometry, even before it measures,
already manifests the necessity of reason.

Conclusion. Hence, the intersection point C' is not postulated as visible, but
as logically inevitable: it must exist wherever the postulates and common
notions hold true. The proposition therefore stands not as an act of drawing,
but as the first demonstration that geometry is the science of intelligible
motion made visible through reason.
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A B
(a) Given AB; assume equilateral A ABC' exists.

9

(b) By Post. 3, draw circles with centres A, B and radii AC, BC.

(c) By Comm. Not. 4, circles with equal radii coincide.

-

B

(d) Hence circles meet necessarily at C, not by sight but by logic.

Figure 4: Logical reconstruction of Euclid’s Proposition I.1. (a) Given AB

and assumed equilateral AABC. (b) Circles drawn by Postulate 3. (c)

Equal radii imply coincidence by Common Notion 4. (d) Intersection at
. 133

C follows necessarily from the postulates.
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Integrated Ontological Restatement

Source formulation. 70 construct an equilateral triangle on a given finite
straight-line.

Ontological role. Given a finite line AB. Draw circle with center A and
radius AB. Draw circle with center B and radius BA. Their intersection C
exists necessarily because the plane is complete (Postulate 5) and the circles
are defined by constant radii (Definition 15). Join A to C and B to C. By
Definition 15, AC equals AB and BC equals BA. By Common Notion 1, AC
equals BC. Therefore, triangle ABC is equilateral (Definition 20).

Critical Apparatus: Alleged Assumption and Reply

Objection. The standard objection is that the two circles with centres A and
B are simply assumed to intersect at C, and that Euclid also presupposes
uniqueness when the same extremities determine a straight line.

Reply within the reconstruction. The reconstruction answers the two
points together. Postulate 3 makes each circle constructible from the given
centre and radius; the plane in which those constructions occur has already
been determined by Definitions 7 and 23 together with the postulates; and
Common Notion 4 supplies the criterion of coincidence. Uniqueness is
not introduced as an extra principle at I.1 but is read from the cumulative
determination of the straight line, especially Definition 4 with Postulate 1.
The analysis—synthesis objection is addressed in the methodological chapter
above: analysis identifies the necessary construction, while the ontological
semantics of the construction supplies its existence.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB be the given finite straight line. [given]
2. With centre A and radius AB, describe the circle BC'D. [P3]
3. With centre B and radius BA, describe the circle ACE. [P3]
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4. Let C' be a point in which the circles cut one another. [see panel
below]
5. Join C'A. [P1]
6. Join C'B. [P1]
7. AC = AB, since A is the centre of circle BC'D. [Def. 15]
8. BC' = BA, since B is the centre of circle ACE. [Def. 15]
9. Therefore AC = AB = BC. [C.N. 1]
10. Therefore the triangle ABC' is equilateral. [Def. 20]

How DO YOU KNOW IT IS THERE?

The point C'. Not found by looking. Circle BC'D exists by execution of
[P3]; circle AC'E by a second execution of [P3]; each carries, by Defini-
tion 15, a constant distance from its own centre. C' is not an extra object
requiring its own certificate — it is what two such loci, each within the
other’s reach, necessarily share. Why the reach matters. A lies on circle

ACFE and B on circle BC'D: each centre lies inside the other circle. A locus
at constant distance from B cannot pass from the interior of the other to its
exterior without sharing a point with it. The honest residue. A modern ax-

iomatisation states circle—circle intersection explicitly, and this edition does
not pretend otherwise. What it denies is that the step is an unnoticed or a
visual assumption. It is a consequence of Definition 15 applied in a plane
the postulates have already determined.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION
I.1 Erectan equilateral triangle on a given finite straight line.

The first earned action — and note that [P2] was never used. The opening
proposition of the Elements extends nothing.
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Proposition 2

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [C5] still dormant
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Proposition 2

To construct at a given point a: straight line equal to a given straight line.

@ Given

.
A B
From A bring a line
equal to BC.

@ Draw line AB

D

@ Draw equilateral
triangle ADB

_J
@ Extend DA, DB

D

Draw circle with
centre B and radius BC

Circle (centre B, radius BC)
passes through C and
meets DB at G

Draw circle with centre D
and radius DG

Now :

BC = BG
DG = DL
DA = DB

From CN1

|

because radii of circle
because radii of circle

because DAB equilateral

From CN3 AL = BG

AL =BC

Hence from A a line has been drawn equal to BC.

Q.E.D.

Statement

To place at a given point a straight line equal to a given straight

line.
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Actions

1. Let A be the given point and BC the given straight line.

2. Join AB and construct the equilateral triangle DAB on AB by Proposition
L.1.

3. Produce DA and DB beyond A and B respectively.

4. With centre B and radius BC describe a circle cutting the produced line
DB at G; thus BG=BC.

5. With centre D and radius DG describe a circle cutting the produced line
DA at L.

6. Since DA=DB and DG=DL, subtract equals from equals to obtain
AL=BG=BC.

7. Thus the straight line AL placed at A equals the given straight line BC.

Integrated Ontological Restatement

Source formulation. 7o place a straight-line equal to a given straight-line
at a given point.

Ontological role. Given a point A and a line BC. Draw line AB. Construct
equilateral triangle DAB on AB (Proposition 1). Extend DA and DB (Pos-
tulate 2). Draw circle with center B and radius BC. Draw circle with center
D and radius DG. By equality of radii and subtraction (Common Notion 3),
AL equals BC. Thus, AL is the required line at A.

Critical Apparatus: Alleged Assumption and Reply

Objection. The alleged gap is again continuity: the circles introduced in
the transfer construction are said to meet without a separately stated circle-
intersection axiom.

Reply within the reconstruction. Within this reconstruction 1.2 inherits
the existence result established at I.1. Postulate 3 universally executes circle
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construction, and the intersections used in the transfer are instances of the
same plane-and-circle structure rather than new primitive assumptions.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let A be the given point and BC' the given straight line. [given]
2. Join AB. [P1]
3. On AB erect the equilateral triangle DAB. [I.1]
4. Produce DA beyond A. [P2]
5. Produce DB beyond B. [P2]
6. With centre B and radius BC' describe a circle cutting D B produced at
G, so BG = BC. [P3, Def. 15]

7. With centre D and radius DG describe a circle cutting D A produced at
L. [P3, Def. 15]

8. DA = DB, sides of the equilateral triangle. [I.1, Def. 20]
9. DL = DG, radii of the second circle. [Def. 15]
10. Taking equals from equals, AL = BG. [C.N. 3]
11. But BG = BC,; therefore AL = BC. [C.N. 1]

How DO YOU KNOW IT IS THERE?

The equilateral triangle D AB. Not decorative. It exists solely to supply
DA = DB, the pair of equals from which the subtraction at step 10 can
be made. The equality AL = BC'. No length was ever transported. Two
subtractions did the work an illegitimately travelling compass would have

done. This is why [P3] may be read as a collapsing compass without loss:
the non-collapsing compass is derived here, not assumed.
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ADDED TO THE REPERTOIRE BY THIS PROPOSITION
I.2 Place ata given point a straight line equal to a given straight line.

From here a length may be carried anywhere, and every such move cites this
proposition.
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Proposition 1.3

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [I.2] place at a given point a line equal to a given line

[C5] still dormant
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EUCLID
ELEMENTS
%QL BOOK I Jf

1. GIVEN

Two unequal straight lines AB and C,
with AB > C.

A B
-~ &
——o
(o}

To construct:
To cut off from the greater line AB
a straight line equal to the lesser line C.

5. RESULT

‘The straight line AE, cut off from the
greater line AB, is equal to the lesser line C.

2. PLACE AD EQUAL TO C

At the point A, place a straight line
AD equal to the given line C.
(Proposition 1.2)

AD =C and AD < AB.

6. WHY THE INTERSECTION EXISTS

Since AD = C and C < AB, the point E
must exist on AB.

AD=C

Al e\ D) B
= ————

e e

AB>C

Because the radius AD is less than the length
AB, the circle with centre A and radius AD
must meet the line AB. The existence of E
follows from the postulates.

3. DRAW CIRCLE

With centre A and radius AD,
draw a circle.
(Postulate 3)

PHILOSOPHY |

T0
GEOMETRY

4. CIRCLE INTERSECTS AB

The circle intersects the line AB
at a point E.

A circle is drawn with centre A
and radius AD.

7. FINAL FIGURE

The straight line AE, cut off from the greater
line AB, is equal to the given lesser line C.
Thus A C

8. KEY INSIGHT

E is the point where the circle meets AB.

The intersection of the circle
with AB is not visually assumed.
Itis logically necessary:
The circle with centre A and radius AD exists
(Postulate 3). Since AD = C < AB
(by hypothesis), the circle must intersect AB.
The point E exists by the logic
of the postulates.

What can be constructed
follows necessarily from the postulates.

EUCLID

Statement

For two given unequal straight lines, to cut off from the greater

a straight line equal to the lesser.

Actions

1. Given: two unequal straight lines AB and C, with AB > C.

2.

3.

4.

S.

The circle intersects AB at E.

AE = AD = C (Definition 15).

Place AD equal to C at point A (Proposition 1.2).
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Interpretation from the Commentary

The intersection of the circle with AB is not visually assumed. Itis logically
necessary:

* The circle with centre A and radius AD exists (Post. 3).
* AD = C < AB (by hypothesis).

* The circle must intersect AB because the radius is less than the length
of AB.

 The intersection point E exists by the logic of the postulates.

Expanded Commentary from Explaining Fully the
First Book of Elements

Statement: To cut off from the greater of two unequal straight lines a part
equal to the lesser.

Common interpretation: It is often claimed that Euclid assumes, without
proof, that a circle and a straight line intersect, relying on visual intuition
rather than on the postulates.

Critics:

* Blaszczyk & Petiurenko (2022) highlight that Euclid does not explic-
itly prove the existence of intersection points and therefore relies on
diagrammatic evidence.’

* Beeson (2019) introduces an explicit intersection axiom in his formal
reconstruction to ensure that circles meet straight lines when required.*

We disagree completely because Euclid provides all the necessary postulates
and common notions for that. Logical reconstruction:

3P. Blaszczyk and M. Petiurenko, “Existence assumptions in Euclid’s Elements,” Foun-
dations of Science, 27 (2022), 665-685.

“M. Beeson, “Euclid, Hilbert, and constructive geometry,” Review of Symbolic Logic, 12
(2019), 403-467.
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Let AB and C be two unequal straight lines, and let AB > C.

1. By Postulate 3, we can construct a circle with centre A and radius AK =

C.

2. By Common Notion 5, if AB were a part of AK, then AK > AB, which
does not hold by hypothesis.

3. By Postulates 1 and 2, we can project AK onto AB, because by Postu-
late 1 we can have a straight line AB, and by Postulate 2 we can produce
AK further along AB.

4. Since K is part of the circle and part of AB, the circle intersects the
straight line AB.

Thus Euclid, completely logically and without any visualization, constructs
the intersection. The rest of the proof then proceeds exactly as in the original
text.

Integrated Ontological Restatement

Source formulation. For two given unequal straight-lines, to cut off from
the greater a straight-line equal to the lesser.

Ontological role. Given greater AB and lesser C. Place AD equal to C at
point A (Proposition 2). Draw circle with center A and radius AD. The circle
cuts AB at E (guaranteed by the completeness of the plane). Then AE equals
C. This is the operation of subtraction by construction.

Critical Apparatus: Alleged Assumption and Reply

Objection. The criticism is that the proof assumes one can choose on the
greater straight line a point at exactly the required distance, thereby using
an unstated metric or order principle.

Reply within the reconstruction. 1.3 does not select such a point by visual
approximation. Proposition 1.2 first constructs at the given point a segment
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equal to the lesser segment; Postulate 3 then draws the corresponding cir-
cle. The cut is generated as the circle-line intersection, while Common No-
tion 5 supplies the whole—part order needed to distinguish the greater from
the lesser.

The construction, with its permissions named

Aris'’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB and C be the given unequal lines, AB the greater. [given]
2. At the point A place AD equal to C. [I.2]

3. With centre A and radius A D describe the circle DEF, cutting AB at E.
[P3, Def. 15]

4. AE = AD, radii of the same circle. [Def. 15]

5. But AD = C; therefore AE = C. [C.N. 1]

How DO YOU KNOW IT IS THERE?

The brevity. Three steps, because [I.2] has already been paid for. At-
tempted with the postulates alone, .3 cannot be done at all.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION
I.3 Cut off from the greater of two unequal lines a part equal to the less.

With [.2 and 1.3 in hand, lengths may be both carried and matched. This is
exactly — and only — what Proposition 1.4 will need.
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TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [I.2] place at a given point a line equal to a given line

[I.3] cut off from the greater a line equal to the less

[C5] still dormant
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ag

s

Proposition 1.4

If two triangles have two sides equal to two sides respectively, and have the angle enclosed
by the equal straight lines equal, then the base is equal, the triangle is equal,
and the remaining angles are equal, respectively.

Y-

@ )

—

5
¥

[ Action 1 o Action 2
A D
By proposition 3
bring DE' = AB
B C E F E F
AB=DE, AC=DF, £BAC= ZEDF. 5
[ 0 (= . B
Action 3 Action 4
D D
By proposition 3 By postulate 1
/
DE =AB bring DF’ = AC join E' with F’
E F E F
E’' F’ E' F'
( . )
Action 6
E’ coincides with E A
by CN4 and F’
coincides with F
by CN4
E ’ il::l
B I Let straight line E'F" not coincide with
E H straight line EF.
Then that violates definition 4 since the points
of EF straight line would not be equidistant
to that of E'F’.
Statement

If two triangles have two sides equal to two sides, respectively,
and have the angle enclosed by the equal straight lines equal,
then they will also have the base equal to the base, and the
triangle will be equal to the triangle, and the remaining angles
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subtended by the equal sides will be equal to the corresponding
remaining angles.

Actions

1. Let triangles ABC and DEF with AB = DE, AC = DF, and ZBAC =
/EDF.

2. By Proposition 3, bring on DE a length equal to AB and call it DE’.

3. By Proposition 3, bring on DF a length equal to AC and call it DF”’,

4. Join E’ and F’ with a straight line.

5. E’ coincides with B and F’ coincides with C.

6. Let the straight line E’F’ not coincide with the straight line BC. Then that
violates Definition 4, since the points of BC straight line would not be
equidistant to that of E’F’.

Interpretation from the Commentary

The traditional “superposition” is replaced by logical construction. The
equal sides are constructed from D using Propositions 1.2 and 1.3. The equal
included angle ensures that the constructed triangle corresponds exactly to
the original. The coincidence of the bases follows from Definition 4. No
physical motion is required.

Expanded Commentary from Explaining Fully the
First Book of Elements

Many commentators have claimed that Euclid never truly proved Proposi-
tion 1.4, but rather relied upon an unproved act of superposition [?,?,?,?, ?].
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Yet a careful reading of the preceding propositions shows that no such exter-
nal operation is required. The proof can be understood as proceeding purely
from the Definition 4, and the preceding Propositions 1.2 and I.3.

Let two triangles, AABC and ADFEF, be given such that AB = DE,
AC = DF, and the included angle ZBAC equals the included angle
ZEDF.

By Proposition 1.2, it is possible to construct from any given point a straight
line equal in length to any given straight line. Hence, from point D, we
can construct a line equal to AB, and similarly from point D we can con-
struct a line equal to AC. By the same reasoning as in Proposition 1.3, from
center D and with radius AB we may draw a circle cutting the line DFE
(or its extension, by Postulate 2) at the point where the line equal to AB is
completed. Likewise, from center D and with radius AC' we draw a circle
cutting the line DF (or its extension) at the point where the line equal to
AC' is completed.
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A B D E
(a) Given AABC and ADEF with equal sides and included angle.

D B

A B D E
(¢) Equal included angles and sides imply triangles correspond exactly.

C,F

A, D B, E
(d) If BC and E'F did not coincide, they would enclose area—contradiction.

Figure 5: Logical reconstruction of Euclid’s Proposition 1.4 without super-
position. (a) Two triangles with equal sides and included angle. (b) Equal
sides constructed from a given point (Props. 1.2-3). (c) Equal angles ensure
corresponding position. (d) Bases coincide by Definition 4; triangles are

equal in all respects.
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Thus the lines drawn from D coincide in direction and in length with DE
and DF, respectively. Because the angle between AB and AC is equal to
the angle between DFE and DF, the triangle constructed upon D by these
two equal sides corresponds exactly to the triangle upon A. This, and noth-
ing more, is what Euclid means by saying that “triangle ABC'is applied to
triangle DEF.”

Suppose, contrary to the claim, that the bases BC' and F'F' do not coincide.
Then the two straight lines BC' and E'F' would enclose an area. But this
is impossible, for by Definition 4—that a straight line “lies evenly with the
points(of the straight line) on itself”—the points of one line cannot lie at un-
equal distances from those of another straight line with which its extremities
coincide. Hence, since points B and E coincide and the lines BC and EF
both lie evenly with the same straight line through them, all the points of
BC' and E'F must coincide.

Therefore, the triangles A ABC and A D E'F coincide in all respects without
the need for superposition. Their equality follows directly from the construc-
tions of Propositions 1.2 and 1.3 together with the meaning of Definition 4.
Thus Euclid’s reasoning is entirely logical, and the use of “application” is not
a physical act but an intelligible correspondence between two constructions
on the same foundation.

The proof therefore stands self-contained within the axioms of the
Elements: no movement, no superposition, and no appeal to visual
intuition are required.

Modern commentators such as Heath [?], Mueller [?], De Risi [?], Bee-
son [?], and Hilbert [?] have frequently maintained that Euclid’s Proposi-
tion I.4 depends upon an extra—geometrical operation of superposition—the
physical placing of one triangle upon another—thus introducing into geom-
etry an act of motion not warranted by the postulates. However, when the
proposition is read in the light of the preceding Propositions 1.2 and 1.3, to-
gether with the true meaning of Definition 4 (“a straight line lies evenly with
the points on itself”), it becomes clear that no appeal to motion is required.
The construction of equal sides from a given point (Prop. 1.2), combined
with the generation of equal circles (Prop. 1.3), suffices to establish a trian-
gle at D whose sides and included angle correspond exactly to those at A.
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The coincidence of the bases then follows necessarily from Definition 4, for
two straight lines sharing their extremities and lying evenly with the same
points cannot enclose an area.

Thus the proposition is not a physical act of superposition but a logical ap-
plication: a correspondence of constructions grounded in Euclid’s own pos-
tulates and definitions. In this light, Euclid’s reasoning stands complete and
self—consistent. The so—called “superposition” is revealed to be merely a
later misreading of a synthetic operation that already exists in the Elements
as a consequence of Propositions 1.2 and 1.3. What appears to modern eyes
as kinematic becomes, in Euclid’s own idiom, a pure act of geometry: the
meeting of two equal constructions in one intelligible form.

Integrated Ontological Restatement

Source formulation. If two triangles have two sides equal to two sides,
respectively, and have the angle encompassed by the equal straight-lines
equal, then they will also have the base equal to the base, and the triangle
will be equal to the triangle, and the remaining angles will be equal to the
corresponding remaining angles.

Ontological role. Given triangles ABC and DEF with AB = DE, AC =
DF, and angle BAC = angle EDF. From D, construct lines equal to AB and
AC (Propositions 2 and 3) and set them at the same angle (Proposition 23).
These lines coincide with DE and DF. By Definition 4 cumulatively deter-
mined, two straight lines sharing two points must be identical; therefore,
BC coincides with EF. By Common Notion 4, the bases are equal. The tri-
angles coincide entirely, and all corresponding parts are equal. No physical
superposition is required; the congruence follows from construction and the
relational definition of straightness.
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Critical Apparatus: Alleged Assumption and Reply

Objection. The traditional criticism treats Euclid’s application of one trian-
gle to another as physical superposition and therefore as an unstated rigidity
or motion axiom.

Reply within the reconstruction. The reconstruction replaces physical
transport by constructional correspondence. [.2 and 1.3 transport equal
lengths; the equal included angle fixes the corresponding rays; the cumu-
lative Definition 4 and Postulate 1 secure uniqueness of the straight con-
nection; and Common Notion 4 identifies coincident figures as equal. The
equality is therefore logical coincidence, not preservation under bodily mo-
tion.

The construction, with its permissions named

Aris'’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC, DEF have AB = DE, AC = DF, /BAC = ZEDF.
[given]

2. On DE cut off DE' equal to AB. [I.3]
3. On DF cut off DF’ equal to AC. [I.3]
4. Join E'F". [P1]

5. Since AB = DE and DE’' = AB, the point E’ fallson E. [C.N. 1]
6. Since AC = DF and DF’ = AC, the point F’ fallson F'.  [C.N. 1]

7. Suppose E'F’ did not coincide with BC. Then two straight lines with
the same extremities would not lie evenly with one another’s points.
[Def. 4]

8. That is impossible; therefore the bases coincide and FF = BC.
[Def. 4]

9. The triangles coincide, and the remaining angles are equal respectively.
[C.N. 4]
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How DO YOU KNOW IT IS THERE?

Nothing moves. The traditional proof asks you to apply one triangle to the
other. That is an action, and it is in nobody’s ledger: no postulate grants
rigid motion. The construction above moves nothing — it builds the second
triangle onto the first with two executions of [I.3], earned one proposition
earlier. The coincidence of the bases. The step that replaces superposition,

and it is pure Definition 4. Two straight lines are given with the same two
extremities; if they did not coincide, the points of the one would not lie
evenly with the points of the other — which, read relationally, is precisely
what straightness forbids. The wider consequence. Definition 4, called

vacuous by commentators and said never to be used by Euclid, is the load-
bearing member at the first congruence theorem in the corpus. It is used
not as a description but as a criterion: the test by which two straight lines
sharing extremities are judged to be one.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.4 (side—angle—side). Two triangles agreeing in two sides and the
included angle agree in everything. No new action. 1.4 draws nothing you

could not already draw; it licenses a conclusion. This is the first entry in the
second ledger. No new action: nothing is drawable now that was not drawable

before. The second ledger grows; the first does not.
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TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [I.2] place at a given point a line equal to a given line

[I.3] cut off from the greater a line equal to the less

[C5] still dormant
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Proposition 1.5
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beautifully |

are produced further, the angles under the base are equal.

[ In an isosceles triangle the angles at the base are equal, and if the equal straight lines ]

A

By Proposition 1.4

BFC = ACGB

LFBC = £GCB
LBCF = £L(BG

LABG = LACF
£(BG = LBCF

By CN3,
LABC = LACB

Hence the angles at the
base of the isosceles triangle
are equal.

Angles under the base
LFBC = £GCB
LBCF = £CBG

So the angles under
the base are equal.

@ W) n (A Y .
Action 1 Action 2 Action 3 Action 4
A A A
B c B &
B (- A
D E || D E
Given the isosceles triangle Produce the equal sides Choose a point F on BD Cut off AG = AF
. g Proposition 1.3, cut off
AB = AC Extend AB beyond B to D. Take a point F on BD. By Prop g
Extend AC beyond C to E. 8 from AE a segment AG
equal to AF.
Action 5 Action 6 Action 7 Action 8
/A\, /A\ .
B, 4 B < B, <
F, G F, G F, G
D E D E D E
Consider triangles AFC and AGB By Proposition 1.4 Consider triangles BFC and CGB
AF = AG AAFC = AAGB BF = CG by CN3
AC = AB FC =GB FC =GB
Join FC and GB LFAC = LBAG LACF = LABG LBFC = 2CGB
ZAFC = LAGB
Draw the straight lines A A A A 2
FC and GB. % % . , B .
F C B G| F c B || F (A B
AAFC AAGB AAFC AAGB ABFC ACGB
Action q Action 10 Action 11 [ Action 12
A

P By CN3

ZLABC = LACB

and the angles under
the base are equal
(£FBC = £GCB).

Thas, in an isosceles triangle
the angles at the base are equal,
and if the equal straight lins are

produced further, the angles
under the base are equal.

Statement

For isosceles triangles, the angles at the base are equal to one
another, and if the equal sides are produced then the angles
under the base will be equal to one another.
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Actions

1. Let triangle ABC with AB = AC.

2. Produce AB beyond B to D, and AC beyond C to E (Postulate 2).
3. Take a point F at random on BD.

4. By Proposition 3, cut off from AE a length AG = AF.

5. Join FC and GB (Postulate 1).

6. Consider triangles AFC and AGB: AF = AG, AC = AB, LFAC =
/G AB — triangles congruent (1.4) — FC = GB, LZACF = ZABG,
LAFC = LZAGB.

7. Consider triangles BFC and CGB: BF = CG (CN3), FC = GB (Action 6),
/BFC = ZCGB (Action 6) — triangles congruent (I.4) —» LZFBC =
/GCB, Z/BCF = ZCBG.

8. Derive ZABC = ZACB: /ABG = ZACF (Action 6), Z/CBG =
ZBCF (Action 7) - LABG — Z/CBG = ZACF — /BCF —
/ABC = ZACB.

9. Derive ZFBC = ZGC B (angles under the base) from Action 7.

Interpretation from the Commentary

This proposition does not rely on visual symmetry. It follows from Proposi-
tion 1.4 (which is logically reconstructed) and the Common Notions.

Expanded Commentary from Explaining Fully the
First Book of Elements

Problem: This proposition is often said to rely on the visual symmetry of
the diagram and on the use of superposition from Proposition 1.4. It is also
claimed that Euclid assumes that equal sides imply equal base angles on the
same side, which presupposes orientation.
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Critics:

* Manders (2008) shows that the reasoning in Proposition 1.5 depends on
“diagrammatic reasoning” rather than on axiomatic inference.

* Blaszczyk & Petiurenko (2022) classify it as a typical example of vi-
sual reductio.

Logical reconstruction: I disagree with the above criticisms. Firstly, the
validity of Proposition 1.4 has been established by using the amended Defi-
nition 4. Secondly, the following reasoning can be applied.

Let there be two straight lines € and €5 forming an angle ¢ at point A and
produced continuously. Let there be another straight line 3 of length a. By
Proposition 1.3, construct on £; the segment AB = a and on €5 the segment
AC = a. Let 8 > a. By Proposition 1.3, construct AZ on €; and AH on
€9. By Common Notion 5, AB is part of AZ and AC is part of AH. By
Definitions 4, 17, and 23, and by Postulates 1, 2, and 4, we know the nature
of the straight line; and by Postulate 4 we know the definition of the plane.
By Postulate 1, draw ZC, and by Postulate 2, draw HB. The rest of the
proof then follows.

Integrated Ontological Restatement

Source formulation. /n isosceles triangles, the angles at the base are equal
to one another, and if the equal sides are produced, the angles under the base
will be equal to one another.

Ontological role. Given triangle ABC with AB = AC. Extend AB and AC to
BD and CE (Postulate 2). Take point F on BD and cut AG equal to AF on AE
(Proposition 3). Join FC and GB. Triangles AFC and AGB are congruent
(Proposition 4). Therefore, FC = GB, and angle ACF = angle ABG. By
subtraction of equal parts (Common Notion 3), BF = CG. Triangles BFC
and CGB are congruent. Therefore, angle FBC = angle GCB (angles under
the base) and angle ABC = angle ACB (angles at the base).
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Critical Apparatus: Alleged Assumption and Reply

Objection. A modern order-based reading may regard the choice of a point
’at random’ on a produced line as an unaxiomatized existence and between-
ness assumption.

Reply within the reconstruction. Postulate 2 makes production of the
straight line continuously executable, so a further point on the produced line
is not imported from the diagram. The subsequent equality construction is
supplied by 1.3. The position of the point is thus generated by operations
already licensed in the system.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC have AB = AC. [given]
2. Produce ABto D and AC'to E. [P2]
3. On BD take any point F’; cut off AG on AF equal to AF. [I.3]
4. Join FC and GB. [P1]

5. Triangles AFC, AGB have AF = AG, AC = AB, and the angle at A
common; so F'C' = G B and the corresponding angles are equal. [I.4]

6. Subtracting the equal triangles BE'C', C'G B leaves the base angles equal.
[C.N. 3]

How DO YOU KNOW IT IS THERE?

The points F' and G. F'is taken freely on a line already produced by [P2];
G is not free but determined, being cut off equal to AF' by [I.3]. The asym-
metry is deliberate: one point may be arbitrary, the other must be earned.
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PRrROPOSITION 1.5

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant L.5. An isosceles triangle has equal base angles, and equal angles
below the base. No new action: nothing is drawable now that was not drawable

before. The second ledger grows; the first does not.
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Proposition 6

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [I.2] place at a given point a line equal to a given line

[I.3] cut off from the greater a line equal to the less

[C5] still dormant
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ProrosITION 1.6

If a triangle has two angles equal to one another,
< PROPOSITION I.6 et e e e e o o Ve e e i =

0 Action 1 — Given g Action 2 — Suppose e Action 3 — Cut off DB = AC
Let triangle ABC Suppose AB # AC. Cut off from AB a segment DB
with ZABC = ZACB. Then one is greater. equal to AC (Prop. .3).
A Let AB > AC. So DB = AC.

o

A A
& A
B B (o} B C

[Given: ZLABC = LACB.} [ Assume AB > AC. } D is on AB and DB = AC.

e Action 4 — Draw DC 9 Action 5 — Compare triangles e Action 6 — Apply Prop. 1.4 (SAS)
Join D to C with a In triangles DBC and ACB: Therefore, by Proposition L4,
straight line (Postulate 1). DB = AC (by construction) triangle DBC = triangle ACB.

7 BC = CB (common)

A
/DBC = ZACB (given)
D
B @ B G B c

Triangles DBC and ACB have
ok (i P el o] s ADBC = AA

included angle equal.

0 Action 7 — Contradiction e Action 8 — Conclusion

But triangle DBC is a part of The supposition AB > AC
triangle ACB. leads to a contradiction.
Hence ADBC is less than AACB Therefore, AB = AC.
(Common Notion 5). A

This contradicts Action 6.

.&

B C B C

A part is less than the whole.
Contradiction.

Hence, in an isosceles triangle ABC (AB = AC),
the angles at the base are equal, and the angles under the base are equal. Q.E.D.

Statement

If two angles of a triangle are equal, then the sides subtending
them are equal.
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Actions

1. Let triangle ABC have angle ABC equal to angle ACB.
2. Assume, for contradiction, that AB is not equal to AC; let AB be greater.
3. Cut off DB from AB equal to AC and join DC.

4. Triangles DBC and ACB have DB=AC, BC common, and included angle
DBC=ACB; by 1.4 they are equal.

5. Then triangle DBC would equal triangle ACB although it is a proper part
of it, which is impossible.

6. Therefore AB=AC.

Expanded Commentary from Explaining Fully the
First Book of Elements

Problem: This proposition involves the subtraction of equal magnitudes
and the use of inequality reasoning that Euclid never formalized explicitly.
It also appears to require an order or betweenness axiom that is only implicit
in the Elements.

Critics:

* Hilbert (1899) introduced explicit order axioms in his Grundlagen der
Geometrie precisely to handle such arguments involving inequality and
subtraction.

 Later formalists, such as Tarski (1959) and Beeson (2019), have shown
that Euclid’s original language cannot justify statements of the form
“greater than” without additional assumptions.

Logical reconstruction: I disagree with the above criticisms. Let there be
a triangle ABC such that ABC = ACB. By Proposition 1.3, construct on
side C'A a segment C'D. Both AD and C'D are parts of AC' and are there-
fore less than AC by Common Notion 3. By the definition of the plane in
Postulate 5, and of the straight line in Definitions 4, 17, and 23, together with
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PROPOSITION 1.6

Postulates 1, 2, 4, and 5, we do not require any additional betweenness or
order axioms. The reasoning follows entirely from the Euclidean postulates
themselves.

Integrated Ontological Restatement

Source formulation. [f a triangle has two angles equal to one another, the
sides subtending the equal angles will also be equal to one another.

Ontological role. Given triangle ABC with angle ABC = angle ACB. Sup-
pose AB is not equal to AC. Then one is greater. Let AB > AC. Cut DB from
AB equal to AC (Proposition 3). Join DC. Then triangle DBC has two sides
equal to AC and BC, and angle DBC = angle ACB (given). By Proposition
4, triangle DBC equals triangle ACB, the part equal to the whole, impossible
by Common Notion 5. Therefore, AB = AC.

Critical Apparatus: Alleged Assumption and Reply

Objection. The same family of criticism attributes the reductio to an un-
stated order or betweenness structure.

Reply within the reconstruction. The reductio uses the explicit whole—part
ordering of Common Notion 5 together with the constructive subtraction
supplied by 1.3 and congruence already established at 1.4. The reconstruc-
tion therefore treats the relevant order as operationally generated, not as an
independent primitive.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC have ZABC = ZACB; suppose AB # AC, and let AB be

greater. [given]
2. Cut off DB equal to AC. [I.3]
3. Join DC. [P1]
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4. Triangles DBC, ACB have DB = AC, BC common, and the included
angles equal; so they are equal. [I.4]

5. But the lesser equals the greater, which is impossible; so AB = AC.
[C.N. 5]

How DO YOU KNOW IT IS THERE?

The point D. Output of [I.3] on a line already given. The reductio does
not conjure a point: it constructs one and then shows the construction is
absurd.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.6. Equal base angles imply equal subtending sides. No new action:

nothing is drawable now that was not drawable before. The second ledger grows;
the first does not.
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Proposition 7

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [I.2] place at a given point a line equal to a given line

[I.3] cut off from the greater a line equal to the less

[C5] still dormant
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= — = PROPOSITION"I:7 —

On the same straight line, two different straight lines cannot be constructed on the same side

meeting at different points and having their ends on the straight line equal fo one another.

@ Given: straight line AB. @ Suppose two different pairs of @ Draw CD (Postulate 1).
lines (AC, BC) and (AD, BD) can be
drawn on the same side with
AC = AD and BC = BD.
C D C D
il B A B A B
Since AC=AD, Since BC = BD, @ But angle ACD > angle BCD
angle ACD = angle ADC angle BCD = angle BDC (Common Notion 5) and
(Proposition L5). (Proposition L.5). angle ADC < angle BDC
(Common Notion 5).
C D @ D C
LACD > £BCD ZADC < £BDC
A B|la B|l A B
@ Contradiction. Therefore the supposition is false.
¢ D From (4): £ACD = ZADC
Eemil) BED = AUDC Contradiction.
From (@ ZLACD > £BCD
ZLADC < £BDC

Two such different pairs of lines

¢ » cannot be constructed.
A B
- Interpretive note: This proposition establishes the uniqueness of the intersection of circles in Proposition L.1. ——
Statement

On the same base and on the same side of it there cannot be two
distinct triangles having the two sides from the endpoints equal

respectively.
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Actions

1. Suppose two distinct points C and D lie on the same side of AB with
AC=AD and BC=BD.

2. Join CD.

3. From AC=AD, triangle ACD is isosceles, so its base angles ACD and
CDA are equal by L.5.

4. From BC=BD, triangle BCD is isosceles, so angles BCD and CDB are
equal.

5. The resulting angle relations force a greater angle to equal a lesser angle,
an impossibility.

6. Therefore the two vertices cannot be distinct.

Integrated Ontological Restatement

Source formulation. On the same straight-line and at the same point, two
other straight-lines cannot be constructed on the same side having the same
extremities as the initial straight-lines.

Ontological role. Suppose triangles ACB and ADB are on the same base
AB and on the same side, with AC = AD and BC = BD. If AC = AD, then
angle ACD = angle ADC (Proposition 5). If BC = BD, then angle BCD
= angle BDC (Proposition 5). But angle ACD is greater than angle BCD,
while angle ADC is less than angle BDC—a contradiction. Therefore, the
two triangles cannot exist; C and D must be the same point.

Critical Apparatus: Alleged Assumption and Reply

Objection. The objection combines two alleged gaps: uniqueness of
straight lines and an unstated inside/outside ordering of the two candidate
vertices.
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Reply within the reconstruction. The uniqueness component is precisely
what the cumulative reading of Definition 4 and Postulate 1 is designed to
establish. The side on which the figures are constructed is part of the proposi-
tion’s stated configuration, while the contradiction is obtained from already
established angle equalities and whole—part comparison rather than from an
independent topological axiom.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Suppose AC' = AD and BC = BD, with C, D distinct and on the same

side of AB. [hypothesis]
2. Join C'D. [P1]
3. From AC' = AD, the angles AC'D, ADC are equal. [I.5]
4. From BC = BD, the angles BC'D, BDC are equal. [I.5]

5. The two results cannot hold together, since one angle is part of the other
and so less than it. [C.N. 5]

How DO YOU KNOW IT IS THERE?

The point D. Not constructed at all — assumed, in order to be refuted. This
is the first proposition in Book I whose figure is deliberately impossible.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.7. On the same base and the same side, two given lengths deter-
mine at most one apex. No new action: nothing is drawable now that was not

drawable before. The second ledger grows; the first does not.
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Proposition 8

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [I.2] place at a given point a line equal to a given line

[I.3] cut off from the greater a line equal to the less

[C5] still dormant

171



EucLib — THE ELEMENTS

BOOK I ¢« PROPOSITION 8
If two triangles have two sides equal to two sides respectively, and also have the base equal to the base,
then they will also have equal the angles ined by the equal straight-li

Since
BC=EF,| |
point C
coincides
with F.

To prove:

Z£BAC = LEDF | @

Apply triangle ABC to DEF. Place B on E

Let ABC and DEF have AB = DE, AC = DF, and BC = EF. [ and BC on EF. Since BC = EF, point C coincides with F.
‘We shall prove that £ BAC

BA coincides with ED.
CA coincides with FD

= Therefore
Impossible Gl £5 ZBAC coincides

\ by b )\ with £ EDF.

\ Proposition 17 By Common Notion 4,

Iy / | £BAC = ZEDF

If the equal sides did not coincide with ED and FD, A
they would meet at another point G on the same side of EF, (g | o el S et ol oD
34 on ED, and CA on FD. Hence ZBAC coincides with ZEDF

Statement

If two triangles have all three corresponding sides equal, then
the included corresponding angles are equal.

Actions

1. Let triangles ABC and DEEF satisfy AB=DE, AC=DF, and BC=EF.

2. Apply triangle ABC to triangle DEF with B on E and C on F, so base BC
coincides with EF.

3. By Proposition 1.7, since the remaining two sides from the endpoints are
equal respectively, the third vertex A must coincide with D.

4. Therefore BA lies on ED and CA on FD.

5. Hence angle BAC equals angle EDF; similarly the triangles coincide in
all respects.
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PRrROPOSITION 1.8

Integrated Ontological Restatement

Source formulation. If two triangles have two sides equal to two sides,
respectively, and also have the base equal to the base, then they will also
have the angle encompassed by the equal straight-lines equal.

Ontological role. Given triangles ABC and DEF with AB = DE, AC = DF,
and BC = EF. Place triangle ABC on DEF such that B coincides with E
and BC coincides with EF. If BA does not coincide with ED, then on the
same base EF and on the same side, two different straight-lines would have
the same extremities, contradicting Proposition 7. Therefore, angle BAC =
angle EDF.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC, DEF have AB = DE, AC = DF, BC = EF. [given]

2. Apply the base BC' to the base E'F, so the extremities agree. [Def. 4,
C.N. 4]

3. If the apexes did not agree, there would be two distinct apexes over one
base with the same two lengths. [hypothesis]

4. That is impossible. [I.7]

5. Therefore the apexes agree and the contained angles are equal. [C.N. 4]

How DO YOU KNOW IT IS THERE?

The coincidence of the bases. As at 1.4, this is Definition 4 doing the work,
not motion. Two straight lines with the same extremities and the same length
lie evenly with one another, hence coincide. The coincidence of the apexes.

Forced by [I.7], which is why 1.7 had to come first. Book I proves unique-
ness before it proves congruence.
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ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.8. Three equal sides force the equality of all corresponding an-
gles. No new action: nothing is drawable now that was not drawable before. The

second ledger grows; the first does not.
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Proposition 9

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [I.2] place at a given point a line equal to a given line

[I.3] cut off from the greater a line equal to the less

[C5] still dormant
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Fuclid Book I, Pfoposition g

To bisect a given rectilinear angle

Panel 1 — Choose D and cut off AE :  Panel2— Join DE and construct DEF ;T :

&3 | == &5

B

B

Take D) on AB. From AC cut aﬂ‘AE
equal to AD.

£

B

Statement

1o bisect a given rectilinear angle.
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ProProsITION 1.9

Actions

1. Let BAC be the given angle.

2. Take D on AB and cut off AE on AC equal to AD.

3. Join DE and construct the equilateral triangle DEF on DE.
4. Join AF.

5. Triangles ADF and AEF have AD=AE, DF=EF, and AF common; by .8
their included angles DAF and FAE are equal.

6. Therefore AF bisects angle BAC.

Integrated Ontological Restatement

Source formulation. 7o cut a given rectilinear angle in half.

Ontological role. Given angle BAC. Take point D on AB. Cut AE equal
to AD on AC (Proposition 3). Join DE. Construct equilateral triangle DEF
on DE (Proposition 1). Join AF. Since AD = AE, AF is common, and DF =
EF, triangles ADF and AEF are congruent (Proposition 8). Therefore, angle
DAF = angle EAF. Thus, AF bisects the angle.

Critical Apparatus: Alleged Assumption and Reply

Objection. The criticism is that the auxiliary equilateral triangle must ap-
pear on the appropriate side of the segment so that the constructed line passes
through the intended angular region.

Reply within the reconstruction. The construction is not licensed by a
freehand diagram but by I.1 applied within the given rectilinear angle and
by I.8. The selected intersections and joined straight lines are constrained
by the already fixed rays of the angle. The intended region is therefore part
of the constructional data rather than a visually guessed placement.

The construction, with its permissions named
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Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ZBAC be given. Take any point D on AB. [given, P1]
2. Cut off AE on AC equal to AD. [I.3]
3. Join DE. [P1]

4. On DEF erect the equilateral triangle DEF, on the side away from A.
[I.1]

5. Join AF'. [P1]

6. Triangles ADF, AEF have AD = AE, DF = EF, AF common; so
the angles at A are equal. [I.8]

7. Therefore AF bisects the angle.

How DO YOU KNOW IT IS THERE?

The point F. Output of [I.1], which was earned eight propositions ear-
lier and is here spent for the first time since 1.2. The equilateral triangle is
Book I's general-purpose symmetry device.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.9 Bisecta given rectilineal angle.
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Proposition 10

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* [I.1] erectan equilateral triangle on a given line

* [I.2] place at a given point a line equal to a given line

[I.3] cut off from the greater a line equal to the less

* [I.9] bisect a given rectilineal angle

[C5] still dormant
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Panel 1 — The Given Straight-Line AB &  Panel 2 — Construct Equilateral Triangle ABC ]
b G

AC=CB=AB |

Ny r 4 J . FE /

/ : " == g "‘ ‘
== = —— | < = o= e .

| Let AB be the given finite straight-line. It is required to cut AB in half. 1‘ i | Construct the equilateral triangle ABC upon AB (Prop. .1). N o |

Panel4 —ABIsCutinHalf || & |
—4AC=cB
/ (Bquiteral AABO) |

—cp=cp M

(Common)

(CD bisects ZACB)
|

2

Since AC = CB, CD is common, and ZACD = ZBCD,
it g cefore D biseets AB!

Statement

To bisect a given finite straight line.

Actions

1. Let AB be the given finite straight line.
2. Construct the equilateral triangle ABC on AB by I.1.
3. Bisect angle ACB by CD using 1.9, meeting AB at D.

4. Triangles ACD and BCD have AC=BC, CD common, and angle
ACD=BCD.

5. By 1.4, AD=DB.
6. Therefore D bisects AB.
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Integrated Ontological Restatement

Source formulation. 7o cut a given finite straight-line in half.

Ontological role. Given AB. Construct equilateral triangle ABC on AB
(Proposition 1). Bisect angle ACB (Proposition 9). The bisector CD meets
AB at D. Triangles ACD and BCD are congruent (Proposition 4), so AD =
DB. Thus, AB is bisected at D.

Critical Apparatus: Alleged Assumption and Reply

Objection. As in 1.9, critics may say that the auxiliary equilateral triangle
and angle bisector are assumed to occupy the correct region and to meet the
given segment.

Reply within the reconstruction. 1.10 is a dependency chain: 1.1 constructs
the equilateral triangle, 1.9 bisects its vertex angle, and [.4 proves equality of
the resulting triangles. In the ontological reading, the relevant intersection
occurs within the determined plane and is produced by the straight lines
specified by those prior propositions.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB be the given line. Erect the equilateral triangle ABC upon it.
[I.1]

2. Bisect the angle AC'B by the line C'D, meeting AB at D. [I.9]

3. Triangles ACD, BCD have AC = BC, C'D common, and the angles
at C' equal; so AD = DB. [I.4]

4. Therefore AB is bisected at D.
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How DO YOU KNOW IT IS THERE?

The point D. Where the bisector of the apex angle meets the base. It exists
because [I.9] returns a line through C interior to the angle, and such a
line meets the base of the triangle it divides. Why not bisect the segment

directly?. Because no permission does that. The segment is bisected only
by way of an angle bisection, which is why 1.9 must precede [.10 — an order
that looks arbitrary until the ledger is kept.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.10 Bisect a given finite straight line.
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Proposition 11

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1], [I.2]
* [I.3] cut off from the greater a line equal to the less
* [I.9] bisect a given rectilineal angle

* [I.10] bisect a given finite straight line

[C5] still dormant
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== | —

and Point €

-

ot

Let AB be the given straight-line, and C il Choose D on AC. Make CE equal to CD
the given point on it. It is required to draw (Prop. 1.3).
from C a straight-line at right angles to AB. )

S5 Pnel 3 — Construct the Equteral
Triangle FDE

/i

DF = FE

CF is common

.. LDCF = LECF
(Proposition .8)

. LDCF and LECF
are right angles.

Since DC = CE, DF = FE, and CF is common,
Proposition 1.8 gives ZDCF = ZECF. Since these
= adjacent angles are equal, both are right angles;
Construct the equilateral triangle FDE on | | therefore CF is perpendicular to AB.
DE (Prop. I.1), and join F to C. | 8

Statement

1o draw a straight line at right angles to a given straight line
from a given point on it.
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Actions

1. Let C be the given point on the straight line AB.
2. Take D on one side of C and cut off CE on the other side equal to CD.
3. Construct the equilateral triangle FDE on DE and join FC.

4. Triangles FDC and FEC have FD=FE, DC=CE, and FC common; by 1.8
their angles DCF and FCE are equal.

5. These adjacent equal angles lie on the straight line DE, so each is a right
angle.

6. Therefore FC is perpendicular to AB at C.

Integrated Ontological Restatement

Source formulation. 7o draw a straight-line at right-angles to a given
straight-line from a given point on it.

Ontological role. Given line AB and point C on it. Take point D on AC.
Make CE equal to CD (Proposition 3). Construct equilateral triangle FDE
on DE (Proposition 1). Join FC. Triangles DCF and ECF are congruent
(Proposition 8), so angle DCF = angle ECF. By Definition 10, these are
right angles. Thus, FC is perpendicular to AB at C.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB be given and C' a point on it. Take D on C'A freely. [given]

2. Cutoff CE on CB equal to CD. [I.3]
3. On DF erect the equilateral triangle DEF'. [I.1]
4. Join FC. [P1]

5. Triangles DC'F', ECF have DC = CE, CF common, DF' = EF’; so
the angles at C' are equal. [I.8]
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6. Being equal adjacent angles, each is right. [Def. 10]

How DO YOU KNOW IT IS THERE?

The right angle. Not measured against an instrument. Definition 10 defines
a right angle as one of two equal adjacent angles, so the equality proved by
[I.8] is the right angle. Postulate 4 then makes it the same magnitude
anywhere.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.11 Erecta perpendicular to a line from a point on it.
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Proposition 12

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3]

* [I.9] bisect a given rectilineal angle

[I.10] bisect a given finite straight line

* [I.11] erect a perpendicular from a point on a line

[C5] still dormant
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i - EUCLID’S ELEMENTS — BOOK I, PROPOSITION 12 °
i - || TO DRAW A STRAIGHT-LINE PERPENDICULAR TO A GIVEN STRAIGHT-LINE
FROM A GIVEN POINT NOT ON IT. 6)

Panel 1 — The Given Line and External Point

s

Panel 2 — Choose D and Draw the Circle

G
L]
“ 3
A B
\ Y J D
- CE=CG=CD
A 7,
Let AB be the given infinite straight-line Choose D on the opposite side
and C the given point not on it. | of AB from C. With center C and
It is required to draw from C a | radius CD, draw a circle meeting
perpendicular to AB. 7 ABat E and G.
Panel 3 — Bisect EG at H Panel 4 — CH Is Perpendicular to AB J "4
-
! @ +EH=HG |
; | " —c-c ||
: | A CH common 1
g L e IR LEHC = LCHG |
E\ir/c B | E H G = |
b 4 | W
D D v |
CH 1 AB
= Bisect EG at H (Prop. L.10), Since EH = HG, CE = CG, and CH is common,
\ and join CE, CH, and CG. > Proposition L8 gives ZEHC = LCHG.
> = R These adjacent equal angles are right angles;
7 P 2 Sl therefore CH is perpendicular to AB. s
i
|
Statement

To draw a perpendicular to a given infinite straight line from a
given point not on it.
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ProrosiTION 1.12

Actions

1. Let AB be the given line and C the external point.

2. Choose D on the opposite side of AB and with centre C describe a circle
through D cutting AB at E and F.

3. Bisect EF at G by 1.10 and join CG.

4. Since CE=CF, EG=GF, and CG is common, triangles CEG and CFG are
equal by L.8.

5. Therefore angles CGE and CGF are equal adjacent angles on the straight
line EF.

6. Hence each is right, and CG is perpendicular to AB.

Expanded Commentary from Explaining Fully the
First Book of Elements

Problem: The construction of a perpendicular to a given line at a point pre-
supposes the completeness of the plane. This again involves the intersection
of circles, whose existence is not explicitly guaranteed by the postulates.

Critics:

* Beeson (2019) argues that additional existence postulates are required to
ensure the intersection of circles in the construction of the perpendicular.

Response: I disagree. The completeness and the definition of the plane are
already established by Postulate 5 (see Section ??). Hence, the existence of
the intersection points required for drawing a perpendicular follows logically
from the nature of the plane as defined therein, without the need for any
supplementary existence postulates.
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Integrated Ontological Restatement

Source formulation. 7o draw a straight-line perpendicular to a given infi-
nite straight-line from a given point which is not on it.

Ontological role. Given infinite line AB and point C not on it. Take point D
on the other side of AB. Draw circle with center C and radius CD (Postulate
3). The circle cuts AB at E and G. Bisect EG at H (Proposition 10). Join CH.
Since EH = HG, CH is common, and CE = CG (radii of same circle), trian-
gles CEH and CGH are congruent (Proposition 8). Therefore, angle CHE
= angle CHG, which are adjacent and equal, hence right angles (Definition
10). Thus, CH is perpendicular to AB from C.

Critical Apparatus: Alleged Assumption and Reply

Objection. The standard continuity objection is that the circle centred at C'
is assumed to cut the infinite straight line AB in two points E and G.

Reply within the reconstruction. The reconstruction treats this as an in-
stance of the already established interaction of Postulates 2 and 3 within the
plane determined by Postulate 5. The infinite straight line is continuously
produced and the circle is the locus of constant radius; their two intersections
in this configuration are therefore read as consequences of those determina-
tions rather than as visual assumptions.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB be given and C' a point not on it. Take D on the far side of AB.
[given]

2. With centre C' and radius C'D describe a circle cutting AB at G and E.
[P3]

3. Bisect GE at H. [I.10]

4. Join CH. [P1]
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ProrosiTION 1.12

5. Triangles GHC, EHC have GH = HE, HC common, CG = CE; so
the angles at H are equal, and each is right. [I.8, Def. 10]

How DO YOU KNOW IT IS THERE?

The points G and E. The circle is executed by [P3] with a radius reaching
across AB, since D was taken on the far side. A locus at constant distance
from C, passing from one side of AB to the other, shares points with it. Why

the far-side point D?. To guarantee the radius is long enough. Without
it the circle might not reach AB at all, and the construction would return
nothing.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.12 Drop a perpendicular to a line from a point outside it.
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Proposition 13

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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ProrosiTiION 1.13

i Pa“el 1—One t“‘jght'Liﬂe Stands on oter .

ZCBA = ZABD
Each is a right angle.

If ZCBA = ZABD, then by Definition 10
both are right angles.

—— B ———
ZCBA ZABD

ZLCBA + ZABD

— e The original adjacent angles together equal
If the two angles are not equal, draw BE | the two right angles CBE and EBD.
perpendicular to CD (Prop. 1.11). Then | Therefore ZCBA + ZABD equals two right angles.

Statement

If a straight line standing on another straight line makes angles,
it makes either two right angles or angles whose sum is two
right angles.
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Actions

1. Let AB stand on CD at B.

2. If angle CBA equals ABD, both are right angles by definition.
3. Otherwise draw BE perpendicular to CD at B by 1.11.

4. Then CBE and EBD are right angles.

5. Add and subtract the common parts to show angles CBA and ABD to-
gether equal angles CBE and EBD together.

6. Therefore CBA+ABD equals two right angles.

Expanded Commentary from Explaining Fully the
First Book of Elements

Problem: The construction of a perpendicular to a given line at a point pre-
supposes the completeness of the plane. This again involves the intersection
of circles, whose existence is not explicitly guaranteed by the postulates.

Critics:

* Beeson (2019) argues that additional existence postulates are required to
ensure the intersection of circles in the construction of the perpendicular.

Response: I disagree. The completeness and the definition of the plane are
already established by Postulate 5 (see Section ??). Hence, the existence of
the intersection points required for drawing a perpendicular follows logically
from the nature of the plane as defined therein, without the need for any
supplementary existence postulates.
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Integrated Ontological Restatement

Source formulation. If a straight-line stood upon another straight-line
makes angles, it will certainly either make two right-angles, or angles whose
sum is equal to two right-angles.

Ontological role. Given line AB standing on CD at B, making angles CBA
and ABD. If the angles are equal, they are right angles by Definition 10. If
not, draw BE perpendicular to CD at B (Proposition 11). By Definition 10,
CBE and EBD are right angles. Since CBE = CBA + ABE, and ABD =
ABE + EBD, adding and subtracting equals yields CBA + ABD = CBE +
EBD, which equals two right angles (Common Notion 2). Thus, the sum of
the adjacent angles is two right angles.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let CD stand on AB at C. [given]
2. If the angles are equal, each is right by definition. [Def. 10]
3. Otherwise erect C'E perpendicular to AB at C. [I.11]

4. Then LZACD + ZDCB equals ZACE + ZEC B, which is two right
angles. [C.N. 2]

How DO YOU KNOW IT IS THERE?

The perpendicular C'E. Output of [I.11], earned two propositions earlier.
1.13 is the first proposition to spend the perpendicular, and it spends it to
create the standard against which all later angle sums are measured.
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ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.13. Adjacent angles on a straight line sum to two right angles.
No new action: nothing is drawable now that was not drawable before. The second

ledger grows; the first does not.
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Proposition 14

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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Panel 1 — The Adjacent Angles

Panel 2 — Suppose Another Continuation

LABC + LABD = |
two right angles |

1 Let BC and BD, on opposite sides of AB, 1
- make the adjacent angles ABC and ABD
: together equal to two right angles. |

P

e LS

C- aneoollinear. J 7

 Let BE be the straight continuation of CB.

Because AB stands on i il
Bt G, | |
LABC + LABE = LABC + LABD =

two right angles § two right angles
Subtract the common angle £ ABC from both sums.

248C+2ABE | _ [ 2aBC+ 24BD | o
Snge || S S [
ZABE ZABD ‘

Therefore | LABE = LABD.
But in the figure, 2 ABE is greater than 2 ABD.
the lesser equal to the greater — impossible.

* Both sums equal two right angles.
Subtracting the common angle ABC gives
LABE = £ ABD, which is impossible.

Statement

C, B, D are collinear.

ad i Fr e S

CB and BD are
straight-on with

one another.

| Therefore BD is the straight continuation of BC.

Hence CB and BD lie on one straight-line.

Iftwo adjacent angles made with a straight line sum to two right
angles, the outer sides form one straight line.
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Actions

1. Let AB stand on BC, and suppose angles ABC and ABD together equal
two right angles.

2. Assume BD is not in a straight line with BC, and let BE be the straight
continuation of CB.

3. By L.13, angles ABC and ABE together equal two right angles.

4. By hypothesis, angles ABC and ABD together also equal two right an-
gles.

5. Subtract the common angle ABC to obtain ABE=ABD.

6. This would make distinct rays BE and BD coincide, a contradiction.
Therefore BD and BC form one straight line.

Integrated Ontological Restatement

Source formulation. If'two straight-lines, not lying on the same side, make
adjacent angles whose sum is equal to two right-angles with some straight-
line at a point on it, then the two straight-lines will be straight-on with re-
spect to one another.

Ontological role. Given line AB with BC and BD on opposite sides such
that angle ABC + angle ABD = two right angles. Suppose BD is not straight-
on to BC. Let BE be straight-on to BC. Then angle ABC + angle ABE = two
right angles (Proposition 13). Therefore, angle ABC + angle ABE = angle
ABC + angle ABD. By subtraction (Common Notion 3), angle ABE = angle
ABD, the lesser equal to the greater, impossible. Therefore, BD is straight-
on to BC.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let BC, BD make with AB at B angles summing to two right angles.
[given]
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2. Suppose BD is not in a straight line with C'B; let BE be so instead.
[hypothesis]

3. Then LZABC + ZABE is two right angles. [I.13]
4. Subtracting the common angle ABC gives /ABE = ZABD, the lesser

equal to the greater. [C.N. 3]
5. Impossible; therefore B D is in a straight line with C'B. [C.N. 5]

How DO YOU KNOW IT IS THERE?

The line BE. Assumed for refutation, as at 1.7. Book I uses this device
sparingly and always with a construction that can actually be carried out.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.14. Angles summing to two right angles on opposite sides make
one straight line. No new action: nothing is drawable now that was not drawable

before. The second ledger grows; the first does not.
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Proposition 15

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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Panel 2 — First Use of Proposition I.13

Let the straight-lines AB and CD cut one
another at E. We will show that the
vertically opposite angles are equal.

Both sums equal two right angles.
Subtracting the common angle AED
gives ZCEA = ZDEB. —— SO the vertically opposite angles are equal.

Therefore, when two st.ralght lines cut one another, ||

Statement

If two straight lines cut one another, they make the vertically
opposite angles equal.

Actions

1. Let AB and CD intersect at E.

2. By 1.13, angles AEC and CEB sum to two right angles.
3. Also angles CEB and BED sum to two right angles.

4. Subtract the common angle CEB to get AEC=BED.

5. Similarly subtract the appropriate common angle to obtain CEA=DEB
for the other vertical pair.

6. Thus vertically opposite angles are equal.
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Integrated Ontological Restatement

Source formulation. If two straight-lines cut one another, they make the
vertically opposite angles equal to one another.

Ontological role. Given lines AB and CD cutting at E. By Proposition 13,
angle AEC + angle CEB = two right angles, and angle AED + angle AEC
= two right angles. Therefore, angle AEC + angle CEB = angle AED +
angle AEC. By subtraction (Common Notion 3), angle CEB = angle AED.
Similarly, angle AEC = angle DEB.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB,CD cutat E. [given]
2. JAEC + ZAED is two right angles. [I.13]
3. ZAED + ZDEB is two right angles. [I.13]
4. Therefore ZAEC = Z/DEB. [C.N. 1, C.N. 3]

How DO YOU KNOW IT IS THERE?

The point E. Given by hypothesis: the lines are stated to cut one another.
.15 does not have to prove that they meet — it is told that they do.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.15. Vertical angles are equal. No new action: nothing is drawable

now that was not drawable before. The second ledger grows; the first does not.
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Proposition 16

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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ProrosiTION 1.16

Panel 1 — Produce BC and

Panel 2 — Bisect AC and j

Produce BE

Panel 3 — Compare Triangles
AEB and CEF

L

Reveal the Exterior Angle

A

A

C

‘We shall prove that the exterior angle ACD is
greater than each remote interior angle.

Bisect AC at E. Join BE and produce it to F'
so that BE = EF. Then join F to C.

B C D

Since AE = EC, BE = EF, and ZAEB = ZCEF
by Proposition L.15, triangles AEB and CEF are
equal by Proposition L.4. Therefore ZBAE = £ ECF.

Panel 4 — The Exterior Angle
Is Greater Than BAC

~ Panel 5 — The Exterior Angle

Is Greater Than Both

4A>CD applied analogously to

the other side, the
exterior angle ACD is
ZECF = /BAE also greater than £ AB(
= /BAC

= LACD > /BAC

D

Statement

| Since ZECF is only part of the exterior angle ACD,
| ZACD > LECF. But ZECF = /BAE = ZBAC.
1 Therefore ZACD > ZBAC.

By the same mmmoﬂ i

By the same construction, appl
the exterior angle ACD is also greater than Z ABC.
‘Therefore an exterior angle of a triangle is greater

than each remote interior angle.

lied analogously to the other side,

S | z1oxe;,
EYKAEIAOY |
BisaioN 4 1/

In any triangle, if one side is produced, the exterior angle is

greater than either interior opposite angle.

Actions

1. Let side BC of triangle ABC be produced to D.

. Bisect AC at E and join BE; produce BE to F so that EF=BE; join FC.

3. Triangles AEB and CEF have AE=EC, BE=EF, and vertical angles
AEB=CEF; by 1.4 they are equal.

Hence angle BAE equ

angle BAE.

als angle ECF.
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6. By an analogous construction, ACD is also greater than angle ABC.

Integrated Ontological Restatement

Source formulation. In any triangle, if one of the sides is produced, the
external angle is greater than each of the internal and opposite angles.

Ontological role. Given triangle ABC with side BC produced to D. Bisect
AC at E (Proposition 10). Join BE and extend to F such that EF = BE (Propo-
sition 3). Join FC. Triangles AEB and CEF are congruent (Proposition 4),
so angle ECF = angle EAB = angle BAC. Since angle ACD is greater than
angle ECF (the whole is greater than the part, Common Notion 5), angle
ACD > angle BAC. Similarly, angle ACD > angle ABC.

Critical Apparatus: Alleged Assumption and Reply

Objection. A frequently cited order objection is that the constructed point F’,
obtained after bisecting and extending, is taken to lie in the relevant interior
region, so that one angle is properly part of another.

Reply within the reconstruction. The construction fixes F' by equality on
the produced straight line, and the comparison is then governed by Common
Notion 5: the whole angle is greater than its proper part. The reconstruction
takes the relevant incidence and order from the produced lines and their es-
tablished intersections rather than from an additional inside/outside axiom.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC have BC produced to D. [P2]
2. Bisect AC at F. [I.10]
3. Join BE and produce it to F', making FF = BFE. [P1, P2, I.3]

4. Join FC. [P1]
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5. Triangles AEB, CEF have AE = EC, BE = EF, and vertical angles
equal; so /BAE = /ECF. [I.15, I.4]

6. But ZECD is greater than /ECF; so the exterior angle exceeds the
interior opposite. [C.N. 5]

How DO YOU KNOW IT IS THERE?

The point F'. Constructed, not assumed: BFE is produced by [P2] and the
equal length laid off by [I.3]. The doubling of the median is the character-
istic move of this proof.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.16. An exterior angle exceeds either remote interior angle.
Proved without Postulate 5. No new action: nothing is drawable now that was

not drawable before. The second ledger grows; the first does not.
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Proposition 17

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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PANEL 1 — CHOOSE TWO ANGLES
OF THE TRlANGLE

angle ABC + angle ACB | i
< two right angles. i By Prop. 1.16:
{ } angle ACD > angle ABC.

" Let ABC be any triangle. We first prove that the Produce BC to D. By Proposition 1.16, the exterior
angles at B and C together are less than two right angles. angle ACD is gremr than the remote interior angle ABC.

By Prop. 1.16: 1 -
 angle ACD > angle ABC. 3 A\ angle ABC + angle ACB
Add angle ACB to both sides: | |} e : < wo right aﬂe'E
A\ angle ACD + angle ACB |
> angle ABC + angle ACB. | (1| A\ angle BAC + angle ACB
—_—— ! < two right angles.

A zngle CAB * angle ABC
< two right angles.
.

equals two right angles by Proposition I.13, the sum E = s
angle ABC + angle ACB must be smaller. 4 ~ The same argument applies to either of the other pairs.
— it - Therefore, in every triangle, any two angles taken together
are less than two right angles.

Statement

In any triangle, any two angles together are less than two right
angles.
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Actions

1. Let triangle ABC have side BC produced to D.

2. By .16, exterior angle ACD is greater than interior opposite angle ABC.
3. Add angle ACB to both sides.

4. Angles ACD and ACB together equal two right angles by 1.13.

5. Therefore angles ABC and ACB together are less than two right angles.

6. The same reasoning applies to any other pair of angles.

Integrated Ontological Restatement

Source formulation. For any triangle, the sum of two angles taken together
in any way is less than two right-angles.

Ontological role. Given triangle ABC. Extend BC to D. By Proposition 16,
angle ACD > angle ABC. Add angle ACB to both sides. Then angle ACD +
angle ACB > angle ABC + angle ACB. But angle ACD + angle ACB = two
right angles (Proposition 13). Therefore, angle ABC + angle ACB < two
right angles. Similarly for the other pairs.

The construction, with its permissions named

Aris'’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Produce BC'to D. [P2]

2. The exterior angle ACD exceeds the interior opposite angle ABC.
[I.16]

3. Add ZACB to each: ZAC'D + ZAC B is two right angles. [I.13]

4. Therefore ZABC + ZACB is less than two right angles. ~ [C.N. 5]
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How DO YOU KNOW IT IS THERE?

The bound. Notice it is less than, never equal to. The exact angle sum must
wait for .32, which needs the parallel constraint. Until then Book I can only
bound.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant I.17. Any two angles of a triangle are together less than two right
angles. No new action: nothing is drawable now that was not drawable before.

The second ledger grows; the first does not.
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Proposition 18

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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ProrosiTION 1.18

Let ABC be a triangle with AC grearerhan AB. s : 5SS
We shall prove that the angle opposite AC, Since AC is greater than AB, cut off AD equal to AB

namely ABC, is greater than angle ACB. | i g (Prop. 1.3), and join BD.

~ ZADBisan
exterior angle of 1
triangle BCD. 1}l

By Prop. .16 (exterior angle theorem):
ZADB > £LDCB = LACB.

*Stace . ADB 1 an exterior angle of triangle CD, -
Prop. 1.16 gives ZADB > ZDCB = ZACB. But AB = AD,
50 Prop. 1.5 gives ZADB = £ABD. Hence ZABD > LACI

Statement

In any triangle, the greater side subtends the greater angle.
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Actions

1. Let triangle ABC have side AC greater than AB.
2. Cut off AD from AC equal to AB and join BD.
3. Triangle ABD is isosceles, so angle ABD=ADB by L.5.

4. Angle ADB, being an exterior angle of triangle BDC, is greater than angle
DCB by L.16.

5. Thus angle ABD is greater than angle ACB.

6. Since angle ABC contains angle ABD, angle ABC is greater than angle
ACB.

Integrated Ontological Restatement

Source formulation. /n any triangle, the greater side subtends the greater
angle.

Ontological role. Given triangle ABC with AC > AB. Cut AD from AC
equal to AB (Proposition 3). Join BD. Since AD = AB, angle ABD = angle
ADB (Proposition 5). Since angle ADB > angle DCB (Proposition 16, ex-
ternal to triangle BCD), angle ABD > angle DCB. But angle ABC > angle
ABD, so angle ABC > angle ACB.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let AC be greater than AB in triangle ABC'. [given]
2. Cut off AD on AC equal to AB. [I.3]
3. Join BD. [P1]
4. /ADB = ZABD. [I.5]

5. ZADB, being exterior to triangle BDC, exceeds ZDCB. [I.16]
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6. Therefore ZABC exceeds ZACB. [C.N. 5]

How DO YOU KNOW IT IS THERE?

The point D. Output of [I.3] — the cut-off action, earned at the third
proposition, is still the workhorse fifteen propositions later.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.18. The greater side subtends the greater angle. No new action:

nothing is drawable now that was not drawable before. The second ledger grows;

the first does not.
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Proposition 19

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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ProrosiTION 1.19

S — e
BB Pnel 1 — The Greater Angle ABC

|
e A
|
|

AB AC
opposite

ZLABC

By Prop. 1.5
{
£LABC=£BCA

ZABC > /BCA

“Let ABC be a triangle with ZABC greater
than ZBCA. We shall prove that the opposite
side AC is g'reater than AB.

If AC = AB, then Pmposmon 1.5 makes
ZABC = ZBCA. But ZABC is given greater
than ZBCA. Therefore AC cannot equal AB.

Given:
ZLABC > ZBCA

Proposition L18 gives:

Given:
but | /BCA > ZABC

LABC > ZBCA

If AC were less than AB, then AB would be

the greater side. Proposition .18 would give
ZBCA > £ZABC, contradicting the hypothesis.
Therefore AC cannot be less than AB.

EUCLID S ELEMENTS

BOOK I PROPOSITION 112 —=

AC is neither equal to nor less than AB.
Therefore AC is greater than AB. Thus, in any
triangle, the gmater angle is subtended by the

de

Statement

In any triangle, the greater angle is subtended by the greater
side.
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Actions

1. Let triangle ABC have angle ABC greater than angle ACB.
2. Suppose AC is not greater than AB.

3. If AC=AB, then the base angles would be equal by L.5, contrary to the
hypothesis.

4. If AC<AB, then by I.18 the angle opposite AB, namely ACB, would be
greater than angle ABC, also impossible.

5. Therefore AC>AB.

Integrated Ontological Restatement

Source formulation. /n any triangle, the greater angle is subtended by the
greater side.

Ontological role. Given triangle ABC with angle ABC > angle ACB. Sup-
pose AC is not greater than AB. If AC = AB, then angle ABC = angle ACB
(Proposition 5), contradicting the given. If AC < AB, then angle ABC <
angle ACB (Proposition 18), also contradicting. Therefore, AC > AB.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.
1. Let LZABC exceed ZACB. [given]
2. If AC' = AB the angles would be equal. [I.5]

3. If AC were less than AB, the angle at B would be less than that at C.
[I.18]

4. Both are contrary to hypothesis; therefore AC exceeds AB.
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How DO YOU KNOW IT IS THERE?

No new object. 1.19 introduces nothing. It is a pure exclusion argument on
the two warrants already banked at [.5 and 1.18.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.19. The greater angle is subtended by the greater side. No new

action: nothing is drawable now that was not drawable before. The second ledger
grows; the first does not.
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Proposition 20

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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ProrosiTION 1.20

: ,- I"gnl 2 —rouce BAtoD V

& LetABC be any triangle. We first prove
4 ~ that the two sides BA and AC taken together 3

 are greater than BC.

~ Panel —.-.Cop.avre the es

[ In triangle BCD:
£BCD > ZBDC

By Prop. 1.19,

\, But BD = BA +AD

‘ and AD = AC

B e e D e
& 3,

ZADC = ZACD  (Prop.L5) Fs BD = BA + AD

ZBCD > £ACD (genertianispart){t o8 2 IBA +AC > BC ]

£ZBDC = LADC (B, A, D collinear) S
imilarly,

Therefore  Z BCD > /BDC. 2 AB + BC > AC
=TT a4 . BC + CA > AB

g .  Intriangle BCD, ZBCD > £BDC, so Propositon L9 |
ut Z BCD is greater than its contained part Z ACD. gives BD > BC. But BD = BA + AD and AD = AC o
Thus £ BCD > ZBDC.
PO RN ST S ,-_ of a triangle aregreaterlhanthet!u.rd

Statement

In any triangle, the sum of any two sides is greater than the
remaining side.
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Actions

1. Let triangle ABC be given.

2. Produce BA to D and make AD=AC; join DC.

3. Then triangle ACD is isosceles, so angle ACD=ADC by L.5.

4. Angle BCD is greater than ACD and therefore greater than BDC.
5. By .19, in triangle BCD the side BD is greater than BC.

6. But BD=BA+AD=BA+AC. Therefore BA+AC>BC; similarly for the
other pairs.

Integrated Ontological Restatement

Source formulation. /n any triangle, the sum of two sides taken together in
any way is greater than the remaining side.

Ontological role. Given triangle ABC. Extend BA to D such that AD =
AC (Proposition 3). Join DC. Since AD = AC, angle ADC = angle ACD
(Proposition 5). But angle BCD > angle ACD, so angle BCD > angle ADC.
Therefore, BD > BC (Proposition 19). But BD = BA + AD = BA + AC.
Thus, BA + AC > BC. Similarly for the other pairs.

Critical Apparatus: Alleged Assumption and Reply

Objection. The criticism says that producing BA to D assumes the be-
tweenness relation B—A-D.

Reply within the reconstruction. Postulate 2 is precisely the operation of
producing a finite straight line continuously in the same straight line. To
produce BA beyond A is therefore already to determine A as lying between
the original endpoint B and the newly constructed point D. No separate
betweenness assertion is added after the construction.

The construction, with its permissions named
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Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1.

2.

Produce BA to D, making AD = AC. [P2, I.3]
Join DC. [P1]
. LADC = LZACD. [I.5]
/BCD exceeds ZAC D, hence exceeds ZADC. [C.N. 5]
Therefore BD exceeds BC. [I.19]

But BD = BA+ AC.

How DO YOU KNOW IT IS THERE?

The point D. [P2] extends, [I.3] measures. Two of the earliest permis-
sions, combined, give the proposition the Epicureans mocked as obvious to
a donkey — and which Euclid nonetheless proves.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.20. Any two sides of a triangle exceed the third. No new action:

nothing is drawable now that was not drawable before. The second ledger grows;

the first does not.
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Proposition 21

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant

224



ProrosiTION [.21

From the endpoints B and C of side BC,
" draw BD and DC to an interior point
‘We shall prove that BD + DC is less.
han BA + AC, but angle BDC is
_ greater than angle BAC.

O

In triangle ABE, by Prop. 120:
AB+AE>BE| ..(1)

Add EC to both sides:

AB+AC>BE+EC| ..(2)

e
In triangle CED, by Prop. 120:

CE+ED>CD| -(3)

Add DB to both sides and
ED + DB = EB:

CE+EB>CD+DB| ..(4)

Produce BD through D
until it meets AC at E.

In triangle CDE, angle BDC is
an exterior angle.
By Proposition L.16:

£BDC > LCED | ..(1)

Since B, D, E are collinea,
ray EB is the same direction
as ray ED from E.

ZLCED = LCEB| ..

Adding (2) and (4) gives:

[(4B+4C) + (CE+ EB) > (BE + EC) + (CD + DB) |
Since CE + EB = AC and BE + DB = BD, we get:

BD + DC < BA + AC

In trangle ABE, angle CEB is
an exterior -
By Proposition L16:

LCEB > LBAE | ..(1)

Since 4, E, C are collinear,
LBAE = £BAC| (@)

From Panel 4 we have:

4ZBDC > LCEB| ..3)

From (1) and (2) we conclude:

7 Thus we have proved:

y O From (1), @) and (3) in the chai

£BDC > LCEB > LBAC

/BDC > LCEB || I +[BD+DC < BA +4C]!
.

Angle CEB is an exterior angle of triangle ABE,
so ZCEB > /ZBAE = ZBAC.
Since ZBDC > £CEB, it follows that ZBDC > £BAC.

Hence,
£BDC > /BAC

Statement

If two straight lines are drawn from the ends of one side of a
triangle to a point inside, their sum is less than the other two
sides, but the angle between them is greater than the angle at
the third vertex.

Actions

1. Let D be inside triangle ABC and join BD and CD.

2. Produce BD to meet AC at E.

3. By 1.20 in triangle ABE, AB+AE>BE; add EC to both sides.
4. Again by 1.20 in triangle CDE, CE+ED>CD.

5. Combining gives AB+AC>BD+CD.
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6. By .16, angle BDC is greater than angle BEC, and angle BEC is greater
than angle BAC; hence angle BDC>angle BAC.

Integrated Ontological Restatement

Source formulation. [f two internal straight-lines are constructed on one
of the sides of a triangle from its ends, the constructed lines will be less than
the two remaining sides of the triangle, but will encompass a greater angle.

Ontological role. Given triangle ABC with internal lines BD and DC con-
structed from B and C on BC. Extend BD to E. By Proposition 20, in triangle
ABE, AB + AE > BE. Adding EC gives BA + AC > BE + EC. In triangle
CED, CE + ED > CD. Adding DB gives CE + EB > CD + DB. Therefore,
BA + AC> CD + DB. For the angle: angle BDC > angle DEC (Proposition
16), and angle DEC > angle BAC (Proposition 16), so angle BDC > angle
BAC.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let BD, DC be drawn to the interior point D of triangle ABC. [P1]
2. Produce BD to meet AC at E. [P2]
3. BA+ AE > BE. [I.20]

4. EC+ ED > DC,; adding and cancelling gives BD + DC < BA+ AC.
[I.20, C.N.]

5. Z/BDC exceeds ZBEC, which exceeds ZBAC. [I.16]

How DO YOU KNOW IT IS THERE?

The point E. Where BD produced meets AC. It exists because D is inte-
rior: a line from a vertex through an interior point leaves the triangle across
the opposite side.
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ProrosiTION [.21

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.21. Interior cevians are shorter in sum but enclose a greater angle.

No new action: nothing is drawable now that was not drawable before. The second

ledger grows; the first does not.
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Proposition 22

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9]
* [I.10] bisect a given finite straight line
* [I.11] erect a perpendicular from a point on a line

* [I.12] drop a perpendicular from a point outside a line

[C5] still dormant
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ProrosiTION 1.22

3 & e .g 5 . S L S
| A |

;/:;: | B+C>4A = k- : ;

Let A, B, and C be three given
straight-lines, such that any two together

On one straight-line lay off DF equal

With center F and radius FD,
are greater than the remaining one. to A, FG equal to B, and GH equal to C. I draw the first circle.
T T il
g Al
el
N D
\ \ L 0 - H
\ H| \ F G
KF=FD=A -
f{ FG =B -+
: GK = GH = C s+

o) > ==

Since KF = FD = A, FG = B, and GK = GH = C,
. triangle KFG has sides equal to the three given straight-lines.
‘With center G and radius GH, draw the second circle.

|
Let the circles meet at K, and join KF and KG. Therefore trlMgle KFG is the mqu"ed mang‘e' i

Statement

To construct a triangle from three given straight lines, each pair
of which is greater than the remaining one.
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Actions

1. Let the three given lengths be A, B, C satisfying the triangle inequalities.
2. Take a straight line DE and mark DF=A, FG=B, and GH=C successively.

3. With centre F and radius A describe a circle; with centre G and radius C
describe another circle meeting at K.

4. Join KF and KG.
5. By construction KF=A, FG=B, and KG=C.

6. Therefore triangle KFG has its three sides equal to the three given straight
lines.

Integrated Ontological Restatement

Source formulation. 7o construct a triangle from three straight-lines which
are equal to three given straight-lines. It is necessary for the sum of any two
to be greater than the remaining one.

Ontological role. Given lines A, B, C with any two summing to greater
than the third. Set out line DE. Make DF = A, FG =B, GH = C (Proposition
3). Draw circle with center F and radius FD. Draw circle with center G and
radius GH. These circles intersect at K (guaranteed by Postulate 5). Join KF
and KG. Then KF = A, KG = C, FG = B. Thus, triangle KFG is constructed
from three lines equal to A, B, C.

Critical Apparatus: Alleged Assumption and Reply

Objection. The two circles centred at /" and G are said to meet at . Mod-
ern formalizations isolate this step as a circle—circle continuity requirement.

Reply within the reconstruction. The triangle inequalities are not decora-
tive hypotheses: they are the conditions under which the two constant-radius
loci can meet in the Euclidean plane. The ontological reconstruction reads
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the intersection as guaranteed by the plane-and-circle structure already estab-
lished; the formalist’s continuity axiom is interpreted as an explicit recoding
of that content.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let A, B, C be the given lines, any two together exceeding the third.
[I.20]

2. Setoutaline DFE, terminated at D and unbounded toward E. [P1, P2]

3. Cutoff DFF= A, FG=B,GH =C. [I.3]
4. With centre I and radius F'D describe a circle; with centre GG and radius

G H describe another. [P3]
5. Let them cut at K; join K F and KG. [P1]
6. Then K F'G is the required triangle. [Def. 15]

How DO YOU KNOW IT IS THERE?

The point K. The two circles meet because of the condition imported from
[I.20]: each circle reaches past the other’s centre precisely when any two
of the three lengths exceed the third. The necessary condition is not a caveat
appended to the construction — it is the guarantee that the construction re-
turns anything at all.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.22 Construct a triangle on three given lengths, when the triangle in-
equality permits.
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Proposition 23

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10]

* [I.11] erect a perpendicular from a point on a line

[I.12] drop a perpendicular from a point outside a line

* [I.22] construct a triangle from three given straight lines

[C5] still dormant
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ProrosiTION 1.23

1 _ The Given Angle and the Given Point 20 JoinDtoB | e
g BRI,
i e WY _ A GIVEN RECTILINEAR ANGLE GIVEN. mAlGHT-lINEZ ¥ L s #IVEN 'RECTILINEAR ANGLE GIVEN S'I'IAIGH:I'-LTNB' |
e DCE AB ! | A DCE F
(5a 2 i NLN D
4 A B " i ; 3
=, 4 ] [
P G E ] 2% g
\ ¥ C E
\ \V ) !
GOAL: W
>, Construct at A an angle 4]
equal to angle DCE. = p
R w\
a 2 \ - .
- i i N = -

Given the straight-line AB with the point A on i, ~ Choose D and E on the two arms of the given angle,
and the given rectilinear angle DCE, g & and join DE. The given angle is now S
construct at A an angle equal to DCE. .. . containedintriangle DCE. = = =~

3)1  Construct Triangle AFG 4 )"\ The Angle Has Been Copied

I - REFERENCE TRIANGLE { i o REFERENCE TRIANGLE CONSTRUCTED TRIANGLE
| DCE , i DCE AFG
y D G ¢ D G
; ! v
!
|
) C Il IE + - ; H +
\ A 13 (¢} E | A T B
N 7 e e A By Proposition 1.8
, ¢ iy - == CE = GA )
S —t— # DE=FG | £DCE = LFAG
& = 3 i
= \\‘: __ THEREFORE ZFAG = £DC -
Using Praposifiun 1.22, construct triangle AFG : 8 ¥ Pmi;osig'mn 1=_s giv’e.;ciTJCE.’ =7 L F:G 4 "e
so that AF = CD, AG = CE, and FG = DE. 3 4 Thus an angle equal to the gmniangg : e
LS ™ vy Ot e L A

~ 00dtv yap ¢
. For noth

Statement

At a given point on a given straight line, to construct a rectilin-
ear angle equal to a given rectilinear angle.
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Actions

. Let AB be the given line, A the given point, and DCE the given angle.

Choose points D and E on its sides and join DE.

. Construct on AB a triangle AFG whose three sides correspond to CD,

CE, and DE by 1.22.

. Triangles DCE and FAG have all three corresponding sides equal.

. By 1.8, angle DCE equals angle FAG.

Thus angle FAG equal to the given angle has been constructed at A on
AB.

Integrated Ontological Restatement

Source formulation. 7o construct a rectilinear angle equal to a given rec-
tilinear angle at a given point on a given straight-line.

Ontological role. Given line AB, point A, and angle DCE. Take points D
and E on the sides of the angle. Join DE. Construct triangle AFG (Proposi-
tion 22) such that AF = CD, AG = CE, FG = DE. By Proposition 8, triangle
DCE is congruent to triangle FAG. Therefore, angle FAG = angle DCE.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1.

2.

Let ZDCFE be given, and AB with the point A on it. [given]

Take D, E on the two sides and join DFE. [P1]
. Construct the triangle AF'G from three lines equal to CD, DE, CE.

[I.22]

Then /FAG = Z/DCE. [I.8]
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ProrosiTION 1.23

How DO YOU KNOW IT IS THERE?

The triangle AFG. Output of [I.22], which is why 1.22 precedes 1.23.
The angle is copied by copying a triangle — Book I has no way to carry an
angle directly, so it carries three lengths and rebuilds.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.23 Copy a given rectilineal angle to a given point on a given line.
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Proposition 24

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11]
* [I.12] drop a perpendicular from a point outside a line
* [I.22] construct a triangle from three given straight lines

* [I.23] copy a given rectilineal angle at a given point

[C5] still dormant
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ProrosiTION 1.24

EUCLID'S ELEMENTS BOOK I ¢« PROPOSITION 2

" Construct E equal Z BAC, >
~make DG = DF, and join EG and FG.

e DF = DG, / DFG = ZDGF.
But ZDGF is greater than ZEGF,

e
In triangle EFG,
the greater angle subtends the greater side.

LLEFG > LEGF] :;.[ EG > EF
by Proposition 1.19

From Panel 3, BC = EG.
‘Therefore,

"BC = EG > EF |

Hence BC > EF.

Statement
If two triangles have two corresponding sides equal but one

included angle greater, then the base opposite the greater angle

is greater.
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Actions

1. Let AB=DE and AC=DF, but angle BAC greater than angle EDF.

2. At D construct angle EDG equal to BAC by [.23 and make DG=AC; join
EG and FG as needed.

3. Triangles BAC and EDG have two sides and included angle equal; by 1.4,
BC=EG.

4. Because DF=DG, triangle DFG is isosceles and its base-angle relations
show angle EFG is greater than EGF.

5. By L.19, EG>EF.

6. Since EG=BC, it follows that BC>EF.

Integrated Ontological Restatement

Source formulation. [f two triangles have two sides equal to two sides,
respectively, but one has the angle encompassed by the equal straight-lines
greater than the corresponding angle in the other, then the former triangle
will also have a base greater than the base of the latter.

Ontological role. Given triangles ABC and DEF with AB = DE, AC = DF,
and angle BAC > angle EDF. Copy angle EDF to angle EDG at D (Propo-
sition 23), with DG = AC = DF. Join EG and FG. Triangles ABC and DEG
are congruent (Proposition 4), so BC = EG. Since DF = DG, angle DFG =
angle DGF (Proposition 5). Angle DFG > angle EGF, so angle EFG > angle
EGF. Therefore, EG > EF (Proposition 19). Thus, BC > EF.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB = DFE, AC = DF, and ZBAC exceed ZEDF. [given]
2. At D construct ZEDG equal to ZBAC. [I.23]
3. Make DG = AC = DF and join EG, FG. [I.3, P1]
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ProrosiTION 1.24

4. EG = BC. [I.4]
5. DG =DF,so ZDFG = ZDGF. [I.5]
6. Hence ZEFG exceeds ZEGF, and EG exceeds E'F. [I.19]

How DO YOU KNOW IT IS THERE?

The point G. Built by [I.23] and [I.3]. The copied angle is the whole
method: the larger angle is reproduced at D so the two configurations can
be compared in one figure.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.24. The greater included angle subtends the greater base. No new

action: nothing is drawable now that was not drawable before. The second ledger
grows; the first does not.
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Proposition 25

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11]
* [I.12] drop a perpendicular from a point outside a line
* [I.22] construct a triangle from three given straight lines

* [I.23] copy a given rectilineal angle at a given point

[C5] still dormant
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ProrosITION 1.25

1 — The Greater Base 2 — Equal Angles Would Give Equal Bases

Assume ZBAC = ZEDF.
AB = DE (Given)
AC = DF Given) | |
ZBAC = ZEDF  (Assumed)
By Proposition 1.4
BC = EF.

B BC > EF BC = EF
(Given) (From 1.4)

Impossible.
Therefore ZBAC # ZEDF.

500k 1) (PN - - /i e T =

: 7 1 = = { If ZBAC = LEDF, then AB = DE and AC = DF
| P S B Bl oo i pomion
We shall prove that £ BAC is greater than £ EDF. A (@)L e e, Aoglis adastibe Seal

Assume ZBAC< ZEDF. |

AB = DE G | |
AC = DF (Given)
ZBAC< ZEDF (sumed) | ff [0

By Proposition 1.24
EF > BC.

F | BC>EF EF > BC
(Given) : (From 1.24) i Theorem Summary
s M 0 A If AB = DE, AC = DF,
Therefore ZBAC is not h and BC > EF,
less than £ EDF.

P If ZBACwere lessthan ZEDF, i
= then Proposition 1.24 would make EF greater than BC.

| But BC is gi han EF. | === == X s e ]
G e O e i o B G i i ol o G 20 1
e = T 2 = ) I Therefore ZBAC is greater than Z EDF. S

Statement

If two triangles have two corresponding sides equal but one
base greater, then the angle subtended by the greater base is
greater.

Actions

1. Let AB=DE, AC=DF, and BC>EF.
2. Suppose angle BAC is not greater than angle EDF.
3. If the angles were equal, 1.4 would give BC=EF, contradiction.

4. If angle BAC were less, then by 1.24 BC would be less than EF, contra-
diction.

5. Therefore angle BAC is greater than angle EDF.
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Integrated Ontological Restatement

Source formulation. If two triangles have two sides equal to two sides,
respectively, but one has a base greater than the base of the other, then the
former triangle will also have the angle encompassed by the equal straight-
lines greater than the corresponding angle in the latter.

Ontological role. Given triangles ABC and DEF with AB = DE, AC = DF,
and BC > EF. If angle BAC is not greater than angle EDF, then it is either
equal or less. If equal, then BC = EF (Proposition 4), contradicting the given.
If less, then BC < EF (Proposition 24), also contradicting. Therefore, angle
BAC > angle EDF.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Suppose the included angles were equal; the bases would be equal. [I.4]
2. Suppose the first were less; the first base would be less. [I.24]

3. Both contradict the hypothesis; so the first angle is greater.

How DO YOU KNOW IT IS THERE?

No new object. A second pure exclusion argument, on the warrants of 1.4
and 1.24.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.25. The greater base implies the greater included angle. No new

action: nothing is drawable now that was not drawable before. The second ledger
grows; the first does not.
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Proposition 26

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11]
* [I.12] drop a perpendicular from a point outside a line
* [I.22] construct a triangle from three given straight lines

* [I.23] copy a given rectilineal angle at a given point

[C5] still dormant
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_Given in Case I:
& £ABC= LDEF
A £BCA=LEFD

Assume. fur

A

conty
AB>

A
4 LGBC=LDEF | G,
(since BG lies on BA)
F
By Propasition 1.4 ZBCA

| 2 GBC = A DEF ‘The lesser would
| -. 2GCB= £EFD equal the greater —
| | By hypothesis z6cs impossible.
|
[ | . 2GcB = 2BCA

" Let tiangles ABC and DEF have ZABC= ZDEF
and ZBCA = LEFD. Euclid considers two possible
positions of the given equal side. !

" CaselL: let BC = EF. Suppose AB is greater than DE.
Cut off BG = DE on AB, s0 A~G-B are collnear,

| 4B-DE AC=DF  Z3AC= ZEDF J|

" Proposition 1.4 gives ZGCB = ZEFD = ZBCA.
But ZGCB is only part of £BCA. Impossible.
. Hence AB = DE, and therefore AC = DF and £BAC = LEDF.

™ ¢ 6 — The Final Conclusion g )1

o I
» |
A LABC = £DEF |
A LABH = LDEF A £BCA = LEFD A<D ‘|
(I + AB=DE Bl il |
DL + BC=EF |
| B C+—F
. ZBHA=LEFD | B
I ‘ By Typotiets By Proposiion L4
| AZEFD = ZBCA with two sides and |
. ZBHA = ZBCA the included angle, |
‘ I [ Inringle AHC, ZBHA i an e |y e B C E F |
| ¢ == | By Popoien 116, ZBHA > ZBCA. i ol gl |
]  Cose I lt AB = DE. Suppese s (2 et [ [ Bu £BHA= ZBCA and ZBHA > ZBCA. Hoce | AC=DF ’
| Cat off BH = EF an BC, s0 B-H~C ar coline i i | e 1 »
s and join AH. Saour Y .
N T ‘ Proposition 1.4 gives 2 BHA = LEFD = ZBCA. "
But ZBHA is an exterior angle of triangle AHC, o N
} 50 by Proposition 116 it is greater than £ BCA. Impossible. e i
N\ & __Hence BC = EF. PL = =
N el eI & ’
& A

Statement

* Thus, whether the equal side lies between the equal angles

or subtends one of them, the remaining sides and
the remaining angle are also equal.

If two triangles have two corresponding angles equal and one
corresponding side equal, then the remaining sides and angle

are equal.

Actions

1. Let triangles ABC and DEF have two corresponding angles equal, to-

gether with one corresponding side equal.

2. First consider the case where the equal side lies between the equal angles.

3. Assume one remaining corresponding side is unequal; cut off an equal
part and compare the resulting triangles by 1.4.

4. The comparison forces an angle equal to a proper part of itself, impossi-

ble.
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ProprosITION 1.26

5. Hence the corresponding sides are equal, and then the remaining side and
angle follow from [.4.

6. The same contradiction argument handles the case where the equal side
subtends one of the equal angles.

Integrated Ontological Restatement

Source formulation. If two triangles have two angles equal to two angles,
respectively, and one side equal to one side—either that by the equal an-
gles or that subtending one of the equal angles—then the triangles will also
have the remaining sides equal to the corresponding remaining sides and
the remaining angle equal to the remaining angle.

Ontological role. Given triangles ABC and DEF with angle ABC = angle
DEF, angle ACB = angle DFE, and one side equal (first case: BC = EF). If
AB # DE, let AB > DE. Cut BG = DE (Proposition 3). Join GC. Triangles
GBC and DEF are congruent (Proposition 4), so angle GCB = angle DFE
= angle ACB, the greater equal to the lesser, impossible. Therefore, AB =
DE. The rest follows (Proposition 4). Second case: given AB = DE (the side
subtending one of the equal angles). If BC # EF, let BC > EF. Cut BH = EF
(Proposition 3). Join AH. Triangles ABH and DEF are congruent (Proposi-
tion 4), so angle BHA = angle EFD = angle BCA, which is impossible by
Proposition 16. Therefore, BC = EF. The rest follows.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let the angles at B, C' equal those at F/, F, and BC' = E'F. [given]
2. Suppose AB # DFE;let AB be greater, and cut off BG = DE. [I.3]
3. Join GC; then triangles GBC, DEF are equal. [I.4]
4. So L/GCB = ZDFFE = LACB, a part equal to the whole. [C.N. 5]

5. Impossible; so AB = DF, and the triangles are equal. [I.4]
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How DO YOU KNOW IT IS THERE?

The point G. Constructed by [I.3] for refutation. The same shape of
argument as 1.6 and 1.26 throughout: build the offending object, then show
it cannot stand.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.26. Two angles and a corresponding side determine the triangle.
No new action: nothing is drawable now that was not drawable before. The second

ledger grows; the first does not.
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Proposition 27

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11]
* [I.12] drop a perpendicular from a point outside a line
* [I.22] construct a triangle from three given straight lines

* [I.23] copy a given rectilineal angle at a given point

[C5] still dormant

247



EucLiD — THE ELEMENTS

1 — The Alternate Angles Are Equal

A E B i B
5% .
()
| Given:
1‘ £ AEF = Z EFD
N To be proved:
y AB || CD
b
S \ i C F D
- — 5 ~a S 5> = -
7S —— W = - i "Q )
T J é ,J\
Let EF fall across the straight-lines AB and CD, Suppose, if possible, that AB and CD are not parallel.
making the alternate angles AEF and EFD equal. Produce them toward B and D until they meet at G.
We shall prove that AB is parallel to CD. Then EFG is a triangle, and angle AEF is an exterior angle.
- 3 — The Contradiction - 4 — Therefore AB Is Parallel to CD
Since F, D, G are collinear, | A E B G|
Z EFD = / EFG.

sk AU

%7 | But £ AEF= £ EFD.

4 ‘Therefore,
¥ | £ AEF = L EFG.

Therefore,
By Propositon L16, -
Y W = AB | CD
is gt than the ntrir | O v Ay ——
pposc ange. Ay sy ;

L amE %) | [FIMPOSSIBLE+)—*

AB and CD cannot meet

S toward B and D.
S G =
Since F, D, G are collinear, angle EFD = angle EFG. But angle AEF = angle EFD, ‘The lines cannot meet toward B and D; by the same reasoning
50 angle AEF = angle EFG. Yet Proposition .16 says the exterior angle AEF they cannot meet toward A and C. Therefore they meet in
is greater than the interior opposite angle EFG. Impossible. neither direction and are parallel.

Statement

If a straight line falling on two straight lines makes alternate
angles equal, the two straight lines are parallel.

Actions

1. Let EF cut AB and CD at G and H, and suppose angle AGH equals GHD.

2. Assume AB and CD are not parallel; then, if produced, they meet on one
side, say at K.

3. In triangle KGH, the exterior angle AGH would be greater than the inte-
rior opposite angle GHD by I.16.

4. But AGH=GHD by hypothesis, contradiction.
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ProrosiTION 1.27

5. Therefore AB and CD do not meet on that side; the same reasoning ap-
plies on the other side.

6. Hence AB is parallel to CD.

Integrated Ontological Restatement

Source formulation. [f a straight-line falling across two straight-lines
makes the alternate angles equal to one another, then the two straight-lines
will be parallel to one another.

Ontological role. Given lines AB and CD crossed by EF, with angle AEF
= angle EFD. Suppose AB and CD are not parallel. Then they meet on one
side, say at G. In triangle GEF, angle AEF is an exterior angle and angle EFG
is an interior opposite angle. But angle AEF = angle EFD = angle EFG, so
an exterior angle equals an interior opposite angle, contradicting Proposition
16. Therefore, AB and CD cannot meet; they are parallel (Definition 23).

Critical Apparatus: Alleged Assumption and Reply

Objection. The criticism is that Definition 23 already presupposes indefi-
nitely extended straight lines in a flat plane and that the proof tacitly relies
on this background geometry.

Reply within the reconstruction. Definition 23 is deliberately read cumu-
latively with Postulate 2 and Postulate 5. Infinite production and planar
behaviour are not hidden background conditions: they are explicit stages in
the determination of what "parallel straight lines” means in Book I.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let E'F fall on AB, C'D making alternate angles AEF, EFF' D equal.
[given]

2. Suppose AB, C'D meet when produced, at G. [hypothesis, P2]
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3. Then in triangle G E'F the exterior angle AFEF equals the interior oppo-

site EFG. [given]
4. But the exterior angle must be greater. [I.16]
5. Impossible; therefore they do not meet, and are parallel. [Def. 23]

How DO YOU KNOW IT IS THERE?

The point G. Assumed for refutation only. It is never constructed, and the
proof is precisely that it cannot exist.

Postulate 5 is not used here. The existence of parallels is established from
[I.16] alone. This is the first of three propositions — 1.27, .28, .31 — that
build the entire positive theory of parallels while the fifth postulate remains
dormant.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.27. Equal alternate angles imply parallelism. No new action: noth-

ing is drawable now that was not drawable before. The second ledger grows; the
first does not.
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Proposition 28

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11]
* [I.12] drop a perpendicular from a point outside a line
* [I.22] construct a triangle from three given straight lines

* [I.23] copy a given rectilineal angle at a given point

[C5] still dormant
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G g
angle BGH + angle GHD
el Case Lor Case Il both lead to

o Eﬁ:hl'mn D T e,
oAt angle EGB = angle AGH. angle AGH = angle GHD. | (I B Al by Propestion L5,
B Case Il e becase A-G-B s a sright n: By Proposien L2,
angle BGH + angle GHD ¥ fures angle AGH + angle BGH i
= two right angles. Tt = two right angles.

ore, + AB parallel CD
i = I parallel CD.
et \GH el GHD, AB parallel CD. Toio
o angle AGH = angle GHD.

1f an exterior angle equals
- the interi it jle on
7 1l the same side,or ifthe interior :
angls on the same side equal r
L8 ‘two right angles, then

AB s parallel to CD.

‘ he S e
i ce angle EGB equals angle GHD, 3 ual
e o e 2> || and angle EGB equals angle AGH
E“d’:, Lok :‘:‘I‘?“’“"‘- “]'Ij‘f' « by Proposition L15, the alternate . qual ater subtracting the
which proves the lnes paral angies AGH and GHD ar equal. common angle BGH.

Statement

If a straight line falling on two straight lines makes a corre-
sponding exterior angle equal to an interior opposite angle, or
makes interior angles on the same side sum to two right angles,
the lines are parallel.

Actions

1. Let EF cut AB and CD.

2. Case 1: suppose an exterior angle equals the interior opposite angle. By
.15 the vertically opposite angle is equal, so a pair of alternate angles is
equal.

3. Then by 1.27 the two lines are parallel.

4. Case 2: suppose the two interior angles on the same side sum to two right
angles.

5. By L.13 the adjacent exterior angle with one of them also sums to two
right angles.
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ProrosITION 1.28

6. Subtracting gives equality of an exterior and opposite interior angle;
hence by the first case the lines are parallel.

Integrated Ontological Restatement

Source formulation. If a straight-line falling across two straight-lines
makes the external angle equal to the internal and opposite angle on the
same side, or makes the sum of the internal angles on the same side equal to
two right-angles, then the two straight-lines will be parallel to one another.

Ontological role. Given lines AB and CD crossed by EF. Case 1: angle
EGB = angle GHD. Since angle EGB = angle AGH (Proposition 15), angle
AGH = angle GHD. These are alternate angles, so AB || CD (Proposition
27). Case 2: angle BGH + angle GHD = two right angles. Since angle AGH
+ angle BGH = two right angles (Proposition 13), angle AGH = angle GHD.
These are alternate angles, so AB || CD (Proposition 27).

Critical Apparatus: Alleged Assumption and Reply

Objection. The same objection applies to the second criterion for paral-
lelism: it is said to rely on an unstated global flatness and infinite extension.

Reply within the reconstruction. The reconstruction again places those
properties in the explicit dependency chain Definition 23 + Postulate 2 +
Postulate 5, while 1.13, 1.15, and .27 provide the local angle relations used
in the proof.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let EF fallon AB, CD with /ZEGB = ZGHD. [given]
2. /EGB = ZAGH. [I.15]
3. So ZAGH = /GH D, and the lines are parallel. [I.27]
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4. For the second case, ZBGH + ZGHD is two right angles, and so is
/ZAGH + Z/BGH. [I.13]

5. Subtracting gives LZAGH = Z/GHD. [C.N. 3, I.27]

How DO YOU KNOW IT IS THERE?

No new object. 1.28 constructs nothing. It converts one criterion for paral-
lelism into two more, using only vertical angles and the straight-line sum.

Postulate 5 is still not used.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.28. Equal corresponding angles, or co-interior angles summing
to two right angles, imply parallelism. No new action: nothing is drawable now

that was not drawable before. The second ledger grows; the first does not.
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Proposition 29

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11]
* [I.12] drop a perpendicular from a point outside a line
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point

» [C5] the meeting condition (dormant — woken here)
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U= 1. A TRANSVERSAL CROSSES TWO PARALLEL LINES UPPOSE THE ALTERNATE ANGLES ARE UNEQ!

‘ ‘Add £ BGH to both.
o LAGH + LBGH
>
(1) £AGH = £GHD | ZBGH + ZGHD
(2) £EGB = ZGHD
(3) ZBGH + £GHD=2R

I Let EF full cross the parallelstraight-lnes AB and CD. [
el o e nlelon s

—~—— — Lt
G A 7 L
= e T T e
| £ BGH + £GHD would be less than two right angles. ralllsn of AB and CD. Therefore ZAGH = ZGHD. [P

4. THE EXTERIOR ANGLE IS EQUAL TO THE INTERIOR OPPOSITE "% 5. THE INTERIOR ANGLES ON THE SAME SIDE EQUAL TWO RIGHT ANGLES

At G, the angles Hence we have proved:

EGB and AGH are EG 1. ZAGH = ZGHD
ite 7 (alternate angles)

LEGB + ZBGH 2. LEGB = ZGHD

LBGH + LGHD

THEOREM (1
A staight.ln faling

I Thus all three statements are established for a transversal across parallel lines.

Statement

A straight line falling on parallel straight lines makes alternate
angles equal, corresponding angles equal, and interior angles
on the same side sum to two right angles.

Actions

1. Let EF cut parallel lines AB and CD at G and H.
2. If alternate angles AGH and GHD were unequal, one would be greater.

3. Adding an adjacent angle would make a pair of interior angles on one
side sum to less than two right angles, forcing the parallel lines to meet
by Postulate 5, contradiction.

4. Therefore the alternate angles are equal.

5. By .15 and substitution, the corresponding exterior angle equals the op-
posite interior angle.
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ProrosiTION 1.29

6. By [.13, the two interior angles on the same side sum to two right angles.

Expanded Commentary from Explaining Fully the
First Book of Elements

Problem: These propositions depend upon the Fifth Postulate. When inter-
preted on non-Euclidean surfaces, such as spherical or hyperbolic geome-
tries, the results no longer hold. This dependence has historically been re-
garded as evidence that the Fifth Postulate cannot be derived from the pre-
ceding axioms.

Critics:

 Saccheri (1733), Euclides ab omni naevo vindicatus.
* Lambert (1766), Theorie der Parallellinien.

* Gauss, Lobachevsky, Bolyai, and Riemann later developed non-
Euclidean geometries that contradicted the Euclidean parallel postulate.

Response: 1 disagree with this interpretation. The Fifth Postulate is not an
empirical assumption but a definitional axiom that determines the nature of
the plane itself. It specifies the geometric structure in which all preceding
propositions operate. Hence, the validity of Propositions 1.29-1.31 remains
intact, since within Euclidean geometry the Fifth Postulate defines the plane
rather than emerging from it.

Integrated Ontological Restatement

Source formulation. A straight-line falling across parallel straight-lines
makes the alternate angles equal to one another, the external angle equal to
the internal and opposite angle, and the sum of the internal angles on the
same side equal to two right-angles.

Ontological role. Given AB || CD crossed by EF. Suppose angle AGH #
angle GHD. Let angle AGH > angle GHD. Add angle BGH to both. Then
angle AGH + angle BGH > angle BGH + angle GHD. But angle AGH +
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angle BGH = two right angles (Proposition 13), so angle BGH + angle GHD
< two right angles. By Postulate 5, AB and CD would meet on that side,
contradicting Definition 23. Therefore, angle AGH = angle GHD. The rest
follows from Proposition 15 and Proposition 13.

Critical Apparatus: Alleged Assumption and Reply

Objection. 1.29 is the first proposition that explicitly invokes Postulate 5.
Historically, the fifth postulate has often been treated as a troublesome as-
sumption that Euclid postponed as long as possible.

Reply within the reconstruction. The ontological reading changes the sta-
tus of the dependency without denying it. 1.29 depends on Postulate 5 be-
cause Postulate 5 selects the plane in which the theorem is being proved. The
proposition unfolds the consequences of the domain-defining condition; it
does not purport to derive that condition from the previous four postulates.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.
1. Let E'F fall on the parallels AB, C'D. [given]

2. Suppose the alternate angles AGH, GH D were unequal; let AGH be
greater. [hypothesis]

3. Add ZBGH toeach: then /BGH+/GH D is less than two right angles.
[C.N., I.13]

4. Therefore AB and C'D, produced, meet on that side. [C5]
5. But they are parallel, and do not meet. [Def. 23]

6. Therefore the alternate angles are equal; the other two results follow.
[I.15, I.13]
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How DO YOU KNOW IT IS THERE?

The meeting point. The only object in Book I whose existence is asserted
by [C5], and it is asserted only to be contradicted. Postulate 5 is used exactly
once, in a reductio, to license the inference that unequal co-interior angles
Jforce a meeting.

Postulate 5 wakes here, at the twenty-ninth proposition of forty-eight.
Everything before this point — all the congruence theorems, all the inequal-
ities, the existence of parallels at 1.27 and .28 — was proved without it.
What C5 supplies is not the existence of parallels but the converse infer-
ence: from parallelism back to the equality of angles. A constraint held in
reserve for twenty-eight propositions and then spent on a single reductio is
not a blemish on the system. It is the most carefully rationed assumption in
the book.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.29. Parallels cut by a transversal give equal alternate angles,
equal corresponding angles, and co-interior angles summing to two right
angles. No new action: nothing is drawable now that was not drawable before.

The second ledger grows; the first does not.
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Proposition 30

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11]
* [I.12] drop a perpendicular from a point outside a line
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point

* [C5] the meeting condition (in force since 1.29)
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ProrosiTION 1.30

— Two Lines Parallel to the Same Line

AB || CD

to be proved.

Let AB and CD each be parallel to EF.
We shall prove that AB is also parallel to CD.

From AB || EF
(Prop. 1.29):

{ £AGK = ZGHF || |

From EF || €D
(Prop. 1.29):

ﬂ LGHF = ZGKD I\

Statement

Let the straight-line GHK fall across | )
AB, EF, and CD, meeting them at
G, H, and K respectively.

By Proposition 1.27
(Converse of 1.29):

[ The a angles AGK and GKD are equal.
Therefore, by Proposition 1.27,
AB is parallel to CD.

Straight lines parallel to the same straight line are parallel to

one another.
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Actions

1. Let AB and CD each be parallel to EF.
2. Draw a transversal GH crossing all three lines.

3. By .29, the alternate angle made with AB equals the corresponding al-
ternate angle made with EF.

4. Likewise the alternate angle made with CD equals that with EF.
5. Therefore the alternate angles for AB and CD are equal to one another.

6. By 1.27, AB is parallel to CD.

Expanded Commentary from Explaining Fully the
First Book of Elements

Problem: These propositions depend upon the Fifth Postulate. When inter-
preted on non-Euclidean surfaces, such as spherical or hyperbolic geome-
tries, the results no longer hold. This dependence has historically been re-
garded as evidence that the Fifth Postulate cannot be derived from the pre-
ceding axioms.

Critics:

» Saccheri (1733), Euclides ab omni naevo vindicatus.
* Lambert (1766), Theorie der Parallellinien.

* Gauss, Lobachevsky, Bolyai, and Riemann later developed non-
Euclidean geometries that contradicted the Euclidean parallel postulate.

Response: I disagree with this interpretation. The Fifth Postulate is not an
empirical assumption but a definitional axiom that determines the nature of
the plane itself. It specifies the geometric structure in which all preceding
propositions operate. Hence, the validity of Propositions 1.29-1.31 remains
intact, since within Euclidean geometry the Fifth Postulate defines the plane
rather than emerging from it.
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Integrated Ontological Restatement

Source formulation. Straight-lines parallel to the same straight-line are
also parallel to one another.

Ontological role. Given AB || EF and CD || EF. Let GK cross AB, CD, and
EF. By Proposition 29, angle AGK = angle GHF (since AB || EF), and angle
GHF = angle GKD (since EF || CD). Therefore, angle AGK = angle GKD.
These are alternate angles, so AB || CD (Proposition 27).

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB and C'D each be parallel to E'F, and let GK fall across all three.
[P1]

2. Since AB || EF, the alternate angles AGK, GHF are equal. [I.29]
3. Since EF || CD, the angles GHF, HK D are equal. [I.29]
4. Therefore ZAGK = ZHKD,and AB || CD. [C.N. 1, I.27]

How DO YOU KNOW IT IS THERE?

The transversal GK. Drawn by [P1] between points taken on two of the
lines. The proof needs a transversal to compare angles, and one is always
available.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.30. Parallelism is transitive. No new action: nothing is drawable

now that was not drawable before. The second ledger grows; the first does not.
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Proposition 31

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
* Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11]
* [I.12] drop a perpendicular from a point outside a line
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point

* [C5] the meeting condition (in force since 1.29)
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ProrosiTION 1.31

‘ :Panel 1 — The Given Pomt and Line E ‘ Panel 2 — hoose D and Join AD

" Let A be the given point and BC the given straight-line.
It is required to draw through A a straight-line
parallel to BC.

At A construct angle DAE equal to mgje ADpC |5 The stra!ght—lme AD makes the alternate angles
EAD and ADC equal. Therefore, by Proposition 1.27,

Prop. 1.23), and produce EA th AtoF & Y

) el ough L2 EAF is parallel to BC.
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Statement

Through a given point, to draw a straight line parallel to a given
straight line.
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Actions

1. Let A be the given point and BC the given straight line.
2. Choose D on BC and join AD.

3. At A construct angle DAE equal to angle ADC by 1.23.
4. Produce AE as a straight line through A.

5. Since AD is a transversal and alternate angles DAE and ADC are equal,
AE is parallel to BC by 1.27.

Expanded Commentary from Explaining Fully the
First Book of Elements

Problem: These propositions depend upon the Fifth Postulate. When inter-
preted on non-Euclidean surfaces, such as spherical or hyperbolic geome-
tries, the results no longer hold. This dependence has historically been re-
garded as evidence that the Fifth Postulate cannot be derived from the pre-
ceding axioms.

Critics:

» Saccheri (1733), Euclides ab omni naevo vindicatus.
* Lambert (1766), Theorie der Parallellinien.

* Gauss, Lobachevsky, Bolyai, and Riemann later developed non-
Euclidean geometries that contradicted the Euclidean parallel postulate.

Response: 1 disagree with this interpretation. The Fifth Postulate is not an
empirical assumption but a definitional axiom that determines the nature of
the plane itself. It specifies the geometric structure in which all preceding
propositions operate. Hence, the validity of Propositions 1.29—1.31 remains
intact, since within Euclidean geometry the Fifth Postulate defines the plane
rather than emerging from it.
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Integrated Ontological Restatement

Source formulation. 7o draw a straight-line parallel to a given straight-
line through a given point.

Ontological role. Given point A and line BC. Take point D on BC. Join AD.
Copy angle ADC to angle DAE at A (Proposition 23). Extend AF straight-
on with EA (Postulate 2). Since angle EAD = angle ADC, and these are
alternate angles, EF || BC (Proposition 27).

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let A be the given point and BC the given line. Take D on BC and join

AD. [P1]
2. At A on the line AD construct ZDAF equal to ZADC. [I.23]
3. Produce FAto F. [P2]
4. The alternate angles being equal, EF || BC'. [I.27]

How DO YOU KNOW IT IS THERE?

The line E'F. Built entirely from [I.23] and [P2], and certified parallel
by [I.27] — which does not use the fifth postulate. The construction of a
parallel does not need C5. Only the converse inference at .29 does.

This is the last purely linear construction of Book I. Everything after it is
about area.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.31 Draw, through a given point, a parallel to a given line.
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Proposition 32

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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1 — THE TRIANGLE AND ITS EXTERIOR ANGLE._JS# = 2 — DRAW CE PARALLELTO AB 3 — THE EXTERIOR ANGLE EQUALS
s THE TWO REMOTE INTERIOR ANGLES

A

LBAC = LACE
e S
£ABC :
(remote 24D
i S | I ZABC = LECD.

C

‘THEOREM (TO PROVE) 1 | (P 4 i EY 5y x
f | £ACD = £CAB + £ABC £ACD = LACE + LECD

| 24BC + £BCA + £CAB=2R v . | LACD = £BAC + £ABC

E

Let ABC be a triangle, and produce BC through C to D. y, Through C draw CE paralle to AB
‘We shall prove that exteror angle ACD equals the two. (Prop. 131). The ray CE divides the
exterior angle ACD into the angles

 5—THE ANGLES OF THE TRIANGLE _
EQUAL TWO RIGHT ANGLES

[ FmsrCoxcwsion |
| 24c CAB+LABC

FINAL THEOREM
Z£ABC + /BCA + ZCAB = 2]
(two right angles) v

| N ——

Add £ ACB to both sides. Since B~C-D isa saightline,
£ ACB + £ ACD equals two right angle b Proposion L13.

Statement

In any triangle, an exterior angle equals the sum of the two
interior opposite angles, and the three interior angles equal two
right angles.

Actions

1. Let side BC of triangle ABC be produced to D.
2. Through C draw CE parallel to AB by 1.31.

3. By .29, angle ACE equals angle CAB, and angle ECD equals angle
ABC.

4. Therefore exterior angle ACD=ACE+ECD=angle CAB+angle ABC.
5. Add angle ACB to both sides.
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ProrosiTION 1.32

6. Since ACD+ACB equals two right angles by 1.13, the three interior an-
gles ABC+BCA+CAB equal two right angles.

Integrated Ontological Restatement

Source formulation. /n any triangle, if one of the sides is produced, the
external angle is equal to the sum of the two internal and opposite angles,
and the sum of the three internal angles of the triangle is equal to two right-
angles.

Ontological role. Given triangle ABC with BC produced to D. Draw CE
through C parallel to AB (Proposition 31). By Proposition 29, angle BAC
= angle ACE (alternate), and angle ABC = angle ECD (external to internal).
Therefore, angle ACD = angle ACE + angle ECD = angle BAC + angle
ABC. Also, angle BCA + angle ACD = two right angles (Proposition 13),
so angle BCA + angle BAC + angle ABC = two right angles.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC have BC produced to D. [P2]
2. Through C draw CFE parallel to AB. [I.31]
3. ZACE = ZBAC, alternate angles. [I.29]
4. L/ZECD = LABC, corresponding angles. [I.29]

5. Hence the exterior angle AC' D equals the two interior opposite angles.
[C.N. 2]

6. Adding ZAC B to each side gives two right angles. [I.13]

How DO YOU KNOW IT IS THERE?

The line C'E. Output of [I.31]. This is where the ledger repays its invest-
ment: the angle sum, bounded but not determined at [.17, becomes exact the
moment a parallel can be drawn and 1.29 can be cited.
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ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.32. The exterior angle equals the sum of the remote interior an-
gles; the three interior angles sum to two right angles. No new action: nothing

is drawable now that was not drawable before. The second ledger grows; the first
does not.
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Proposition 33

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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Let AB and CD be A B Since AB /| CD, A B
equal and parallel and BC falls across ZABC
straight-lines, and them, by Proposition
let AC and BD AB = CD 1.29 the alternate
join them on the angles are equal. L,
same sides. 4B /| CD 'k
= ZABC = £BCD.
2
= . 3 e -
== £BCD
\ = = e ; g —— D
Y, A Join BC.

Given: AB = CD, AB || CD.
| Join AC and BD on the same sides.
Prove that AC = BD and AC || BD.

LABC=LBCD [=ig
by Proposition 1.29.

B

Consider triangles A B Now BC is a A B
AC and BD. Straightlines joining
AB = CD (given) o cqual and parallel
e = () & . ;CB';;";‘;;}‘;;; straightines
ZABC = ZBCD are equal. | onthe s sids
(from Panel 2 : | are themlves aleo
ot || equal and parallel.
Therefore, by ZACB LCBD reh Pm“mﬁ‘"‘!' b;vw ZACB LCBD b md pagl
Proposition L4, : e resiion 227, AB=CD, AB//CD
AABC = ADCB. 48¢C _ AC /| BD. |¢ = =5
N c o — il Ac=BD, ac//BD
e — ol W5 | FromPanl3: AC = BD. -+

From above: ~ AC /| BD.
Hence, corresponding parts are equal:

\Whk D VR Dy Therefore, AC = BD and AC /| BD.

Statement

Straight lines joining the ends of equal and parallel straight
lines in the same directions are themselves equal and parallel.

Actions

1. Let AB and CD be equal and parallel, with A joined to C and B to D.

2.
3.

Join BC.

Because AB is parallel to CD, alternate angles ABC and BCD are equal
by 1.29.

. With AB=CD and BC common, triangles ABC and DCB are equal by
1.4.

. Hence AC=BD and angle ACB=CBD.

. By 1.27, AC is parallel to BD. Thus the joining lines are equal and paral-
lel.
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ProrosiTION 1.33

Integrated Ontological Restatement

Source formulation. Straight-lines joining equal and parallel straight-
lines on the same sides are themselves also equal and parallel.

Ontological role. Given AB = CD and AB || CD, with AD and BC joining
them on the same sides. Join BD. Since AB || CD, angle ABD = angle BDC
(Proposition 29). Since AB = CD and BD is common, triangles ABD and
CDB are congruent (Proposition 4). Therefore, AD = BC and angle ADB =
angle DBC. These are alternate angles, so AD || BC (Proposition 27).

Critical Apparatus: Alleged Assumption and Reply

Objection. The objection is that joining equal parallel straight lines is as-
sumed to produce a closed rectilinear figure with the expected transversal-
angle relations.

Reply within the reconstruction. Closure is obtained by the explicitly
drawn joining segments, while the angle relations follow from 1.29 and the
equality follows from 1.4. The proof therefore invokes the already deter-
mined behaviour of parallels rather than a new closure axiom.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB, C'D be equal and parallel; join AC and BD. [P1]
2. Join BC. [P1]
3. ZABC = ZBCD, alternate. [I.29]
4. Triangles ABC, DCB have AB = CD, BC common, included angles

equal; so AC' = BD. [I.4]
5. The alternate angles being equal, AC' || BD. [I.27]
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How DO YOU KNOW IT IS THERE?

The diagonal BC. Drawn by [P1]. Splitting a quadrilateral by a diagonal
into two triangles is the standard device of the area sequence that follows.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.33. Equal parallels are joined by equal parallels. No new action:

nothing is drawable now that was not drawable before. The second ledger grows;

the first does not.
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Proposition 34

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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_ EUCLID’S ELEMENTS + BOOK I - PROPOSITION

e s N In parallelogrammic figures the opposite sides and angles are equal to one another, and a diagonal cuts them in half.
|
4 a & a C ((omm |
[ To reoue: ] Pror. 1.26: ;
AB=CD | ZABC = LBCD
AC=BD | ZLACB = £CBD
BC=CB

'THEREFORE, BY
B D B D Pror. 1.26:

From AB || CD From AC || BD

[ Let ACDB be a paralllogram, and let BChe e s ABG s DD e o o mpomiing

| its diagonal. We shall prove that opposite sides 2 (Froped | e T B
and opposite angles are equal, and that the CDRARCACE | ’;;;":f:i B 1k o b,
dingonal diviestheperalilgom it o Since AB Il CD, Propasition 1.29 gives 2 and £BAC = £CDB.
cqua aes fos SN S Since AC || BD, it also gives 2 ACB = > =
Ve LY ': i
S e & it
I\ &
2 - A C A C [ Dmrr ) s it
ZACD |_Peor L - ¢
= LACB __AB=CD — o
BC=CB
+£BCD e
G = £ABC = £BCD
5 LABD ABC = £BC
% - LABC{ 4
5 + £CBD
\\ \ B D B D |
\ Since £ABC = £BCD and ZCBD = ZACB, | Alofrom | THEOREM — PROPOSITION 34
\ therfore ZABD = 2 ACD. Pl 3| In the paralldogram ACDB:
ZBAC = £CDB | + Opposite sdes are equal: AB = CD, AC = BD. |
- + Opposie angles are equal: £ BAC= ZCDB, 2ABD = LACD.
At B, LABD is made of £ ABC and £CBD. At C, 2ACD « The diagonal BC bisects the parallelogram: AABC = ABCD. | =
d s made of ZACB and £BCD. Since the corresponding : = = = 4
{ % S | parts are equal, the whole angles are equal: £ ABD = £ ACD. L g,'i; 'jﬁg z‘;';"c"u‘jz éﬁi’jpfnﬁiﬁ" i
T Thus diagonal BC divdes the paralclogram into two equal habves. #

Statement

In a parallelogram, opposite sides and opposite angles are
equal, and a diagonal bisects the area.

Actions

1. Let ACDB be a parallelogram and draw diagonal BC.

2. Because opposite sides are parallel, alternate angles produced by BC are
equal by 1.29.

3. With BC common, triangles ABC and DCB are equal by 1.26.

4. Therefore opposite sides AB=CD and AC=BD, and opposite angles are
equal.
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ProrosiTION 1.34

5. Since the two triangles are equal, diagonal BC bisects the parallelogram
into equal areas.

Integrated Ontological Restatement

Source formulation. /n parallelogrammic figures, the opposite sides and
angles are equal to one another, and a diagonal cuts them in half.

Ontological role. Given parallelogram ACDB with diagonal BC. Since AB
|| CD, angle ABC = angle BCD (Proposition 29). Since AC || BD, angle
ACB = angle CBD (Proposition 29). With BC common, triangles ABC and
BCD are congruent (Proposition 26). Therefore, AB = CD, AC = BD, and
angle BAC = angle CDB. Also, triangle ABC = triangle BCD, so the diago-
nal cuts the parallelogram in half.

Critical Apparatus: Alleged Assumption and Reply

Objection. The same family of criticism regards the parallelogram proper-
ties as depending on an unspoken flatness assumption and on exact same-
side angle relations.

Reply within the reconstruction. At this stage flatness is no longer back-
ground intuition: 1.29 has already derived the relevant alternate-angle rela-
tions from Postulate 5, and I.26 converts them into triangle congruence. 1.34
consequently depends on proved propositions, not on a fresh diagrammatic
assumption.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let AC DB be a parallelogram with diameter BC. [given]
2. ZABC = /BCD and ZACB = Z/CBD, alternate angles. [I.29]
3. Triangles ABC, DCB have two angles and the common side BC'; so

they are equal in all respects. [I.26]
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4. Hence the opposite sides and angles are equal.

5. The two triangles together are the whole parallelogram, and they are
equal; so each measures the parallelogram exactly twice. [C.N. 2]

6. That is what it is for the diameter to bisect the area: the triangle is a part
of the parallelogram in the sense of [B@] — the lesser that measures the
greater. [Be]

How DO YOU KNOW IT IS THERE?

The word half. Introduced here for the first time in Book I, and it is not
a new notion. By the prior layer a part is the lesser magnitude that mea-
sures the greater; a half is the part that measures it exactly twice. Nothing is
assumed about halves that part and multiple did not already supply.

Note. Keep this reading of /alf in view: it is what makes .37, .38 and .41
go through without a sixth Common Notion.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.34. Opposite sides and angles of a parallelogram are equal; the
diameter bisects it — that is, each triangle measures the parallelogram twice.
No new action: nothing is drawable now that was not drawable before. The second

ledger grows; the first does not.
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Proposition 35

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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GIVENS

* BC is the same base
* AF || BC

TO PROVE
Area(ABCD) =
Area(EBCF)

B {C la (to be proved)

Let ABCD and EBCF be parallelograms on the same base BC
and between the same parallels AF and BC.

i 2— Equal Sides Give Eqﬂﬂl By Prop. I.34_(Opposite sides

A D E E
L T H of are equal):
AD = BC and EF = BC
. AD = EF
AE = AD + DE
PN D.F=D£+EF}"AE_DF
‘ c | Also, 4B =DC

B S Cpron i o e ar eyt TAD = ECJan N EF =IBC)
e e e et e PADT et DA S DESA A R I O

From Step 2:
AE = DF
AB=DC
and  ZEAB = ZFDC

By Proposition 1.4
(SAS),

l AEAB = ADFC

Since AE = DF, AB = DC, and ZEAB = ZFDC,
triangles EAB and DFC are equal by Proposition 1.4.

"4 — Subtract the Common Overlap)|

A D F The common intersection
@ P G=DCnEB.
; 3 ‘ﬁ ks . \\ 4 } Subtract the common
. . b A triangle DGE from the
| = B G equal triangles EAB and DFC.
7 ; | '
S s c i Arca(ABGD) = Area(EGCF)

. | Subtract the common triangle DGE from the equal triangles EAB and DFC,
| The remaining trapezia ABGD and EGCF are therefore equal.

Add the common Jnge GBC
to each equal trapezium.

ABGD + AGBC = ABCD
EGCF + AGBC = EBCF

Therefore,

Area(ABCD) = Area(EBCF)

QE.D.

. Add the common triangle GEC to the equal trapezia.
|| The resulting whole figures are the parallelograms ABCD and EBCF.
Therefore the two parallclograms are equal in area.

Statement

Parallelograms on the same base and between the same paral-
lels are equal in area.
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ProrosiTION 1.35

Actions

1. Let parallelograms ABCD and EBCF stand on the same base BC and
between the same parallels BC and AF.

2. Opposite sides in each parallelogram are equal by 1.34: AD=BC and
EF=BC, hence AD=EF.

3. Using the collinear upper line, subtract common segments to obtain the
required equality of the outer top segments.

4. Compare the outer triangles cut off from the two parallelograms; they
have equal sides and corresponding angles and are equal.

5. Subtract these equal triangles from the same encompassing figure.

6. The remainders are the two parallelograms, hence they are equal in area.

Integrated Ontological Restatement

Source formulation. Parallelograms which are on the same base and be-
tween the same parallels are equal to one another.

Ontological role. Given parallelograms ABCD and EBCF on base BC be-
tween parallels AF and BC. Since ABCD is a parallelogram, AD = BC
(Proposition 34). Since EBCF is a parallelogram, EF = BC (Proposition
34). Therefore, AD = EF. Since AB = DC and angle FDC = angle EAB
(Proposition 29, external-internal), triangles EAB and FDC are congruent
(Proposition 4). Subtracting common triangle DGE and adding common
triangle GBC (Common Notions 2 and 3) yields parallelogram ABCD =
parallelogram EBCF.

Critical Apparatus: Alleged Assumption and Reply

Objection. For 1.35-1.38 the standard concern shifts from incidence to
equality of figures: subtraction and addition of triangles are said to require
an implicit additivity principle for geometrical regions.
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Reply within the reconstruction. The reconstruction applies Common No-
tions 2 and 3 directly to geometrical figures already proved equal. The equal-
ity involved is not numerical area but equivalence under composition and
decomposition. The sequence 1.33-1.45 develops these substitutions before
they are used in [.47.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC'D, EBCF be on the base BC' and between the same parallels.

[given]
2. AD = BC = EF, opposite sides. [I.34]
3. Triangles ABE, DC'F are equal. [I.4]

4. Subtracting each in turn from the trapezium ABCF' leaves the parallel-
ograms equal. [C.N. 3]

How DO YOU KNOW IT IS THERE?

Equality without measurement. No number appears. Equal here means
equal in area by decomposition and subtraction — Common Notions 2 and
3 doing the work a formula would do later.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.35. Parallelograms on the same base and in the same parallels
are equal. No new action: nothing is drawable now that was not drawable before.

The second ledger grows; the first does not.
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Proposition 36

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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E(J’s ELEMENTS}
- BOOKVI o PROPOSITION 965 :

Pumlleh;;;m;ﬁs which are on equal bases

> and between the same parallels are equal to one another.

1 ) EQUAL BASES, SAME PARALLELS A
¥/ Let ABCD and EFGH be
e parallelograms.
Their bases are equal:
BC = FG
They are between the same
parallels AH and BG.

Goal: Area(ABCD)=Area(EFGH)

AH || BG

Prove: |
| Area(ABCD)
= Area(EFGH)

1

Join BE ano CH A

Join BE and CH.

In parallelogram EFGH,
FG=EH  (Prop.134)

Given BC = FG,

therefore  BC = EH.

BC = EH
BC || EH

_-mi‘\

o ad

as was to be proved.

THE BRIDGE PARALLELOGRAM A D E 4 H
Since BC = EH and BC || EH,
and BE and CH join them on o
the same sides, by Prop. 1.33: EBCH
BE = CH ;.ln;
arallelogram.
BE || CH T
Hence EBCH is a parallelogram. o T =
=
ComparE ABCD anp EBCH E " L
Parallelograms ABCD and EBCH
are on the same base BC
and between the same Area(ABCD)
arallels AH and BG. 5
Bercfore by Prap. L35: = Area(EBCH)
| Area(ABCD) = Area(EBCH) m
o st bl ¥ G
“‘ COMPARE EBCH aNp EFGH , i é‘ﬂ
Parallelograms EBCH and EFGH / g :
are on the same base EH / Area (E BCH)
and between the same
parallels AH and BG. GaReT = Area(EFGH) _
Therefore, by Prop. 1.35: £
Area(EBCH) = Area(EFGH) : e Gllerelm,
Hence, L 3 i Area (ABCD)
| Area (ABCD) = Area(EFGH) = Area(EFGH,

Statement

Parallelograms on equal bases and between the same parallels
are equal in area.
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Actions

1. Let ABCD and EFGH be parallelograms on equal bases BC and FG and
between the same parallels.

2. Join suitable endpoints to form a third parallelogram spanning the equal
bases.

3. By 1.33 the connecting sides are equal and parallel, so the auxiliary
quadrilateral is a parallelogram.

4. By 1.35, one given parallelogram equals the auxiliary parallelogram be-
cause they share a base and parallels.

5. Likewise the other given parallelogram equals the same auxiliary paral-
lelogram.

6. Therefore the two given parallelograms are equal in area.

Integrated Ontological Restatement

Source formulation. Parallelograms which are on equal bases and be-
tween the same parallels are equal to one another.

Ontological role. Given parallelograms ABCD and EFGH on equal bases
BC and FG between parallels AH and BG. Join BE and CH. Since BC =
FG and BC = EH (opposite sides of parallelogram), FG = EH. Construct
parallelogram EBCH. By Proposition 35, ABCD = EBCH (same base BC)
and EBCH = EFGH (same base EH). Therefore, ABCD = EFGH (Common
Notion 1).

Critical Apparatus: Alleged Assumption and Reply

Objection. The objection is that equality of parallelograms on equal bases
relies on a tacit measure of area or on an unstated rule that equal figures
remain equal under recombination.
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Reply within the reconstruction. 1.36 reduces the claim to 1.35 twice and
then uses transitivity (Common Notion 1). The proofis therefore formulated
entirely in terms of previously established figure-equalities rather than an
independently quantified area.

The construction, with its permissions named

Aris'’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABCD, EFGH be on the equal bases BC, F'G, in the same paral-
lels. [given]

2. Join BE and CH. [P1]

3. BC = FG = FEH,and EH || BC;so EB, HC are equal and parallel.
[I.34, I.33]

4. Hence EBCH is a parallelogram equal to each of the others. [I.35]

How DO YOU KNOW IT IS THERE?

The parallelogram EBCH. An intermediary, built to reduce the equal-
bases case to the same-base case already settled at 1.35.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.36. Parallelograms on equal bases in the same parallels are equal.
No new action: nothing is drawable now that was not drawable before. The second

ledger grows; the first does not.
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Proposition 37

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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jangles which are on the same base and bevween the same parallels are equal to one another. <

SAME BASE, SAME PARALLELS
Let triangles ABC and DBC
stand on the same base BC
and between the same parallels
AD and BC.
S R EEREEY 3.
GOAL:
" Area(AABC) = Area( ADBC) ||

L | AuxiLiary CONSTRUCTION

Produce AD to E and F.
Through B draw BE parallel
to CA, and through C draw

CF parallel to BD.
EEEEEmEER

TWO PARALLELOGRAMS
ON THE SAME BASE
The constructions form
parallelograms EBCA and DBCF
on the same base BC and
between the same parallels EF
and BC. Therefore they are

EAcH TRIANGLE I5 ONE HALF

Diagonal AB bisects parallelogram

EBCA, and diagonal DC bisects

parallelogram DBCF.
RN EaEE.

AABC= 3 of EBCA| | ADBC =} of DBCF
by Proposition .34 by Proposition 1.34

THEREFORE THE
TRIANGLES ARE EQUAL
Since the two parallelograms are
equal and the two triangles are
their equal halves, triangles
ABC and DBC are equal in area.

_—CECER A CERHEEEE.

Area(AABC) = Area(ADBC) i

Statement

Triangles on the same base and between the same parallels are

equal in area.
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Actions

1. Let triangles ABC and DBC stand on the same base BC and between the
same parallels BC and AD.

2. Through B and C draw lines parallel to AC and BD to complete parallel-
ograms on the common base BC.

3. The completed parallelograms are on the same base BC and between the
same parallels, so by 1.35 they are equal.

4. Each parallelogram is double its corresponding triangle because a diago-
nal bisects a parallelogram by 1.34.

5. Halves of equal areas are equal.

6. Therefore triangle ABC equals triangle DBC.

Integrated Ontological Restatement

Source formulation. Triangles which are on the same base and between
the same parallels are equal to one another.

Ontological role. Given triangles ABC and DBC on base BC between par-
allels AD and BC. Draw lines through A and D parallel to BC and through B
and C parallel to AD, forming parallelograms EBCA and DBCF. By Propo-
sition 35, these parallelograms are equal. By Proposition 34, triangle ABC
is half of EBCA, and triangle DBC is half of DBCF. By Common Notion 1
and the implicit rule that halves of equals are equal, triangle ABC = triangle
DBC.

Critical Apparatus: Alleged Assumption and Reply

Objection. The supplied assumption catalogue singles out the maxim
“halves of equal things are equal’ as an apparently additional common no-
tion.

291



EucLib — THE ELEMENTS

Reply within the reconstruction. This is an important test for the no-
hidden-assumptions thesis. The reconstruction treats "half” not as a new nu-
merical operator but as the result of the same proved bisection relation: 1.34
establishes that a diagonal divides each parallelogram into two equal trian-
gles. Equal wholes subjected to the same established bisection relation yield
corresponding equal halves within the existing equality-and-substitution cal-
culus. Thus the maxim is taken as a derived corollary of the already proved
equalities and Common Notions 1-3, not as a new primitive axiom.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC, D BC be on the same base BC' and between the same parallels

AD, BC. [given]
2. Produce AD in both directions. [P2]
3. Through B draw BE parallel to C'A. [I.31]
4. Through C draw C'F parallel to BD. [I.31]

5. EBCA and DBCF are parallelograms on the same base BC' and in the
same parallels; therefore they are equal. [I.35]

6. The diameter AB bisects EBC A: triangle ABC measures it exactly
twice. [I.34]

7. The diameter DC bisects DBCF': triangle D BC' measures it exactly
twice. [I.34]

8. The two parallelograms are equal, and each is measured exactly twice by
its triangle; therefore the two triangles are equal. [BO — see panel]

9. Therefore triangle ABC equals triangle DBC. [C.N. 1]

How DO YOU KNOW IT IS THERE?

The lines BE and C'F'. Outputs of [I.31]. Triangles are compared by
completing them to parallelograms, which is possible only because the par-
allel construction has been earned. Step 8 — and the oldest patch in the
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ProrosiTION 1.37

Elements. This is the step at which readers have felt the floorboard give, and
it is exactly where the manuscript tradition inserted an extra axiom. Some
traditions carry, beside Euclid’s five, further Common Notions about dou-
bles and halves, including halves of equals are equal. Heiberg treated them
as interpolations; Heath reports that the halves-of-equals principle entered
the tradition early, before Theon, and discusses it precisely here, at 1.37.

The reason for the patch is plain. A reader who begins at Book I meets, at
this proposition, two figures said to be halves of two equal figures, and is
asked to conclude that the halves are equal — having been granted nothing
whatever about halves. Common Notions 1-5 speak of equals added, equals
subtracted, coincidence, and whole and part. Not one of them mentions a
half.

But the patch answers the wrong question. What was missing is not an ax-
iom. It is a book. Why no axiom is needed. Book 0 places the quantitative

science before the geometry. The primitive term meros receives its two for-
mal definitions at VIL.3 and V.1 — a part is the lesser that measures the
greater — and Book V supplies part, multiple, ratio and proportion for ho-
mogeneous magnitudes generally.

Once a magnitude may be taken as a multiple of another, double and half
are not fresh notions needing fresh axioms. They are names of particular
multiples and parts: a half is the part that measures its whole exactly twice,
and a double is that whole. Their equality properties follow from what part
and multiple already are, together with Common Notions 2 and 3 and the
whole—part order of Common Notion 5.

So step 8 cites the prior layer, not a sixth Common Notion. Written out: tri-
angle ABC measures parallelogram EFBC A exactly twice; triangle D BC'
measures parallelogram DBC'F' exactly twice; the two parallelograms are
equal; therefore the two triangles are equal, since equal magnitudes mea-
sured the same number of times by their parts have equal parts. What this

costs, and what it buys. It costs the reader a book: Book V must be read
before Book I, which is the whole argument of Book 0. It buys the removal
of an interpolation that stood in the text for two thousand years. Book I was
never missing an axiom. It was missing a book — and the book was sitting
four hundred pages further on, waiting.
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The same step recurs at .38 and, inverted, at 1.41. Each is discharged
the same way, and none of them needs an axiom of halves.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.37. Triangles on the same base and in the same parallels are
equal. No new action: nothing is drawable now that was not drawable before. The

second ledger grows; the first does not.
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Proposition 38

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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=5 Equal Bases Between : A D
‘the Same Parallels S
R E I AD |l BF |
GOAL:
Area(AABC) ||
I m = Area(ADEF) |||
C E 3 F to be proved. |fl
Let ABC and DEF be triangles on the equal bases BC and EF ‘
nd between the same parallels AD and BF.
H

D
I

GE= A DEH]
are collinear.
k i GB || AC
\ ! (by Prop. 1.31)
\ :
‘, : HF || DE
(by Prop. 1.31)

Produce AD to G and H. T]lmngh B draw BG para]lel to CA,
and through F draw FH para].!el to DE (Pmp L31).

. GH || BF
/
y £
1 BC = EF
1 | (equal bases)
i S
m 1 Therefore, by
5 w F Prop. 1.36,
i The constructions form pamllelognms GBCA and DEFH on the equal Area (GBCA)
bases BC and EF and between the same parallels GH and BF. = Area (DEFH)
s Therefore, by Prop. 1.36, are equal in area.
7, ———— -
(l 4 Each Ongmal Tnangle Is Half ’ ; By Prop, L0,
b ! Area(AABC)
DFia | |=3Area(GBCA).
diagonal of
: g L L By Prop. 134,
T ¢ 1 T F ﬁrea(ADEF)
Diagonal AB bisects GBCA, and diagonal DF bisects DEFH; = 7 Area(DEFH).
thus triangle ABC and triangle DEF are respective halves.

Area (AABC) Area(GBCA)
34)

D H Area(GBCA) = Area (DEFH)
¥ (by Prop. 1.36) |

Ana(ADEF) = 1 Area(DEFH)
: T (by Prop. 1.34)
CH F i
* The two parallelograms are equal, and the two original triangles are = Area(AABC) = Area (ADEF
halves of those equal parallelograms. Therefore triangles ABC and DEF ¢ Q 'l.: D. { )
are equal in area. -

Statement

Triangles on equal bases and between the same parallels are

equal in area.
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Actions

1. Lettriangles ABC and DEF stand on equal bases BC and EF and between
the same parallels.

2. Complete parallelograms on BC and EF using parallels through the op-
posite vertices.

3. By L.36 the completed parallelograms are equal because they are on equal
bases and between the same parallels.

4. Each triangle is half of its corresponding parallelogram by 1.34.

5. Therefore the two triangles are equal in area.

Integrated Ontological Restatement

Source formulation. Triangles which are on equal bases and between the
same parallels are equal to one another.

Ontological role. Given triangles ABC and DEF on equal bases BC and
EF between parallels BF and AD. Through B draw BG || CA, and through F
draw FH || DE, forming parallelograms GBCA and DEFH. By Proposition
36, these parallelograms are equal. By Proposition 34, triangle ABC is half
of GBCA, and triangle FED is half of DEFH. Therefore, triangle ABC =
triangle DEF.

Critical Apparatus: Alleged Assumption and Reply

Objection. As in [.37, the modern objection is that passing from equal par-
allelograms to their triangular halves requires an extra additivity or halving
principle.

Reply within the reconstruction. The response is the same: the halves
are geometrically characterized by diagonals and the relevant parallelogram
equalities have already been proved. Equality is transferred through those
proved decompositions rather than through a numerical area function.
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The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1.

Let ABC, DEF be onthe equal bases BC', E'F' and in the same parallels.
[given]

. Complete each triangle to a parallelogram, as at 1.37. [P2, I.31]

. The two parallelograms are on equal bases in the same parallels; therefore

they are equal. [I.36]
Each triangle measures its own parallelogram exactly twice. [I.34]

Equal magnitudes measured the same number of times by their parts have
equal parts. [BO]

Therefore the triangles are equal. [C.N. 1]

How DO YOU KNOW IT IS THERE?

Step 5. The identical move to step 8 of [.37, and discharged identically: not
by a Common Notion about halves, but by part and multiple from the prior
layer. Written out once at 1.37; cited here.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.38. Triangles on equal bases in the same parallels are equal. No

new action: nothing is drawable now that was not drawable before. The second

ledger grows; the first does not.
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Proposition 39

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)

299



EucLib — THE ELEMENTS

Proposition 1.39

Equal triangles on the same base and on the same side are between the same parallels.

| Action 1 ” Act10n 2 “ Actlon 3
A DR A D | |
| AR ‘i
B C||B C| B ¢
~ By Then triangles AEC and ABC
Triangles ABC and DB are on the same base AC and
arr;a:(?ueasl in areznand ali ith ?:f:E l %C’ ic between the same parallels AE
wi etween D and C.
on the same base BC. and BC; therefore they are equal
in area by Proposition 1.37.
[ Action 4 ] ( Action 5 1
D ‘
A
E
¢ > B G
B @ =

Let E be above D so that EC > DC.
Since AE || BC, triangles ABC and EBC are on
the same base BC; by Proposition 1.37,
area(ABC) = area(EBC).
{| By the given equality, area(DBC) = area(EBC).
But triangle DBC is part of triangle EBC.
Contradlctlon of Common Notlon 58

But triangle AEC is part of
triangle ADC. Yet it has equal area
to triangle ADC. This contradicts

Common Notion 5. [

(L
Therefore, triangles on the same base and on the same side, if they are equal in area,
are between the same parallels. QE.D.

&
o

]

Statement

Equal triangles on the same base and on the same side are be-
tween the same parallels.
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Actions

1. Let equal triangles ABC and DBC stand on the same base BC and same
side.

2. Join AD.

3. Suppose AD is not parallel to BC; through A draw AE parallel to BC
meeting DB at E.

4. Then triangles ABC and EBC are equal by 1.37 because they share base
BC and lie between the same parallels.

5. Buttriangle ABC also equals triangle DBC by hypothesis, so EBC=DBC.

6. This is impossible because one is a proper part of the other. Therefore
AD is parallel to BC.

Integrated Ontological Restatement

Source formulation. Equal triangles which are on the same base and on
the same side are also between the same parallels.

Ontological role. Given triangles ABC and DBC equal, on base BC on the
same side. Join AD. Suppose AD is not parallel to BC. Draw AE || BC
through A (Proposition 31) and join EC. By Proposition 37, triangle ABC =
triangle EBC. But triangle ABC = triangle DBC (given), so triangle DBC =
triangle EBC, the greater equal to the lesser (Common Notion 5), impossible.
Therefore, AD || BC.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC, DBC be equal, on BC, on the same side. Join AD.  [P1]

2. Suppose AD not parallel to BC'; draw AFE parallel to BC' meeting BD
at I/, and join EC. [I.31]

3. Then triangle ABC equals triangle EBC. [I.37]
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4. So EBC equals DBC, the part equal to the whole. [C.N. 5]

5. Impossible; therefore AD || BC.

How DO YOU KNOW IT IS THERE?

The point . Constructed by [I.31] for refutation. Another built-then-
refuted object.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.39. Equal triangles on the same base and side lie in the same
parallels. No new action: nothing is drawable now that was not drawable before.

The second ledger grows; the first does not.
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Proposition 40

TOOLS IN HAND BEFORE THIS PROPOSITION
 [BO] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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T

Suppose AD Is Not Parallel to BE il [3 Equal Bases Between the Same Parallels 101

riangles ABC and FCE stand on the equal bases
BC and CE and between the same parallcls

Let triangles ABC and CDE be
on the equal bases BC and CE
and on the same side of the

straight-line BE.

|| Suppose AD is not parallel to BE.
\ Through A draw AF parallel to BE.
Let it meet DE at F.

Given:
Area(A A,
ACH

F || BE

D
I
A

C E

Here D, F, E are on the same straight line,
with F between D and E.

i =
Join AD.
‘We must prove that AD is paralll to BE.
= i

S Butitis also given that
Area(AABC) = Area(ACDE).

Statement

Equal triangles on equal bases and on the same side are be-
tween the same parallels.

Actions

1. Let equal triangles ABC and DEF stand on equal bases BC and EF in the
same straight line and on the same side.

2. Join AD through their opposite vertices as appropriate.

3. Suppose the line through the opposite vertices is not parallel to the line
of the bases.

4. Draw through one vertex a parallel to the bases and form an auxiliary
triangle on an equal base.

5. By 1.38 the auxiliary triangle equals the corresponding given triangle,
hence equals the other given triangle.
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6. A proper-part contradiction follows unless the opposite vertices lie on
one parallel. Therefore the triangles are between the same parallels.

Integrated Ontological Restatement

Source formulation. Equal triangles which are on equal bases and on the
same side are also between the same parallels.

Ontological role. Given triangles ABC and CDE equal, on equal bases BC
and CE on the same side. Join AD. Suppose AD is not parallel to BE. Draw
AF || BE through A (Proposition 31) and join FE. By Proposition 38, triangle
ABC = triangle FCE. But triangle ABC = triangle DCE (given), so triangle
DCE = triangle FCE, impossible. Therefore, AD || BE.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. As in .39, assuming a non-parallel join and drawing a parallel instead.
[I.31]

2. The resulting triangles are equal. [I.38]

3. A part equals the whole; impossible. [C.N. 5]

How DO YOU KNOW IT IS THERE?

The construction. The 1.39 argument with [I.38] substituted for [I.37].

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.40. Equal triangles on equal bases and the same side lie in the
same parallels. No new action: nothing is drawable now that was not drawable

before. The second ledger grows; the first does not.
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Proposition 41

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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_ Ifa parallelogram has the same base as a triangle,
and is between the same parallels,
then the parallelogram is double the area of the triangle.

THEOREM (To be proved)
=2 x Area(AEBC)

A D E
@
e g

Let parallelogram ABCD and triangle in AC, the di ]
EBC stand on the same base BC ](;:ml[zft’)gmin l/l;g;gﬂnof By Proposition 1.37, triangles

and between the same parallels ABC and EBC are equal in area.

AE and BC.

; GOAL (To be proved) < : : e Area(AABC) = Area(AEBC) |\
i Area(ABCD) = 2 x Area(AEBC) I\

— Therefore the Parallelogram Is Double
A D B

(4

B

By Proposition I.34, diagonal AC I Area(AABC) = Area(AEBC) |
bisects parallelogram ABCD. 3

[ Area(ABCD) = 2 x Area(2ABC)]
¥

Area(AABC) = Area(AACD)

PR T | Area(ABCD) = 2 x Area(AEBC)]
el 2 . { Since triangle ABC equals triangle EBC in area,

and parallelogram ABCD is twice triangle ABC,

parallelogram ABCD is twice triangle EBC. ? S\
:..//}.ﬁ

Statement

If a parallelogram and a triangle are on the same base and
between the same parallels, the parallelogram is double the tri-
angle.
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Actions

1. Let parallelogram ABCD and triangle EBC stand on the same base BC
and between the same parallels BC and AE.

2. Join AC to divide the parallelogram into triangles ABC and ACD.
3. By L.34, triangle ABC is half the parallelogram.

4. Triangles ABC and EBC are on the same base BC and between the same
parallels, so by 1.37 they are equal.

5. Therefore the parallelogram, being double triangle ABC, is also double
triangle EBC.

Integrated Ontological Restatement

Source formulation. Ifa parallelogram has the same base as a triangle and
is between the same parallels, then the parallelogram is double the area of
the triangle.

Ontological role. Given parallelogram ABCD and triangle EBC on base
BC between parallels BC and AE. Join AC. Triangle ABC = triangle EBC
(Proposition 37). But parallelogram ABCD is double triangle ABC (Propo-
sition 34, diagonal AC bisects it). Therefore, parallelogram ABCD is double
triangle EBC.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let the parallelogram ABC'D and the triangle £’ BC' share the base BC'

and lie in the same parallels. [given]
2. Join AC. [P1]
3. Triangles ABC, EBC are equal. [1I.37]
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4. The diameter AC bisects the parallelogram, so triangle ABC measures
it exactly twice — that is, the parallelogram is the double of the triangle.
[I.34, BO]

5. Therefore the parallelogram is double triangle £ BC' also. [C.N. 1]

How DO YOU KNOW IT IS THERE?

The word double. The inverse of the half, and no more primitive than it. A
double is the multiple that its part measures exactly twice. The prior layer
defines multiple before Book I begins, so the word arrives here already de-
termined — as does the inference at step 5. Why this matters two propo-

sitions later. 1.41 is what [.47 consumes: the square on a side is shown
double a triangle, and the rectangle on the hypotenuse double another. If
double required an unstated axiom, the theorem of Pythagoras would rest
on it. It does not.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.41. A parallelogram is double any triangle on the same base in
the same parallels. No new action: nothing is drawable now that was not drawable

before. The second ledger grows; the first does not.

310



Proposition 42

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep
e Earned earlier: [I.1],[I.2],[I.3],[I.9],[I.10],[I.11],[I.12]
* [I.22] construct a triangle from three given straight lines
* [I.23] copy a given rectilineal angle at a given point
* [I.31] draw a parallel to a given line through a given point

* [C5] the meeting condition (in force since 1.29)
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EUCLID’S ELEMENTS
BOOK I, PROPOSITION 42

To construct a parallelogram equal to a given Ry

triangle in a given rectilinear angle.

" Bisect BC at E, so that BE = EC,
and join AE.

Let ABC be the given lriVangIe
and D the given rectilinear angle.

Goal: Construct a parallelogram equal in area
to triangle ABC in an angle equal to D. |

i the given angle D
that s equal in area
o trangle ABC.

1 At E:D;I EE, construct angle VCEF |
] equal to the given angle D. I

B

i Through A draw AG parallel to EC,
and through C draw CG parallel to EF.

Thus FECG isa parallefugram

8| BE=EC = area(AABE) = area(AAEC)
(Same altitude from A; equal bases)

area(ABC) = area(ABE) + area(AEC)
=2 x area(AEC)

[=>=AGMEC] = FE|| G |

Sizee BEI= EC, tmngles ABE and AEC
are equal in area. Therefore triangle

ABC is twice triangle AEC.

“There is no

Statement

E ©

Parallelogram FECG and triangle AEC
are on the same base EC and between
the same parallels AG and EC.
= area(FECG) = 2 x area(AEC)

((From Panel 5:_area(ABC) = 2 x area(AEC) )

[ ... area(FECG) = area (ABC) ]

ZCEF=¢D A

Parallelogram FECG is twice triangle AEC,
| while triangle ABC is also twice triangle AEC.
Therefore FECG equals mmﬁe ABC in area,

To construct a parallelogram equal in area to a given triangle

and having a given angle.
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ProrosITION 1.42

Actions

1. Let ABC be the given triangle and D the given angle.
2. Bisect BC at E and join AE.

3. AtE construct angle CEF equal to the given angle D, and through A draw
AG parallel to EC; through C draw CG parallel to EF.

4. The resulting quadrilateral EFCG is a parallelogram with angle CEF
equal to D.

5. Triangles ABE and AEC are equal because they have equal bases BE=EC
and lie between the same parallels.

6. By 1.41 the parallelogram on EC between the same parallels is double
triangle AEC, hence equal to the whole triangle ABC.

7. Thus the required parallelogram has been constructed.

Integrated Ontological Restatement

Source formulation. 7o construct a parallelogram equal to a given triangle
in a given rectilinear angle.

Ontological role. Given triangle ABC and angle D. Bisect BC at E (Propo-
sition 10). Join AE. Copy angle D to angle CEF at E on EC (Proposition
23). Draw AG || EC through A (Proposition 31) and CG || EF through C
(Proposition 31). Then FECG is a parallelogram. Since BE = EC, triangle
ABE = triangle AEC (Proposition 38). Therefore, triangle ABC =2 X trian-
gle AEC. Also, parallelogram FECG = 2 x triangle AEC (Proposition 41).
Thus, parallelogram FECG = triangle ABC, and angle CEF = D.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.
1. Let ABC be the triangle and D the given angle. Bisect BC'at E. [1.10]
2. Join AE. [P1]
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3. At E construct ZCEF equal to D. [I.23]

4. Through A draw AG parallel to EC, and through C' draw C'G parallel
to EF. [I.31]

5. FECG is a parallelogram on the base £ C, in the same parallels as tri-
angle AEC. [Def. 23]

6. Triangle ABE equals triangle AEC, so the parallelogram equals the
whole triangle ABC. [1.38, I.41]

How DO YOU KNOW IT IS THERE?

The point F. [I.10]. The bisection of the base is what makes the paral-
lelogram equal to the whole triangle rather than half of it. The angle at F.

[I.23]. The given angle is not approximated; it is copied exactly.

The first proposition in which area becomes constructible rather than merely
comparable. The application of areas begins here.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.42 Construct a parallelogram equal to a given triangle, in any given
angle.
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Proposition 43

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep

e Earned earlier: [I.1], [I.2],[I.3],[I.9],[I.10],[I.11],[I.12],
[I.22]

» [I.23] copy a given rectilineal angle at a given point

[I.31] draw a parallel to a given line through a given point

* [I.42] construct a parallelogram equal to a given triangle, in a given
angle

[C5] the meeting condition (in force since 1.29)
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| Let ABCD be a parallelogram and AC its diagonal. I §  Since AC is the diagonal of parallelogram ABCD, In parallelogram AEKH, diagonal AK bisects it
AB take E, on AD take H, on BC take G, by Proposition 1.34, (Prop. 1.34). In parallelogram KFCG, diagonal KC

i el ! | bisects it (Prop. 1.34).
DC take F. Let lines EF and HG meet AC : ) ) 3 isccts it (Prop. 1.34).
; I KFC = KGC

. e
'lkdiapmlACdividenbepmMnmm
L o two cqual wiangles. )

Coniplg

From the equal triangles ABC and ACD subtract the equal parts
AEK = AHK and KGC = KFC.

In AABC : I In AACD :
ABC = AEK + EBGK + KGC | | | ACD = AHK + HKFD + KFC
I

For any parallelogram,
the complements of
the parallelograms
about the diagonal
are equal to
one another.

Statement

In any parallelogram, the complements of the parallelograms
about a diagonal are equal.

Actions
1. Let ABCD be a parallelogram with diagonal AC, and let smaller paral-
lelograms lie about the diagonal, leaving complements BK and KD.

2. By .34, diagonal AC bisects the whole parallelogram, so triangle ABC
equals triangle CDA.

3. The diagonal also bisects each smaller parallelogram about AC.

4. Subtract the equal halves of the smaller parallelograms from the equal
large triangles.

5. The remaining complements BK and KD are equal.
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ProrosiTION 1.43

Integrated Ontological Restatement

Source formulation. For any parallelogram, the complements of the par-
allelograms about the diagonal are equal to one another.

Ontological role. Given parallelogram ABCD with diagonal AC, and paral-
lelograms EH and FG about AC, with complements BK and KD. By Propo-
sition 34, triangle ABC = triangle ADC. Also, triangle AEK = triangle AHK
(Proposition 34), and triangle KFC = triangle KGC (Proposition 34). There-
fore, triangle AEK + triangle KGC = triangle AHK + triangle KFC. Sub-
tracting these from the equal triangles ABC and ADC (Common Notion 3)
yields BK = KD.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABCD have diameter AC, with EH, F'G the parallelograms about
itand BK, K D the complements. [given]

2. The diameter bisects the whole, and each of the two small parallelograms.
[I.34]

3. Subtracting the equal triangles from the equal halves leaves the comple-
ments equal. [C.N. 3]

How DO YOU KNOW IT IS THERE?

The complements. Not new objects: they are what remains of the paral-
lelogram once the two about the diameter are removed. The proposition is
entirely a subtraction.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.43. The complements about the diameter are equal. No new ac-

317



EucLib — THE ELEMENTS

tion: nothing is drawable now that was not drawable before. The second ledger
grows; the first does not.
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Proposition 44

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep

e Earned earlier: [I.1], [I.2],[I.3],[I.9],[I.10],[I.11],[I.12],
[I.22]

» [I.23] copy a given rectilineal angle at a given point

[I.31] draw a parallel to a given line through a given point

* [I.42] construct a parallelogram equal to a given triangle, in a given
angle

[C5] the meeting condition (in force since 1.29)
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~ The Given Objects

iEa | 1
I By Proposition 1.42, construct parallelogram BEFG | G to H. Through A draw AH parallel t0 BG
triangle C the given triangle, equal to triangle C, in angle EBG equal to D, | and join HB. Produced HB and FE meet at K.
| and £D the given rectilinear angle. placing it 5o that A, B, E are collinear.

Through K draw KL parallel to EA. Produce A I In parallelogram HLKF, diagonal HK forms two ZGBE and ZABM are vertically opposite angles.
and GB to M until they meet KL. parallelograms about it: HGBA (parallelogram AG) | Hence ZGBE = ZABM.
H F E and EKMB (parallelogram ME). | | But £GBE = £D. Therefore LABM = £D.
By Proposition 143, the complements LB and BF are equal. | Thos parallcogram ABML is applied to AB,
H P E I equal in area to triangle C,

BF
(BEFG) |

Statement

To apply to a given straight line a parallelogram equal to a
given triangle and having a given angle.

Actions
1. Let AB be the given straight line, C the given triangle, and D the given
angle.

2. By L.42 construct a parallelogram equal to triangle C and having angle
D.

3. Place an equal side along AB and extend the construction with parallels
so that the desired parallelogram is applied to AB.

4. Use 1.43 on the resulting larger parallelogram to identify equal comple-
ments.
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ProrosiTION 1.44

5. Transfer the area of the auxiliary parallelogram to the complement lying
on AB.

6. The resulting parallelogram on AB is equal to triangle C and has an angle
equal to D.

Integrated Ontological Restatement

Source formulation. 7o apply a parallelogram equal to a given triangle to
a given straight-line in a given rectilinear angle.

Ontological role. Given line AB, triangle C, and angle D. Construct paral-
lelogram BEFG equal to C in angle EBG = D (Proposition 42). Place BE
on AB. Draw AH || BG through A (Proposition 31). Join HB. Extend HB
and FE to meet at K (guaranteed by Postulate 5). Draw KL || FH through
K (Proposition 31). Extend HA and GB to L and M. Then LB is a parallelo-
gram equal to triangle C (by Proposition 43), and angle ABM = angle GBE
= D. Thus, parallelogram LB is applied to AB in angle D.

Critical Apparatus: Alleged Assumption and Reply

Objection. The produced straight lines H B and F'E must meet at K. The
criticism is that this depends on indefinite extension and the flatness of the
plane.

Reply within the reconstruction. Euclid does not leave this intersection to
the figure: the relevant angle condition is precisely the type covered by Pos-
tulate 5, and the lines are produced by Postulate 2. On the present reading,
the cited dependence is explicit rather than hidden.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB be the line, C the triangle, D the angle. [given]

2. Construct the parallelogram BEFG equal to C' in the angle D, placed
so that BFE is in a straight line with AB. [I.42]
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3. Produce F'G to H; through A draw AH parallel to BG; join HB and
produce it. [P2, I.31]

4. H B produced meets F'F produced at K, since the co-interior angles are
less than two right angles. [C5]

5. Complete the figure; the complements AG and M E are equal. [I.43]

6. Hence the parallelogram on AB equals the triangle C' [C.N. 1]

How DO YOU KNOW IT IS THERE?

The point K. The second and last use of [C5] in Book I, and here it is
used positively rather than in a reductio: the fifth postulate is what guaran-
tees the two produced lines actually meet, so that the figure closes and the
complement can be taken.

Postulate 5 is spent a second time here. Twice in forty-eight propositions:
once at 1.29 to refute, once at 1.44 to construct. That is the whole of its
employment in Book I.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.44 Apply to a given line a parallelogram equal to a given triangle, in a
given angle.
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Proposition 45

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep

e Earned earlier: [I.1], [I.2],[I.3],[I.9],[I.10],[I.11],[I.12],
[I.22],[I.23]

* [I.31] draw a parallel to a given line through a given point

* [I.42] construct a parallelogram equal to a given triangle, in a given
angle

* [I.44] apply to a given line a parallelogram equal to a given triangle

» [C5] the meeting condition (in force since 1.29)
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Let ABCD be the given rectilincar figure By Proposition 1.42, construct parallelogram KFGH. By Proposition 144, apply to the straightline GH
and E the given rectilinear angle. equal in area to triangle ABD, parallelogram HGLM cqual inarea o tiangle DBC,

Join DB, dividing the figure into ) | inan angle cqual o the given angle E. [ Area (KFGH) o | inan angle equal to E. Arca(HGLM)
triangles ABD and DBC. = Area(ABD) . I = Area(

G

'nm’ Am(HGLM) Am(DBC)
and LGHM = ZE.

Since £ HKF = £ GHM, the adjacent angls on the
strsightines give that KH and HM form one

L and KF || ML. = Area (KFLM) = Area(KFGH) + Area(HGLM)
ing sides are also equal and paralle = Area(ABD) + Area(DBC)
4 = Area(4BCD)

Fromthe e, FG and GL ko forn 11
one strightine.

Statement

To construct a parallelogram equal in area to a given rectilinear
figure and having a given angle.

Actions
1. Divide the given rectilinear figure into triangles by drawing diagonals
from one vertex.

2. By L.42 construct a parallelogram equal to the first triangle and having
the given angle.

3. Successively apply parallelograms equal to the remaining triangles along
a common straight line using 1.44.

4. Because adjacent angles are supplementary, the assembled boundaries
form straight lines by 1.14.
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ProrosITION 1.45

5. The union of the constructed parallelograms is itself a parallelogram with
the prescribed angle.

6. Its area is the sum of the triangle areas and therefore equals the original
rectilinear figure.

Integrated Ontological Restatement

Source formulation. 7o construct a parallelogram equal to a given recti-
linear figure in a given rectilinear angle.

Ontological role. Given rectilinear figure ABCD and angle E. Join DB.
Construct parallelogram FH equal to triangle ABD in angle HKF = E (Propo-
sition 42). Apply parallelogram GM equal to triangle DBC to line GH in an-
gle GHM = E (Proposition 44). Since angle E equals both HKF and GHM,
HKF = GHM. Adding KHG shows KH is straight-on to HM (Proposition
14). Similarly, FG is straight-on to GL. By Proposition 33, KFLM is a par-
allelogram. Since triangle ABD = FH and DBC = GM, the whole figure
ABCD = parallelogram KFLM in angle FKM = E.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Divide the given figure into triangles by joining its vertices. [P1]

2. On a line construct a parallelogram equal to the first triangle in the given
angle. [I.42]

3. Apply to the resulting side a parallelogram equal to the next triangle, in
the same angle. [I.44]

4. Repeat until every triangle is used. [I.44]

5. The successive figures join into a single parallelogram, the adjacent sides
lying in a straight line. [I.29, I.14]
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How DO YOU KNOW IT IS THERE?

The joining of the pieces. [I.14] is what certifies that the successive par-
allelograms line up into one figure rather than a chain of separate ones: the
angles at each junction sum to two right angles, so the sides lie in a straight
line.

Any polygon whatever is now equal to a constructible parallelogram. This
is the culmination of the application of areas, and the reason Book II can
speak of rectangles as freely as it does.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.45 Reduce any rectilineal figure to a single parallelogram in a given
angle.
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Proposition 46

TOOLS IN HAND BEFORE THIS PROPOSITION
* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)
e [P1]join [P2] extend [P3] sweep

e Earned earlier: [I.1], [I.2],[I.3],[I.9],[I.10],[I.11],[I.12],
[I.22],[I.23],[I.31]

* [I.42] construct a parallelogram equal to a given triangle, in a given
angle

* [I.44] apply to a given line a parallelogram equal to a given triangle
* [I.45] reduce any rectilineal figure to a parallelogram in a given angle

» [C5] the meeting condition (in force since 1.29)
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Let AB be the given straight-line. = At A draw AD perpendicular to AB,
It is required to describe a square on AB. | and make AD equal to AB.

£ 3— Draw the Two Parallels

1 8
o

" Through D draw DE parallel to AB,
and through B draw BE parallel to AD. y
Thus ADEB is a parallelogram.
L . i

; B

4

5 — All Angles AreRight 7 6 — Therefore ADEB Is a Square /|

D

£BAD =90°
LADE =90"
LDEB = 90°
LEBA =90°

L, panallelogram i L J the given straight-line AB.

EUCLID’S ELEMENTS

~++BOOK I « PROPOSITION 46 -+ %=
To describe a square on a given straight-line.

Statement

1o describe a square on a given straight line.
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ProProsITION 1.46

Actions

1. Let AB be the given straight line.
2. At A draw AC perpendicular to AB by [.11 and make AC=AB.

3. Through C draw CD parallel to AB and through B draw BD parallel to
AC by 1.31.

4. Then ACDB is a parallelogram, so opposite sides are equal by 1.34; hence
AB=CD and AC=BD.

5. Since AB=AC, all four sides are equal.

6. Because one angle is right and opposite sides are parallel, all four angles
are right by 1.29 and 1.34.

7. Therefore ACDB is a square described on AB.

Integrated Ontological Restatement

Source formulation. 7o describe a square on a given straight-line.

Ontological role. Given AB. Draw AC perpendicular to AB at A (Propo-
sition 11). Make AD = AB (Proposition 3). Draw DE || AB through D
(Proposition 31) and BE || AD through B (Proposition 31). Then ADEB is
a parallelogram. By Proposition 34, AB = DE and AD = BE. Since AB =
AD, all four sides are equal. By Proposition 29, since AD crosses parallels
AB and DE, angle BAD + angle ADE = two right angles. Angle BAD is
right, so angle ADE is right. Thus, all angles are right. Therefore, ADEB is
a square.

Critical Apparatus: Alleged Assumption and Reply

Objection. The construction of the square is said to assume that the two
parallels close into the expected right-angled quadrilateral and preserve right
angularity throughout the plane.
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Reply within the reconstruction. 1.46 invokes .11 for the perpendicular,
1.3 for the equal side, 1.31 for the parallels, 1.34 for opposite-side equality,
and .29 for the angle relations. Postulate 4 supplies the invariance of right
angles. The square is therefore a synthesis of earlier proved operations rather
than a diagrammatically assumed closure.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.

1. Let AB be given. Erect AC at right angles to AB at A. [I.11]
2. Cut off AD equal to AB. [I.3]

3. Through D draw DF parallel to AB, and through B draw BE parallel
to AD. [I.31]

4. ADEB is aparallelogram, so DE = AB and BE = AD:; all four sides
are equal. [I.34]

5. The angles are right, since co-interior angles with a right angle are right.
[I.29]

6. Therefore ADFE B is a square. [Def. 22]

How DO YOU KNOW IT IS THERE?

The right angle at A. [I.11], earned thirty-five propositions earlier. The

equal side AD. [I.3], earned at the third proposition. The square — the
figure Book II is built from — is assembled from the two oldest earned
actions and the parallel.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

I.46 Describe a square on a given straight line.
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Proposition 1.47

TOOLS IN HAND BEFORE THIS PROPOSITION

* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)

e [P1]join [P2] extend [P3] sweep

e Earned earlier: [I.1], [I.2],[I.3],[I.9],[I.10],[I.11],[I.12],
[I.22],[I.23],[I.31],[I.42]

[I.44] apply to a given line a parallelogram equal to a given triangle

[I.45] reduce any rectilineal figure to a parallelogram in a given angle

[I.46] describe a square on a given straight line

* [C5] the meeting condition (in force since 1.29)
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Let ABC berightangled
atA. Eucid ill prove
hatth square on BC
- cquils tesum o he
squares on BA and AC.

| Construct squares BDEC on.
ABFG o BA, and ACKH on

"~ Let ABC berightangled t A,
Euclid will prove that the square on BC equals
the sum of the squares on BA and AC.

" LFBC = £DBA becase:
LFBC = LFBA + LAKC,
LDBA = £DBC + £ABC.
Bt £ FBA = ZDBC = right angk,

besce £ FBC = £DBA.

Through A draw AL parallto BD and CE,
[ It divides the square on BC into the two.
BL and CL.

ADBA = AFBC becase:
BA = BF

BD = BC
£DBA = LFBC.
byl4, ADBA = AFBC. |
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Statement

In right-angled triangles, the square on the side subtending the
right angle is equal to the sum of the squares on the sides con-
taining the right angle.

Actions

10.

I1.

12.

13.

14.

15.

. Given: right triangle ABC with right angle BAC.

Construct square BDEC on BC (Proposition 1.46).

. Construct squares GB on BA and HC on AC (Proposition 1.46).

. Draw AL [ BD or CE through A (Proposition .31).

Draw AD and FC (Postulate 1).

/DBC = /F BA = right angle (Definition 22).

. Add ZABC: /DBA = /F BC (Common Notion 2).

DB = BC and FB = BA (Definition 22).

Therefore triangle ABD = triangle FBC (Proposition 1.4).
Parallelogram BL = 2 x triangle ABD (Proposition 1.41).
Square GB =2 x triangle FBC (Proposition 1.41).
Therefore BL = GB (Common Notion 1).

Similarly, CL = HC.

Therefore BDEC = GB + HC (Common Notion 2).

Therefore BC? = AB? + AC?.
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Interpretation from the Commentary

This proof does not rely on any unaxiomatized notion of area. It uses con-
gruence and equivalence of rectilinear figures established in Propositions
1.33-1.45. The equality of areas is established through the equality of trian-
gles and parallelograms.

Expanded Commentary from Explaining Fully the
First Book of Elements

Problem: This proposition employs reasoning based on the equality of areas
of squares and parallelograms. However, Euclid never formally defined the
notion of “area” or its additivity. Formally, the statement “equal to the same
area” presupposes a measure or congruence relation for plane figures not
explicitly defined in Book 1.

Critics:

* Heath (1908), in The Thirteen Books of Euclid s Elements, discusses the
absence of formal axioms of area in Book 1.

* Hartshorne (2000) formalizes Book I and observes that Proposition
1.47 relies on unaxiomatized notions of area congruence.

Response: I disagree. There is no necessity to define “area” in Euclid’s
framework. Instead of areas, Euclid employs congruence and equivalence
of rectilinear figures. He proves results through the equality of triangles, the
equivalence of triangles and parallelograms, and the equivalence of parallel-
ograms with rectilinear figures (Propositions 1.33-1.45). Thus, the reasoning
of Proposition 1.47 stands entirely upon the established congruence relations
and does not rely on any unaxiomatized notion of area.
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Integrated Ontological Restatement

Source formulation. /n right-angled triangles, the square on the side sub-
tending the right-angle is equal to the sum of the squares on the sides con-
taining the right-angle.

Ontological role. Given right-angled triangle ABC with right angle at A.
Construct squares BCED on BC, ABFG on AB, and ACKH on AC (Propo-
sition 46). Draw AL through A parallel to BD (Proposition 31). Join AD and
FC. Triangles ABD and FBC are congruent (Proposition 4: AB =FB, BD =
BC, angle ABD =90° + angle ABC = angle FBC). Therefore, triangle ABD
= triangle FBC. Rectangle BDML is double triangle ABD (Proposition 41,
same base BD, between parallels). Square ABFG is double triangle FBC
(Proposition 41, same base FB, between parallels). Thus, rectangle BDML
= square ABFG. Similarly, rectangle MLEC = square ACKH. Adding these
equalities (Common Notion 2) yields square BCED =square ABFG + square
ACKH.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission
that authorises it. If a step cannot be tagged, it is not a step.

1. Let ABC be right-angled at A. Describe squares BDEC, GFBA,
H K C A on the three sides. [I.46]

2. Through A draw AL parallel to BD, meeting DFE at L; join AD and
FC. [I.31, P1]

3. ZDBC = /F BA, each being a right angle plus ZABC' [C.N. 2]

4. Triangles ABD and FFBC have BD = BC, BA = BF, and equal
included angles; so they are equal. [I.4]

5. The parallelogram BD LM is double triangle AB D; the square GF' BA
is double triangle F'BC. [I.41]

6. Therefore BDLM equals the square on AB; similarly M LEC' equals
the square on AC. [C.N. 1]

7. Adding, the square on BC equals the sum of the squares on AB and AC.
[C.N. 2]
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How DO YOU KNOW IT IS THERE?

The three squares. Each an output of [ I.46], the action earned one propo-
sition earlier. 1.47 is immediately preceded by the construction it consumes.
The line AL. [I.31]. It divides the square on the hypotenuse into the two

rectangles that the proof matches, one to each smaller square. The collinear-

ityof G, A, H. [I.14]: the angles at A sum to two right angles, so the sides
lie in a straight line. Without this the figure would not close.

Every permission spent here was earned earlier in the book, and the newest
of them — [I.46] — is one proposition old. The most celebrated theorem
in the corpus is the point at which the ledger balances exactly.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.47. The square on the hypotenuse equals the sum of the squares
on the other two sides. No new action: nothing is drawable now that was not

drawable before. The second ledger grows; the first does not.
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Proposition 48

TOOLS IN HAND BEFORE THIS PROPOSITION

* [B@] the prior layer — part, multiple, magnitude, and the five Common
Notions (Book 0; warrant only, no action)

e [P1]join [P2] extend [P3] sweep

e Earned earlier: [I.1], [I.2],[I.3],[I.9],[I.10],[I.11],[I.12],
[I.22],[I.23],[I.31],[I.42]

[I.44] apply to a given line a parallelogram equal to a given triangle

[I.45] reduce any rectilineal figure to a parallelogram in a given angle

[I.46] describe a square on a given straight line

* [C5] the meeting condition (in force since 1.29)
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Statement

If the square on one side of a triangle equals the sum of the
squares on the other two sides, then the angle contained by
those two sides is a right angle.

Actions

1. Let triangle ABC satisfy BC2=BA?+AC?. The goal is to prove angle
BAC is aright angle.

2. At A construct AD perpendicular to AC, make AD=AB, and join DC.
3. Since angle DAC is right, Proposition .47 gives DC>=DA?+AC?.

4. Because AD=AB and by hypothesis BC?=BA?+AC?, it follows that
DC?*=BC?.

5. Therefore DC=BC.

6. Now DA=AB, DC=BC, and AC is common; by Proposition L.8 triangle
DAC equals triangle BAC.

7. Hence angle DAC=angle BAC. But angle DAC is right by construction;
therefore angle BAC is also a right angle. Q.E.D.
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Integrated Ontological Restatement

Source formulation. [fthe square on one of the sides of a triangle is equal to
the sum of the squares on the two remaining sides, then the angle contained
by the two remaining sides is a right-angle.

Ontological role. Given triangle ABC with square on BC equal to sum of
squares on BA and AC. Draw AD perpendicular to AC at A (Proposition 11).
Make AD = AB (Proposition 3). Join DC. Since DA = AB, the square on DA
equals the square on AB. Add the square on AC to both. Then the squares
on DA and AC equal the squares on BA and AC. By Proposition 47, since
angle DAC is right, the square on DC equals the squares on DA and AC. But
the square on BC equals the squares on BA and AC (given). Therefore, the
square on DC equals the square on BC, so DC = BC. Since DA = AB, AC is
common, and DC = BC, triangles DAC and BAC are congruent (Proposition
8). Therefore, angle DAC = angle BAC. But angle DAC is right, so angle
BAC is right.

Critical Apparatus: Alleged Assumption and Reply

Objection. The supplied critique notes an apparently unstated rule: equal
straight lines have equal squares, and conversely equality of the constructed
squares permits equality of their sides.

Reply within the reconstruction. In the reconstruction, a square is not an
independent numerical value but the figure constructed on a given side by
1.46. Equal sides generate congruent square constructions through the same
operations; conversely the SSS comparison in 1.48 reduces the final step to
equality of the constructed sides. What may be written in modern algebra as
equality of squares is therefore derived through congruent construction and
1.8, not introduced as a separate algebraic common notion.

The construction, with its permissions named

Aris’s numbered actions above, restated so that every step carries the permission

that authorises it. If a step cannot be tagged, it is not a step.
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1. Let ABC have the square on BC' equal to the sum of the squares on AB,
AC. [given]

2. Draw AD at right angles to AC at A, and make AD = AB. [I.11,
I.3]

3. Join DC. [P1]
4. The square on DC' equals the sum of the squares on AD, AC. [I1.47]

5. So the square on DC equals the square on BC, and DC' = BC.
[C.N. 1]

6. Triangles DAC, BAC have three sides equal; so /BAC = Z/DAC, a
right angle. [I.8]

How DO YOU KNOW IT IS THERE?

The point D. Built by [I.11] and [I.3] — the perpendicular and the cut-
off length. The converse is proved by constructing the right angle that is
claimed and showing the given triangle must coincide with it.

Book I closes as it opened: with a construction carried out inside a repertoire
whose every entry can be named.

ADDED TO THE REPERTOIRE BY THIS PROPOSITION

Warrant 1.48. If the squares balance, the angle is right. No new action:

nothing is drawable now that was not drawable before. The second ledger grows;
the first does not.
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PART THREE

The Closed Ledger




What Book I Bought

Three commands were granted at the outset. Fourteen further actions were
earned. Two constraints were held throughout, and one of them was spent
exactly twice.

THE PRIOR LAYER, HELD THROUGHOUT (BoOK 0)

BO The seven primitive terms; the five Common Notions; and from Books
VIl and V the determination of part, multiple, equality of wholes and remain-
ders, and the general theory of magnitude. A warrant, never an action: it
licenses no new line, only the right to reason about parts, multiples, halves
and doubles of what the commands have drawn.

Spent visibly at .34, 1.37, 1.38 and 1.41 — the four places where the manuscript
tradition inserted an axiom of doubles and halves that Book I never needed.

THE COMPLETE LEDGER OF ACTIONS

P1 join — straight line from any point to any point  (granted)
P2 extend — produce a finite straight line continuously  (granted)

P3 sweep — circle on any centre with any given radius  (granted)

I.1 Erectan equilateral triangle on a given line

I.2 Place ata given point a line equal to a given line
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ProprosITION 1.48

I.3 Cut off from the greater a line equal to the less
I.9 Bisecta given rectilineal angle

I.10 Bisect a given finite straight line

I.11 Erect a perpendicular from a point on a line
I.12 Drop aperpendicular from a point outside a line

I.22 Construct a triangle from three given straight lines

—~

.23 Copy a given rectilineal angle at a given point
.31 Draw a parallel to a given line through a given point
.42 Construct a parallelogram equal to a given triangle, in a given angle

.44 Apply to a given line a parallelogram equal to a given triangle

H H H  H

.45 Reduce any rectilineal figure to a parallelogram in a given angle

I.46 Describe a square on a given straight line

THE CONSTRAINTS

C4  All right angles are equal. Relied upon wherever an angle determined
in one place is compared with an angle determined in another. Never exe-
cuted, because it is not a command.

C5 The meeting condition for produced straight lines. Dormant from the
first proposition to the twenty-eighth. Spent at 1.29, in a reductio, to license
the converse inference from parallelism to equal angles. Spent again at 1.44,
positively, to guarantee that two produced lines meet so the application of
areas can close. Used nowhere else in Book L.
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The shape the ledger reveals

Fourteen constructions out of forty-eight, and read in the order earned they
form a single line of supply:

* L.1-1.3 make length portable. The equilateral triangle exists chiefly to
build the transfer; the transfer exists to make the cut-off possible.

* 1.9-1.12 make symmetry available — bisect an angle, bisect a segment,
raise a perpendicular, drop one — and none of it needs a parallel.

» 1.22-1.23 make figures portable. An angle is copied by copying three
lengths, because Book I has no way to carry an angle directly.

* 1.31 makes direction available, and does so without Postulate 5.

* 1.42-1.46 make area constructible, ending with the square on a given
line — the equipment Book II opens by assuming.

The two most famous propositions, .47 and 1.48, add no action at all. They
spend what the preceding forty-six earned.

The question, answered

Every object introduced in Book I is the output of a command held at the
moment of its introduction — one of the three granted, or one of the fourteen
earned — executed in a plane the definitions and constraints have already
determined, and judged by criteria the Common Notions supply. Where a
critic finds a gap, what is missing is not a postulate but a tag: the reader
has stopped asking which permission is in force, and has begun reading the
diagram instead of the argument.

The axiom that was never missing

Of the objections brought against Book I, the one with the longest life was
not about circles meeting or triangles moving. It was about halves. At 1.37
two triangles, each the half of one of two equal parallelograms, are declared
equal, and no Common Notion granted anything about halves. The tradition
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answered by writing one in, and it stayed in the manuscripts for two thousand
years.

The ledger answers differently. [B@] was in force from the first page: part
and multiple were determined before the geometry began, salf and double
are names of particular parts and multiples, and their equality properties
follow from what those words already mean. Step 8 of .37 has a tag, and
the tag is not a sixth Common Notion.

Book I was not missing an axiom. It was missing a book, and the book was
sitting four hundred pages further on.

THE RULE, RESTATED

If a step cannot be tagged, it is not a step. A line that appears with no per-
mission beside it is a line that was seen rather than drawn — and nothing
that was merely seen has ever belonged in a demonstration.
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Critical Evaluation




Critical Evaluation:
Objections, Revisions, and
Replies

The strongest initial criticism

The most forceful critical reading of the reconstruction can be stated without
caricature. It charges, first, that the relational interpretation of Definition 4
risks textual infidelity; second, that the analysis of Proposition 1.1 risks cir-
cularity because the desired intersection appears in the analytic hypothe-
sis; third, that historical claims about Postulate 5 can become anachronistic
if they attribute nineteenth-century non-Euclidean concepts to Euclid; and
fourth, that the later success of Hilbertian, Tarskian, and constructive formal-
izations shows the practical necessity of explicit axioms of order, continuity,
and congruence. In this form the objection is serious because it concerns
the distinction between interpretive reconstruction and formal derivability
rather than merely the appearance of diagrams.

First revision: Definition 4 is cumulative

The critical notes themselves subsequently revise the charge that Defini-
tion 4 is simply circular. The decisive observation is that the definition is not
presented, on the reconstruction, as a closed one-sentence specification. It
introduces “evenness,” while later definitions and postulates progressively
determine what that evenness entails. Definition 17 supplies symmetry; Def-
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inition 23 supplies uniform direction and non-intersection under indefinite
production; Postulate 2 excludes finite termination; Postulate 1 universal-
izes straight connection; Postulate 4 makes right angularity invariant; and
Postulate 5 completes the planar setting. Once this cumulative method is
admitted, the criticism must move from “the definition is circular” to the
more exact historical and philological question of whether this staged use of
Euclid’s words is justified.

Second revision: spherical geometry changes the his-
torical question

A further initial criticism asserted that Euclid could not have been distin-
guishing the plane from curved surfaces because such alternatives were con-
ceptually unavailable. The later discussion corrects that claim. Greek spher-
ical geometry and astronomy make the sphere an available mathematical
object, and Euclid himself is associated with the Phaenomena. The appro-
priate question is therefore not whether Euclid knew that a sphere behaves
differently from a plane, but how much interpretive weight should be as-
signed to that knowledge in reading Postulate 5. The reconstruction uses
it as historical support for the possibility of a deliberately discriminating
planar condition; it need not claim that Euclid possessed the later theory of
hyperbolic models.

The remaining formalist challenge to 1.1

The most persistent objection concerns existence in I.1. Analysis and syn-
thesis by themselves do not license conversion of the conditional “if C' ex-
ists, then the circles meet at C” into the existence statement “the circles
meet.” Modern proof systems therefore isolate a circle—circle continuity
principle. The reply defended in this book is semantic and ontological rather
than merely syllogistic: Postulate 3 is an existence-producing command for
circles, the definitions determine what those circles are, and the prior archi-
tecture determines the plane in which they coexist. A modern formalization
that removes this semantic content must restore it by an explicit axiom. The
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two accounts therefore disagree about where the existence content resides,
not about whether the construction requires existence content at all.

Superposition after the reconstruction of 1.4

The superposition controversy has a similar structure. If “apply” means
physical displacement of a rigid body, Euclid would need a motion princi-
ple. If, however, application is read as construction of corresponding equal
segments and angles followed by the coincidence criterion of Common No-
tion 4, then the result is obtained without a primitive dynamics. The recon-
struction accordingly interprets the language of motion as a mode of exhibit-
ing coincidence, while the logical force comes from constructions 1.2-1.3,
uniqueness of straight connection, and the identity of coincident figures.

Order and betweenness

Hilbertian and Tarskian systems make the virtues of an explicit order rela-
tion unmistakable: one can state exactly when one point lies between two
others and derive separation results with formal precision. The reconstruc-
tion does not deny that achievement. It contends that Euclid’s text does not
operate with an abstract order predicate detached from construction. “Be-
yond,” “part,” “whole,” production of a straight line, cutting off an equal
segment, and comparison of angles are operational notions whose content
is fixed by the constructional language. Thus the modern axiom and the
Euclidean operation need not occupy the same logical level.

Figure equality and the Pythagorean theorem

The final major challenge concerns area. A modern treatment may introduce
numerical area or an explicit polygon-additivity principle. Euclid instead
builds a theory of equality of figures through parallelograms on the same or
equal bases, triangles between the same parallels, diagonals, complements,
and the common notions of addition and subtraction. The important distinc-
tion is therefore between measure and equivalence. Proposition 1.47 needs
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the latter. It shows that the square on the hypotenuse is decomposable into re-
gions equal, through the established chain of propositions, to the two squares
on the legs. The reconstruction thus reads 1.47 as the culmination of a the-
ory of geometrical equivalence rather than the application of an unstated
numerical area function.

A note on the “halves of equals” objection

Proposition 1.37 deserves separate notice because the supplied catalogue ex-
plicitly calls “halves of equal things are equal” an additional common no-
tion. This is the sharpest local challenge to the global claim that no hidden
assumptions are needed. The answer adopted here treats halving as a proved
geometrical relation, not as a primitive arithmetic operator: by 1.34 a diag-
onal produces two equal triangles in each parallelogram; by 1.35-1.36 the
relevant wholes are equal; and Common Notions 1-3 govern substitution,
composition, and decomposition. The statement about halves can therefore
be presented as a derived corollary of those established equalities. Making
that derivation explicit is preferable to leaving the maxim as an unexplained
slogan.

1.29-1.31 and the status of Postulate 5

The theory of parallels makes the methodological difference transparent. In
a formal independence study, Postulate 5 is an axiom independent of the
preceding postulates. In the ontological reading, it is also the condition that
completes the determination of the plane. These descriptions are compatible
so long as one does not infer from “independent” to “arbitrary” or “unmoti-
vated.” 1.29 unfolds the angular consequences of the plane so determined;
1.30 establishes transitivity of parallelism through those consequences; and
1.31 constructs the parallel through a given point by copying an angle and
invoking 1.27.
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1.46 as a synthesis of the planar structure

The construction of the square is likewise not treated as a fresh appeal to a
cooperative diagram. The perpendicular comes from 1.11, equality of sides
from 1.3, parallels from .31, opposite-side equality from 1.34, and the right-
angle relations from [.29 together with Postulate 4. The square is thus a
compact synthesis of properties already generated by the theory of the line,
perpendicularity, equality, and parallels.

Final methodological conclusion

The resulting position should be stated precisely. The claim is not that
Hilbert, Tarski, or later constructive geometers were mistaken to introduce
explicit axioms into their own formal systems. Their work shows what is
required by those systems and clarifies distinctions that Euclid does not en-
code in modern predicate form. The stronger historical-philosophical claim
defended here is that it does not follow that Euclid’s demonstrations are
therefore patched together by unconscious visual assumptions. On the cu-
mulative reading, the allegedly missing content is distributed through the
very meanings and operations that a modern formalization intentionally de-
composes into independent primitives.

The disagreement is therefore ultimately between two architectures of rigor.
One seeks completeness by isolating every primitive relation and stating an
axiom for it. The other seeks completeness by progressively determining the
being and permitted operations of its objects. The present paper argues that
Book I is coherent on the second architecture. Its definitions are seeds, its
postulates completion commands, its common notions rules of equality and
order, and its propositions executable consequences in dependency order.
Under that interpretation the alleged gaps concerning intersection, superpo-
sition, order, parallels, and figure equality are not additions from outside Eu-
clid’s system but explicit or derived consequences of the system as a whole.
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