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ABSTRACT. We construct geometric calculus on an oriented k-surface embedded in Eu-
clidean space by utilizing the notion of an oriented k-surface as the limit set of a sequence of
k-chains. This method provides insight into the relationship between the vector derivative,
and the Fundamental Theorem of Calculus and Residue Theorem It should be of practical
value in numerical finite difference calculations with integral and differential equations in
Clifford algebra.

0. Introduction

In 1968, D. Hestenes showed how Geometric Algebra can be used to advantage in refor-
mulating ideas from multivariable calculus [1], [2]. For example, he showed that the proof of
Stokes’ theorem becomes a one-line identity in geometric algebra, if the integral definition
of the vector derivative is adopted. In this paper, we systematically build up calculus on a
k-surface in order to more closely examine the content of these theorems.

Section 1 gives a brief introduction to the geometric algebra of Euclidean n-space, includ-
ing basic definitions and identities which are be used in later sections. The inner, outer,
and geometric products of vectors are discussed, as is the notion of a reciprocal frame of
vectors. The material in this section is taken from [3], [4], and, primarily [5].

In section 2 the concept of an oriented simplex is introduced and related notions from
homology theory are reviewed; more details can be found in [6], [7]. Peculiar to the present
approach are the concepts of the directed content of a simplex, made possible by the intro-
duction of geometric algebra, and the simplicial variable of a k-surface. These concepts are
the basic building blocks for our theory of simplicial calculus developed in later sections.

In section 3 a k-surface is defined to be the limit set of an appropriate sequence of chains
of simplices. A k-surface ¢ is said to be smooth if there exists a smooth k-vector field,
called the pseudoscalar field, at each point of . Our approach is most closely related to
[8].

In section 4 the directed integral on a k-surface is defined in terms of the directed content
of the limit of the sequence of chains which defines it. The theory of directed integrals is
first developed over a k-simplex, and then generalized. The most remarkable theorem of
this section, which has no counterpart in the related theory of scalar-valued differential
forms, expresses the directed moment of the boundary of a k-simplex as the inner product
of the directed content of the simplex with the direction of the axis.

In section 5 the vector derivative is defined in terms of the limit of the directed integral
over the boundary of the simplicial variable as this variable approaches zero. The vec-
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tor derivative is shown to be equivalent to the ordinary gradient when applied to scalar
functions.

Section 6 presents a simple proof of the Fundamental Theorem of Calculus using the
simplicial calculus developed in earlier sections. This theorem relates the directed integral
of the vector derivative of a function over a k-surface to the directed integral of the function
over the boundary of the k-surface.

In section 7 the Dirac delta function is introduced, [9], [10], to quickly obtain a powerful
Residue Theorem. Cauchy’s integral formula is shown to be a special case of this theorem.

1. The Geometric Algebra of Euclidean Space

Let &, denote Euclidean n-space represented as an n-dimensional vector space with a
positive definite inner product, which we denote by

Ty for z,y €&. (1.1)

The elements of &, will alternatively be referred to as points or vectors, depending upon
their usage [3,p.15].

The geometric algebra G,, of £, is the associative algebra generated by geometric multi-
plication of vectors in £,. In the literature it is often referred to as the Clifford algebra of the
quadratic form 22, [4]. The geometric product of the vectors z,y € &, can be decomposed
into

ry=x-y+zrAy, (1.2)

where the inner product
x-y = 5(zry +yx), (1.3)

is the symmetric part of the geometric product, and the outer product

z Ay = 3(zy —yz), (1.4)

is the antisymmetric part of the geometric product. The quantity x Ay is called a 2-vector,
or bivector; it can be interpreted geometrically as a directed area.
Let x1,...,xx be k vectors in £,. The outer product

1
TIA Az = ] Z(—l))‘xhx,\Q T (1.5)
DY

is defined as the totally antisymmetric part of the geometric product of these vectors. The
sum in (1.5) is taken over all permutations A of the indices A;; if A is an even or odd
permutation we set A = 0 or 1 respectively. The geometric number z1 A --- A g is called
a k-vector, it can be interpreted geometrically as a directed k-volume. The magnitude or
k-volume of x1 A -+ A x, will he denoted by |x1 A -+ Az |. A systematic construction
of the geometric algebra G can be found in [5]. The notation and algebraic identities used
here are largely taken from this reference.



We gather here a number of identities and relationships which are indispensable in this
work. For vectors b and a;,

k
b-(ag Nag N+~ Nag) = Z Db ai)(al/\--'/\&i/\---/\ak)

=1

(=1)* Y ag Aag A---Aag)-b

(1.6)

The symbol over the a; in (1.6) means that d; is to be deleted from the product. Identity
(1.6) explicitly shows that when a k-vector is “dotted” with a vector, the result is a (k—1)-
vector. Dotting a k-vector with a vector is closely related to contracting an r-form by a
vector. For a complete discussion of the relationship between r-forms and r-vectors see
[5,p.33].

The following cancellation property will be used in a later section. If A, and B, are
r-vectors where r < n, and

cNA, =cAhB, (1.7)
for all vectors ¢ € &, then A, = B,..

Given a set of linear independent vectors, {e; : i = 1,...,k}, spanning a k-dimensional
subspace of £, we can construct a reciprocal frame {e¢’ : j = 1,...,k} spanning the same
subspace, and satisfying

k
e;+el =67 and Zel/\ei:O, (1.8)
i=1

where §;7 = 1 or 0 according to whether i = j or i # j, respectively. The explicit construc-
tion of the reciprocal frame is given in [5,p.28].

We close this section with a useful lemma regarding the volume of a regular k-simplex,
and its moment with respect to any of its coordinate axes. The proof, by induction, is
omitted.

s—tp——ta
LEMMA. / / / dtydty - - dty = H (1.9)

s—tp—-— Sk

2. Simplices

Let {ag,a1,...,axr} be an ordered set of points in &,. The oriented k-simplex (a) ) of
these points is defined by

k
(@) = (a0, a1,...,ar) = {a]a:ZtuaM}, (2.1)
n=0

where ZZ:O t, = 1land 0 < ¢, <1, are the barycentric coordinates of the point a. We
say that the simplex (a)(k) is located at the point a = ag. Alternatively, we will use the
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symbolism (Ayyag) to denote a k-simplex at the point ag. By the boundary of (a) ), we

mean the (k — 1) chain
k

(@) k) = > (1) (@k—i) (k1) (2.2)

=0

where (chk_i)(k,l) is the (k — 1)-simplex defined by
(&kfi)(k—l) = (ao,al,...,&k,i,...ak). (23)

As before, cvzj indicates that this point is omitted. It is not difficult to establish the basic
result of homology theory:
82(a)(k) =0 (2.4)

For a discussion of simplices, chains, and their boundaries, see [6,p.57], [7,p.206].

By the directed content of the simplex (a)), we mean the k-vector (for & > 1)

aqk) = Dl(a)w)] = % (a1 —ap) A (a2 —ag) A+ A (ax, — ao) . (2.5a)

With the abbreviated notation a; = a; — ag, (2.5a) takes the form

1 _ _
a(k):Eal/\---/\ak.

The simplex (a)) is said to be non-degenerate if its directed content a(y # 0. In the
special case that & = 0, we define

More generally, it is possible to define D[(ag)] = p(ag), where p(ag) is the mass density at
the point ag, but we will not do this here. We have the following useful

1
LEMMA. aq,) = o (a1 —ag) AN(ag —ay) A+ A (ag — ag—1) (2.6)

1
Proof. ag, = ] (a1 —ao) A (a2 —ag) A--- A (ax — ao)
1

:E(al_ao)/\"'/\(akfl_QO)/\(ak_akfl‘f‘akfl—CLO)
1
:H(al_ao)/\"'/\(akfl_QO)/\(ak_akfl)
1
:E(al—CLO)/\(UL2—a1)/\---/\(ak—ak_1).

]

Lemma (2.6) is needed in establishing that the directed content of the boundary of a
simplex vanishes, as proven in the following



THEOREM. DI[0(a))] =0 (2.7)
Proof. The method of proof is by induction. For & = 1, the boundary of the 1-simplex
(@)1, by definition (2.2), is
d(a)ay = —(ao) + (a1).

With the help of (2.5b), it follows that
D[0(a))] = =Dl(ao)] + Pl(a1)] = =1 +1=0.

Now assume true for k = r. Using (2.2) and (2.5a), this is equivalent to

(a1 — ao) FANKIRIRIVAN (CLT_l — CLT_Q) =

r

Z(—l)iﬂ(al —ag) N+ AN (Cr—i—1 — Qr—i—2) N (Qp—ip1 — Qr_j_1) N -+ -

i=1
~A(ap —ar—1) =S
Then, for Kk =r + 1, we have

r+1

DIOa)(rsn)] = 3 (~1) DIy i41) ] = — (a1 —a0) A+ A (ar — a,_1)
=0

+(ar —ag) A A(ap—1 — @r—2) A(@ry1 — ap_1) — S A (@r41 — ar)
=(ag —ag) A - A(ar—1 — ar—2) AN(ary1 —ar) — S A (ary1 —ar) =0,
and the proof is complete.
]

Let (2)(x) be a k-simplex in &, at the point 2 = x¢. The directed content of () is the
k-vector

1 _ -
k) = Dl(x) (k)] = P N NIy, (2.8)

where again we are employing the notation #; = x; —zo. By the mesh of the simplex (z) )
we mean
mesh [(z) )] = max{|z; —x;| : for 4,57=0,1,2,... k}. (2.9a)

If C =), (Ax;) is a chain of simplices (Az;) at the points z;, then

mesh [C] = ma;x {mesh (Az;)} . (2.9b)

3. Oriented k-Surfaces in &,
Simplices are the building blocks of oriented surfaces. Just as an oriented curve from a

point a to b in &, can be considered to be the limit set of a sequence of chords (chains
of 1-simplices), a k-surface is defined here to be the limit set of a sequence of chains of

5



k-simplices. Instead of defining a manifold in terms of charts and atlases, and then proving
that such a manifold can be triangulated [8], we take as fundamental the sequence of chains
which has as its limit set the points of the surface ¢,. We now give the formal definitions
upon which we construct our theory.

DEFINITION. Let {C? : j = 1,2,...} be a sequence of k-chains in &, with the
properties that

i) The vertices of the simplices of C7 are a subset of the vertices of the simplices of C/T1,
forj=1,2,....
ii) lim mesh[C7] = 0. (3.1)
]—)OO
We say that ¢y, is the k-surface of this sequence of chains if the limit set of points

o = lim 7 (3.2)

J—0Q

is well defined.
Let a point = € ¢y, be given. Since z is a limit point of the sequence of chains {C’}, there
exist a subsequence of simplices (A(k)xj) € C7 located at the points =/, such that

z = lim (Agy)z’).

Jj—o0
Employing the notation introduced in (2.1), we equivalently write

r= lim (x , 3.3
() ey (3-3)
to express = as the limit point of this simplicial variable. Thus, the domain of the simplicial
variable (z)(y) is the set of simplices (A(k)xj ) belonging to the chains C7 which converge to
T.
We can now define a smooth, orientable k-surface.

DEFINITION: Let ¢ be the k-surface of the sequence of chains {C7}. ¢ is said to
be smooth and orientable if the unit k-vector I(x), specified by

I(z)= lim —® (3.4)
2 =0 |2k |

is well defined and smooth for each = € ¢j. In this case, I(x) is the pseudoscalar field of
Pk-

4. Calculus on a k-Surface

Let @i be a k-surface in &, and let F' = F(z) and G = G(z) be G-valued functions
defined on . By the directed two sided integral of F' and G over ¢y, we mean
G -
/ Gdpx F = lim ZG(Q?Z) Ay F(x)) (4.1)
Pk i=1

j—00
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where ¢y, is the limit set of the sequence of chains of simplices {C’} where

1)
C=> (Ama]) and Agya! = D[(Aw)))] (4.2)

i=1

provided, of course, that this limit exists. Note that as j — oo the simplicial element of
directed k-content A(,yz — dix which is the infinitesimal element of directed k-content at
the point x of the surface ¢5. The element of directed k-content dix in general does not
commute with F' or G; hence the need for the two sided integral (4.1). By the directed
content of the k-surface ¢ we mean

Dk ] :/ dzz. (4.3)

Before we develop the theory of directed integrals over a k-surface ¢, we will prove a
number of theorems regarding directed integrals over a k-simplex (a) )

THEOREM. diz = ag) (4.4)
(a)(k)

Proof. In terms of the barycentric coordinates of a point x € (a)(x)
xr =ag+ti(a; —ag) + -+ tp(ar — ao).
From this expression we define the differentials
d;x = dt; (a; — ag) = dt;a; ,
and construct the element of content
dix =dix A Ndpe = klagydty - - dty, .

With the help of lemma (1.9), we integrate to get

1 pl—ty 1—t—-—ta ag)
d-z = Klag, dtrdts - dty, = k! —2 = q ),
z (k) w0
(@) (k) o Jo 0 !

and the proof is complete.
]

Theorem (4.4) shows that (4.3) is consistent with (2.5).
The next theorem finds the moment of the simplex (a)(x) with respect to an axis having
the direction of the vector b.

THEOREM. o, dex (z+b) = ka:l_c)l Z a;-b, where T=uxz—ag. (4.5a)



Proof. Using barycentric coordinates, we write

k
r=) tia,
i=1
where & = x — ag, and a; = a; — ag. Using the element of content found in the proof of
theorem (4.4), and lemma (1.10), we carry out the integration as follows:

k

(a)(k) i=1 (a)(k)
k 1 pl—tg 1—tp—-—to
:k!a(k)Z/ / / t; dtrdty - - - dtg(a; - b)
i=1 70 0 0

k
Ak) N -
= k) b
k+1;a

We have the following easy

k
COROLLARY. dprd = —2 %G, (4.5b)

(@) ) k+1 i=1

The next theorem shows that the directed content of the boundary of a k-simplex is zero.

THEOREM. di—z =0. (4.6)

Proof. With the help of theorems (4.3) and (2.7), we get

o(a) k)

We close this section with a basic theorem which directly relates the moment of the
boundary of a simplex, with respect to the vector b, to the dot product of its directed
content with b. This theorem has no direct counterpart in the related theory of differential

forms. It provides the key to the proof of the generalized fundamental theorem of calculus
in section 6.

THEOREM. d—z(x+b) =ag)-b. (4.7)
9(a) (k)

Proof. Using (2.2) and (4.5a),

k
1 v
/ dm = z Z H—lD ak z)(k' l)](a0+ “Ag—; -+ ag)-b (*)
9(a) (k) i=0
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so we need only show that the starred expression is equal to a) +b. We do this by using
the cancellation property (1.7). Wedging a ) + b with a; —a;_1 for i = 1,...,k, gives, with
the help of (1.6),

(a(k) . b) VAN ((Ii — ai_l) = a(k)(ai — ai—l) -b

Wedging the expression (*) with (a; — a;—1) gives only the two surviving terms

(_Dk_i{p[(&il)kl] Ala; —ai—1)(ag+ - dp—i---+ag) b

—D[(cvzl)k_l] A (ai — ai_l)(ao + - &z SR ak) . b} = Q(k) ((Ii — ai_l) -b.

Since the two expressions are the same when wedged with (a; —a;_1), the proof is complete.
]

It is easy to prove the following, so its proof is omitted.

9(a) (k)

5. The Vector Derivative

Let ¢ be a smooth, oriented k-surface. In (4.1) we defined the two sided directed integral
of functions F' and G over ¢j. Now we define the (two-sided) vector derivative of F' and
G in terms of a directed integral over the boundary of a k-simplex. First, given a G-valued
function H on ¢y, and a simplicial variable (a) ) of ¢, we introduce an auxiliary function
h(z) called the affine mapping of H on the simplex (a) ).

k
DEFINITION. h(z) = Hy+ Y (z-a') H;, (5.1)
=1

where & = = — ag, and H; = H(a;) — H(ap) are the differences of the values of H on the
vertices of the simplex (a)(), and {a’} is the reciprocal frame to {a;} satisfying (1.8).
It follows from (5.1) and (1.8) that the finite differences

h;=H;, for i=1,... k. (5.2)

The affine mapping h(z) is the linear approximation to H(x) on (a)() which agrees with
H(x) on the vertices of this simplex. Note that the domain of & is the points of the simplex
(a)x) and that this is a subset of ¢ only when ¢y is flat.

If {C7} is a sequence of chains converging to the surface ¢y, then we may define a corre-
sponding sequence of functions {h’}, where each h? is the piecewise affine approximation to
H on the chain of simplices C’. If H is continuous on ¢y, then the sequence {h?} converges
to H at each point z € ;. We have the following important

THEOREM. If ¢ is compact, then

/ G(r)drz F(z) = lim ‘gj () drz f7 (), and (5.3)



G(v) dr—z F(z) = lim ¢ (z) de—z f7 (), (5.4)
Ok i—0 Joci

where f7 and g7 are the respective piecewise affine approximations to F' and G on the chain
of simplices C7.

Proof. We will only prove (5.3) since the proof of (5.4) is essentially the same. Let {C7}
be a sequence of chains converging to ¢,. By definitions (4.1) and (5.1), we have
1) nG) o
Gdpx F = lim Z G(z)Agyx F(x) = glggo Z 9’ Ay’ fi?
i=1 i=1

Pr I
= lim gjd,;ac 17,
i—o0 Jei
since f;/ = F(x;7) at each of the vertices of the simplices of the chain C7. O

We are now ready to define the two-sided vector derivative GOF of the functions F and
G at the point & € ¢. Recalling (3.3), let (a)() be a simplicial variable of the surface ¢y,
at the point = = ayg.

DEFINITION. GOF = lim g(x)agy  d—x f(z), (5.5)
A®) Y J0(a) (k)

where a(k)_l = 1/a(), and f and g are the affine mappings of F" and G on a(y).
The integral over the boundary of the simplex in (5.5) can be evaluated to identify GOF
as the limit of a generalized difference quotient. We have the following

k
THEOREM. GOF = lim > [Gid'Fy+ Goa'F;]. (5.6)
=05

Proof. Using (5.5), (4.6), (4.7), we have

GOF = lim g(x) agy " di— z f(2)
a‘(k)_>O (9((1)(;@

= lim [Gg+.i"djéj]a(k)7ldm$[Fo+.f)'(iiF_i]
k)0 Ja(a) (1

= lim Gja(k)_l/a() j-djdmeg
@) (k)

a(k)ﬂo

a(k)—0

+ lim Goa(k)_l/ dﬁﬂj’i’sz_z
9(a) k)

+ lim G, geddz-atag td—aF;
a(k)*)o 8(&)(k)
k
= lim G,a'Fy+ Goa'F;]+ lim é-ak—l/ z-a’z-a'd—aF;
a(}g)HO;[ i i] ay—0 (k) o(a)e, k—1 i
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Note that in using (5.5), in the above steps, the summation convention over upper and
lower indicies ¢ and j has been utilized. The proof is completed by using lemma (6.2) from
the next section, and corollary (5.7) below, to show that

a(k) —0

limoéj a(k)_l/ z-a’z-a dmfoFi = lim éj a(k)_l [a(k)(dj +C_Li)/k] F,
a(k)— 8((1)(k)

= (1/k) lim Gj(@ +a")F;=0. O

a(k)—>0

Although the proof of (5.6) depends in the last step upon the proof of corollary (5.7)
below, this last step is not needed in the special case when either F' or GG are constant
functions, in which case G; =0 or F; = 0, giving the following

COROLLARY. IfG(z)=1 then OF = lim » a'F;. (5.7)

An immediate consequence of Theorem (5.6) and Corollary (5.7) is the Leibniz product
rule for the vector derivative:

COROLLARY. GOF = GIF + GOF, (5.8)

where the dots indicate the direction of differentiation and what is being differentiated.
The vector derivative 0 is necessarily a two-sided operator because of the lack of universal
commutivity in the geometric algebra G.

In doing calculations with finite differences it is sometimes helpful to use the following
corollary whose proof is omitted.

k
COROLLARY. GOF = lim Y [G;a'F, — God'Fy]. (5.9)
a(k)—>0 "

Now let z%(x) be a set of coordinates on ¢y, and suppose that the vertices of the simplicial
variable (a) ) contract to zero along the axes defined by these coordinates. We have the
following

k
THEOREM. OF =) €'0,F (), (5.10)
=1

where 0; F'(x) are the partial derivatives of ' with respect to these coordinates, and e; = 0;

are the basis vectors along the coordinate axes z; at x = x(x!, ..., z%).

Proof. From corollary (5.7),
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0
YT
k . .
in FEt ot Axt 2R — F(2t .2
= lim a' Ax
a()—0 4 Azt
=1
k
= E e'0; F(x),
i=1
where
k
e'= lim a' Azx'.

]

Theorem (5.10) identifies the vector derivative 0 as the ordinary gradient when applied
to a scalar-valued function. Basic properties and differentiation formulas for the vector
derivative as applied to more general functions can be found in [5;51].

6. The Fundamental Theorem of Calculus

The most important theorem in calculus is the Fundamental Theorem of Calculus. Gen-
eralized to k-dimensions, this theorem relates the integral of the vector derivative of a
function over a k-surface ¢y, to the integral of the function over the (k — 1)-surface dyy
which is the boundary of .

THEOREM (Fundamental Theorem of Calculus). Let @i be a compact k-surface,
and let F' = F(z) be a function differentiable almost everywhere on ¢j. Then

Pk Ok

Pk Opy

where 0 is understood to differentiate both to the left and right, but does not differentiate
the k-surface element d; x.

Proof. The proof of part a) is direct. Using (4.1), (5.5), and (5.4):

J J
1 : .
dzzOF = lim A / di—z f7 = lim / d—=x f’
/% k j—>c>oZ (k) Ay (A (k) b=t J*OOZ (A ) ot

J
= lim di—x f7 = d—z F,
S [ e = [

Opy,
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where C7 = Zj Aryr. The proof of part b) is similar to part a) and is omitted.

U]
The two-sided form of the fundamental theorem given in part b) is useful in proving the
general residue theorem in the next section. Further discussion of the fundamental theorem
and its special cases can be found in [2] and [5;256].
We can now prove the lemma needed in the proof of theorem (5.6).

o 1 L
LEMMA. /(9(a)(k) d—r (Z-a")(z-a?) = T agyla’ +a’ | (6.2)

Proof. The vector derivative OF for F(z) = (Z-a')(z-a’) is
OF = (z-a")a’ + (z-a’)a’;

this can be either calculated directly from Corollary (5.7), or can be found in [5,Chp. 2].
Using this result, the Fundamental Theorem (6.1a), and (4.5a), we then find

/(9(a)(k) dﬁ"” (x-a')(z-a’) = / dél‘[(i’-d’)@ﬁ + (z-a’)a']

(G)(k)

k

a X . . . a . ;

— (’“)l§ [(a-a')a + (@ -al)a') = 2 @l +a'].
=1

k+ E+1

7. Residue Theorem

Introduction of the Dirac delta function into the class of integrable functions on a k-
surface allows an approach to the powerful residue theorems which is intuitive and at the
same level of rigor as the more standard approaches, [9], [10]. We begin with the definition
of the Green’s function.

DEFINITION. Let ¢ be a smooth, compact k-surface, and let x, zg € ¢ and 0 = 0,
be the vector derivative at . A function G(&), where & = x — x¢, is said to be a Green’s
function for ¢, provided

0G () = 6(x) = G(x)0 (7.1a)
where §(z) is the Dirac delta function having the property

/Rd,;:c 3(z)F(z) = I(xo)F(x0), (7.1b)

where R is any region in ¢y containing the point zq, I(xg) is the unit pseudoscalar (3.4)
at xg, and F'(x) is any function which is continuous in R.

We will restrict our discussion to k-planes in which case our candidate for the Green’s
function is

G(i) = ﬁ—f (7.2)
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where 2 is a constant scalar to be determined. With the help of the vector differentiation
formula [5;2-(1.36)], we obtain the result

0G(x) =0 forallz+#0, (7.3)

as is required.

The functions G(z) and 6(Z) = OG are singular at £ = 0, i. e., when = x, so we must
exercise caution when integrating over any region R containing the point x.

To define the meaning of integrals containing G () and/or §(Z), we introduce a sequence

of functions g,,(x) by
G(z) for|z|>1/m
m(Z) = . 7.4
9 () {kaa} for\:i|§1/m} (7.4)
Differentiating g, (Z), we get

0G(x) =0 for|z|>1/m
Ogm (2 )_{ka f0r|j]<1/m}' (7.5)

The function g,,(z) and 0g,,(z) are differentiable almost everywhere, except on a set of
k-content 0, and it is easy to see that

G(z) = lim gn,(z) forallz+#0. (7.6)

m—00

Improper integrals involving G and § = 9G, can now be defined:
DEFINITION. / d;x0G = lim dpx Ogm - (7.7)
R

m— 00 R

We now choose the constant Q = 1/® where © is the surface area of the unit k-
dimensional ball. Let R be a k-region containing the point xy. We have the following

THEOREM. 1) / d:20G = I(z), / d-x (9G)F(x) = I(zo)F(zo). (78)
Proof. i) Using (7.7) and (6.1a), we find

/d,;x@G: lim d;x 0gm = lim dmxk(lmk
R

m—oo [ m—oo [
1/m)kr1 k

where B, is the k-ball of radius 1/m centered at xg.

i7) In light of i), it is sufficient to show that

| [ dg206(F @) - Flan)]| =0,

14



By definition (7.7)

R R

m—0o0

= lim k(1/0) mk/B dpz [F(z) = F(zo)].

| [ delF(@) - Fan)]| < (@/mPe,

where € = max { | F(z) — F(zo)|}. It follows that

zEBm

k
’/ dzz (0G) [F(z) — F(z0)]| < lim k—(@/m Je= lim ke.

 m—oo (© m— o0

Since F'(z) is continuous, as m — oo, € — 0, so the integral goes to zero as claimed.

L]
We can now prove the following
RESIDUE THEOREM.
= U
F = d F dzx OF . 7.9
@) =0T o TaF ST e TaE (79

Proof. We have

/aRGd o F = /Gd 2JF = /Gd 2 (OF) + (— )—1/72@3)%%1;
/Gd z(OF) + (1)1 (x)F(x0) .

The first equality in the steps above is a consequence of (6.1b), the second equality is a
consequence of the Leibniz product rule and (1.6), and the third is a consequence of (7.8i1).
The remainder of the proof is a straight forward substitution for G, using (7.2).

]

Let us examine theorem (7.9) in the case when k£ = 2. In this case, ® = 27, i = eqeq,
and we have

1 1 1 1
Plag) = —_/ dyw OF — —— o F . (7.10)
21 Jp x — 29 21t Jor T — Xo

We can translate (7.10) into an equivalent statement in the complex number plane of the
bivector ¢ = ege; by writing

1 1
dz =dze, = %6183;, =e , and idxdy = dzx.

dz T — To Z— 20
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Letting

we have,

flz0) = // (/42) ) 4y (7.11)

2mi aRZ—Zo Z— 20

which is valid over any region R for which f(z) is differentiable. When f(z) is analytic in
R,
(d/dz)f(z) =0,

and (7.11) reduces to Cauchy’s Integral Formula,

O e,

21t Jor 2z — 20

f(20) = (7.12)

8. Concluding Remarks

There are many advantages to the simplicial calculus on an oriented k-surface advocated
in this work. Whereas it is coordinate free in its development, relevant coordinates are
easily introduced whenever specific calculations are called for, such as in (4.4) and (5.10).
Introducing geometric algebra into n-dimensional analysis makes possible the concept of
a directed measure (2.5), whose fundamental significance is revealed in the one-line proof
of the Fundamental Theorem of Calculus (6.1). A more comprehensive treatment of the
theory of directed integration as well as the development of geometric algebra as a unified
language for mathematics and physics can be found in [5].

The author would like to thank Dr. Bernard Jancewicz for carefully reading this work,
Dr. Zbigniew Ogziewicz for many stimulating conversations, and Professor David Hestenes
for making specific suggestions for its improvement. The author would also like to recognize
the support of Lander College and Professor A. Micali for making it possible for him to take
part in the Second International Clifford Algebra Workshop held in Montpellier, France.
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