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The present paper concerns the difficulty which one
encounters in text books of Advanced Calculus of giving a
simple and elementary definition of area of a smooth non-
parametric surface in £"+! such that, within the same elmen-
tary framework, one can then prove that the area so defined
is equal to the classical area integral.

The authors were first made aware of the considerable
interest of such a task in 1955 with the publication of Angus
Taylor’s now classic textbook ‘‘Advanced Calculus’”’. The
following statement is taken from page 384 of this book:

“It is logically and aesthetically desirable to have a
definition of surface area which is directly geometric, and
which does not put too many restrictions on the surface. A
good definition ought not to depend upon the method of
representing the surface analytically, and should not be limited
to smooth surfaces. The demand for such a definition poses
a very difficult problem, however. It may surprise the student
to know that the problem has occupied the attention of many
able mathematicians over the last fifty years, and that the
end of research on the question is not yet in sight.”

In the present paper we present an idea which seems to
answer the questions raised by Angus Taylor for surfaces
S: z=f(«x, - -+, %,), which are continuous with their first order
partial derivatives. The idea is to develop a scheme for the
construction of sequences of suitably chosen polyhedra
inscribed within the given surface, such that the corresponding
sequences of the polyhedral areas converge to the classical
area integral for the surface, and hence to the Lebesgue
area of S.

In previous papers [1], [7] we discussed our definition of
area for surfaces S: z=f(x;, 2:). In [7] we took in considera-
tion surfaces z=f(x;, x;) with f continuous with its first order
partial derivatives. In [1] we gave a necessary and sufficient
condition in order that for a surface z=f(x;, 2) there are
sequences of inscribed polyhedra satisfying the requirements
of our definitions (see [1]).

J. A. Serret [6] in 1868 proposed a geometric definition of
area, but H.A. Schwartz [5] in 1882 proved that Serret’s
definition was incorrect. Other geometric definitions of area
and constructions have been proposed, and we mention here
for example the omes of S. Kempisty [3] for surfaces S:
z=f(2;, 2;) with f absolutely continuous in the sense of Tonelli.
For general expositions concerning area, in particular, Le-
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besgue area, we refer to the well known texts of T. Rado
[4] and L. Cesari [2].

1. The n-ary vector product. Consider the (n + 1)-dimensional
Euclidean space E"*', n = 2. Let {V, V,, «--, V,}, where for

1=1,2, -, m, V= (Qu, Az ***, Cipnsi) »

be a set of n linearly independent vectors in E»*. For an arbitrary
vector X = (2, %y, +++, %,y,) In B define

@(X) = Ay Qg2 *** Aoty

Apy Apg o Q41

By elementary properties of the determinant, ® is a linear function
from E"*' into the reals; ie. (X, + X;) = #(X)) + o(X;) for every
pair of vectors X, and X, in E"™, and ®(aX) = ap(X) for every
vector X in E**' and every real number a. Hence, there is a unique
vector Z = (%, s *++, Z,4,) in E"* such that

PX) =XZ =22 + 2R + o 4 Tupy Zns
for every vector X in E"*', We denote this vector Z by
ViXVyXeeoe XV,

and call it the n-ary vector product of V,, V,, «+-, V,.

It is clear from elementary properties of the determinant that
Vix Vyx+++xV, is orthogonal to each V;. Moreover, if ,, %5, ***, Tps,
is the natural vector basis of E"*', then z; = 4;Z = ¢(i;) for each
j=1,2 «++,n+1, and V,xV,x---XxV, can be expressed by the
formal determinant

ViXVeXeee XV, =0y Qg *** Ogpiy

Qpy Qg2 *** Apypty

The subspace of E"*' which is spanned by the vectors V,, V;, ««+, V,,
is called an n-hyperplane in E". We say that the vector

ViX VaX oo XV,

is mormal to this hyperplane.
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2. The n-hedra. Given a set of » 4+ 1 points in &**, if the
matrix of the coordinates of these # 4+ 1 points is of rank =, this
set determines an m-hedron, or n-simplex. This is the closed convex
subset of &' which is bounded by the n + 1 (» — 1)-hyperplanes
determined by the given set of n + 1 points. An n-hedron deter-
mines the n-hyperplane in which it lies.

Given two vectors U and V in &**, the angle a = (U, V) bet-
ween U and V is determined from the equation U-V = (U)(V)cos a.
Given two nm-hyperplanes in &**' by their dihedral angle we shall
mean the acute angle between their normals. An #n-hedron n of
whose faces (n-1 hedras) are at right angles is called a right =n-
hedron. Given an wn-hedron T in Z"*', we define the area of T' to be
the nm-dimensional volume of 7 in the standard manner.

3. Projections. We distinguish z,,, and call it z. Given an
n-hedron 7T in E™*!, its projection on the (x,, x, *--, #,) hyperplane
need not be an n-hedron. This occurs, for instance, if T is orthogonal
to the hyperplane. We assume here that T lies on an hyperplane
H: z2=c¢+mmx, + +-+ + m,x,. Then, the projection of T on the
(x,, X, - -+, x,) hyperplane, or Proj T, is also an #n-hedron. If a is the
dihedral angle between the hyperplane H determined by 7 and the
(2, % ++*, ®,) hyperplane, A is the area of T, and A’ is the area of
Proj T, then A = A’ seca, where

seca = (1 +m!+ -+« + m2)P.

4. Surfaces in &, Let E be an open and connected set in
the (@, @, ++-, x,) hyperplane such that its closure E is capable of
being decomposed as the union of #n-hedra in the natural manner.
We say that £ is polyhedral. Let f be a real-valued function defined
and continuous on E. The locus in & ™" of the points (x,, s, * -« *, ., 2),
where 2z = f(®,, @, +++, ¢,), a function having £ for domain, is called
an n surface in &"*!, or more briefly a surface. We wish to give a
definition of the area of this surface in the case where f is conti-
nuously partially differentiable on E. We refer to such a surface
as a continuously partially differentiable surface.

Let It @, = F\(t), «++, 2, = F,(t), a £t <0b, be any parametric
curve in E passing through (29, ---, %) for ¢t = ¢,. Then its image
on S, or

C: T = Fl(t)s ey Ty = Fn(t)! z:f[FI(t)y tt Fn(t)] ’

a <t<b, is a curve on C passing through @ for ¢ = t,. Assuming
that each dux;/dt exists and is continuous on [a, ], it follows that
there exists a tangent vector v to I at (I, ---, 2%), and a tangent
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Vector V to C at Q. If I, ..., I, are n such curves in E, if
C, +--, C, are the corresponding curves on S, and if we have chosen
the curves I" in such a way that the n vectors v, ---, v, are linearly
independent, then the corresponding % tangent vectors V, --., V,
determine an n-hyperplane H in E"+,

One shows that for all such sets of curves in S, the correspond-
ing m-hyperplane is unique. We refer to its normal line as the normal
to S at Q.

If T is an m-hedron all of whose vertices are in S, we say that
T is inscribed in S. By D(T), the deviation of S on T, we mean
the supremum of the set of the acute angles between the normal to
T and the normals to the portion of S which is subtended by T (i.e.,
the portion of S whose projection on the w,, %, -+, 2, hyperplane is
identical to that of T).

Let {P, P., ---, P,} be the vertices of a decomposition of £ into
a finite set of m-hedra. For each 4, let Q; = f(P;). The set

{Qly Q2: ctty Qm}

determines a polyhedron which is inscribed on S. This polyhedron
is composed of a finite set of n-hedra which are inscribed on S. By
the norm of such a polyhedron we mean the largest of the diameters
of its faces. By the deviation norm of the polyhedron we mean the
largest of the deviations on its faces. By the area of this polyhedron
we mean the sum of the areas of the n-hedra which compose it. We
refer to these m-hedra as the faces of the polyhedron.

5. The geometric basis. We make use of the following addi-
tional properties of "+,

(a) Let U, U, -+, U, be any n vectors in &"*', such that
leos(U;, U;)| < ky, 0 <k <1, for every 7+ j. Then for each ¢ >0
there exists ¢ > 0 such that if U], U,, ---, U, are any n vector such
that |sin(U;, U/)| < o, for each i, then

[sin(U,x Uy, ¢+« XU, U/ XU x---U))| <e.

(b) Let Pe E. Let U be any vector in the #,, @,, - -+, @, plane.
We define the directional derivative of f in the direction U in the
standard manner.

Under the hypothesis that f is continuously partially differentiable
on E, then the directional derivative of f is uniformly continuous on
E, i.e., for each ¢ > 0 there exists 6 > 0 such that if (2, a}, -+, @})

Iz

and (x), @), -+, @) are in & and o((x), ), -+, ), (@, @, ++-, x2)) < 0,
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then the absolute value of the difference between the directional
derivatives at (xf, 25, +--, x,) and (x!, 23, -+, %) in the direction of
the vector from the ﬁrst point to the latter, is less than e.

The directional derivative is uniformly Lipschitzian on E.

(¢) There exist positive numbers k& and 6, k < 1, such that if
P, P, and P, are any three distinct points in £ such that

(1) p(P, P)<o

(2) p(P P,) <5 and

(8) cos (PPI, PP2) =0,
then cos (QQI, QQz) < k, where Q = f(P), Q, = f(P), @ = f(P,).

(d) Let P, and P, be any two distinet points in E, Q, = f(P)
and Q, = f(P,). Let P,P, be the linear interval determined by P, and
P, and Q,Q. be the linear interval determined by @, and Q.. Let the
curve C = f(P,P,). Then there exists a point R in C such that the
tangent line to C at R is parallel to @,Q..

(e) With the notation as in (d), let the deviation D(P,, P,) denote
the supremum of the acute angles ¢ between @,Q, and any tangent
line to C. Then for every & > 0, there exists & > 0 such that if
0 < p(P, P.) < 0, then D(P, P,) < e.

(f) For each € > 0 there exists 6 > 0 such that if P, and P,
are any two distinct points of E such that p(P,, P)) < 0, then + < ¢,
where + is the acute angle between the normals to S at f(P) and
S(P).

(g) If E is polyhedral, it can be decomposed into a set of n-
hedra each of which is a right n-hedron. Moreover, for each real
number r, there exists a decomposition of £ into a set of right n-
hedra, the diameter of each of which is less than 7.

We now proceed to the main theory.

We consider infinite sequences of polyhedra inscribed on S. A
sequence (/1,, I1,, - --) of such polyhedra is said to be a proper sequence
if the corresponding sequence (NN, N,, ---) of norms and the corres-
ponding sequence (g,, ¢, +--) of deviation norms both converge to zero.

We now give our definition of the area of the surface S = f(E),
where f is continuously partially differentiable on E. If to every
proper sequence (/1,, II,, ---) of polyhedra inscribed on S the corres-
ponding sequence (A4,, 4,, ---) of the polyhedral areas converges, then
we say that S is quadrable and refer to the necessarily unique limit
of (A, A, ---) as the area of the surface S.

THEOREM 1. Let f(%, ®,, +++, 2,) be defined and be continuously
partially differentiable on E. Then there exists a proper sequence
(11, Il,, «++) of polyhedra inscribed on S.
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Proof. For every positive number r, there exists a decomposition
of E into a finite set of right n-hedra whose diameters are all less
than r. Their vertices determine a finite set of points in S whose
projection is precisely the set of these vertices. This set of points
in S determines a polyhedron /I which is inscribed on S. We show
that by making the norm of the docomposition of E sufficiently small,
we can make the deviation norm of // arbitrarily small.

Let ¢ > 0 be given.

By property (g) there exists a decomposition of E into a set of
right n-hedra the diameter of each of which is arbitrarily small. By
property (c) there exist real numbers £,0,, k¥ <1, such that if
PPP,.-- P, is a right n-hedron in E, (with P the right angled
vertex) of diameter < 4,, then |cos (—Qa), 66;)] <k for 7+ 7, where
Q; = f(P) and Q; = f(P;). Let the decomposition of E be by right
n-hedra each of diameter less than 4.

By property (a), there exists a positive number 6 such that if

sin (QQ;, QQ;)) < 0 for each 4, then the acute angle between
QA X QQ, X +++ X QQ,

and QQ; X QQ; X +++ X QQ,, is less than &/3.

By properties (d) and (e) there exists a positive number 4§, such
that if PP,P,--- P, is a right n-hedron of diameter less than §,,
then, for each 4, the acute angle between the chord QQ@, and the
tangent line at @ to the curve in S subtended by QQ; is less than 4.
It follows that the acute angle between the normal to the polyhedral
face QQ.Q. -- @, and the surface normal at @ is less than ¢/3.

By property (f) there exists a positive number 6, such that if
the diameter of the n-hedron PP, ... P, is less than d,, then the
angle between the surface normals at any two points of the portion
of S which is subtended by the polyhedral face QQ, --- Q, is less
than ¢/3.

Let 6 be the least of 4,, 0, 6,. If D is any decomposition of E
into right n-hedra each of diameter less than 4, then if QQ,--- Q,
is any of the polyhedral faces, the supremum of the angles between
the normal to the nm-hedron QQ, --- @, and the portion of S which
is subtended by QQ, -+- Q, is less than e.

Thus, corresponding to a sequence (g, &, --+) converging to zero,
there exists a sequence of polyhedra with corresponding sequence of
norms converging to zero and also with corresponding sequence of
deviation norms converging to zero.

THEOREM 2. Let f(x, @ ++-, %,) be defined and continuously
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partially differentiable on E. Then, for every proper sequence
(I, I, +++) of m-hedra inscribed on S = f(E), the corresponding
sequence (A, A,, +++) of polyhedral areas converges to the multiple
integral

[+ 2+ e ) dndo, e do,

Proof. For the sake of notations, let z,, denote 0z/0w%;, h=1,+--,n.
For each m, the projection of /7, constitutes a decomposition D, of
E into a finite set of n-hedra. Let the m-hedron 4,, = QQ, --- Q, be
a face of /7,, and let 4,, = Proj(@QQ,---@,) = PP,--- P,. Let B,.
be the acute angle between the normals to 4,, and to 4,.,. Let A,,
and A, denote the respective areas of 4,, and 4,,.. Then A4,, = A,
sec¢ B,, Where B,, is the angle between the z-axis and the normal to
4,.. The area of A, of 11, is given by >),A,., sec B,

Let P, be any point in 4, and let @,, be the point of S whose
projection is P,,. Let 4, denote the acute angle between the surface
normal at @,, and the z-axis.

We associate to the sequence (/1,, I1,, --+) certain related sequences:

(1, I, --+)

(¢1’ P, "')
(Zla ZZ; "')
(2, 23 ++0) -

The sequence (¢, ¢,, --+) is the corresponding sequence of devia-
tion norms. The sequence (2, J,, --+) is the corresponding sequence
of polyhedral areas, %, = >.,4,.secB,,. In the fourth sequence,
2, = >, A, secl,,. Here, secd,, is the value of (1 + 2} + ---2; )’
at some point of 4,,.. Thus the sequence (X, 2;, --+) is a sequence
of Riemann sum of the function (L + 2% + -+ + 22 )" on E with
corresponding sequence of norms converging to zero. Since

A +2 4+ e +22)"°

is continuous on E, the sequence (3!, 3}, +-+) converges to the mul-
tiple integral

g_(l + 2+ e+ 2 ) P dady, -0 - da, .
E

We now consider the sequence (X, 2, ---). Let 6 denote the
acute angle between the surface normal at a point in S and the z-
axis. Secd = (1 + 2% + --- +22 )" is bounded on E. Thus there
exists an angle 6* > 0 such that 6 < 6* for all points of £ (i.e., for
all points of S). Since secd is uniformly continuous on the closed
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interval [0, 6*] for every »n > 0 there exists 7> 0 such that if
0<0,<0% 0<0,<0* and |0, — 6,] < 7, then [secd, — secb,| < 7.
We now compare the sequences (X, 2,, --+) and (2], X, --+).
Let ¢ > 0 be given. Take ¢/2V where V is the volume (area) of
E. There exists = > 0 such that if |6, — 6,| < 7, then

[sec §, — secb,| < .

2V

Since (4,, ¢, - +) converges to zero, there exists a positive integer N,
such that if m > N, then ¢, < 7. Thus if m > N,, then

Em—-zzn = ZrA':n'r e mr cemr "E—ZA;M'
| =1 (sec Buy — seC On) | < 52>

£
2
Since (2], 2}, ---) converges to f , there exists a positive integer

N, such that if m > N, then
of N, and N,. If m > N, then

- f|-

S| 2Za— 2ul+

X, — j;l < ¢/2. Let N be the larger

a—&+m—ﬂ

E:E—‘flﬁ-s— _8_26.
B 2+2

Thus, (2,, 2,, +++) converges to f
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